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Abstract

SiC and SiC/SiC composites are considered as candidate materials for fusion reactors. In a fusion reactor envi-
ronment, helium atoms will be produced in SiC up to very high concentrations (15000-20 000 at. ppm) and therefore it
is very important to understand how helium effects radiation swelling of SiC. In this paper a theoretical model of the
helium effect on radiation swelling of SiC is suggested. This model is based on considering of kinetic growth of dis-
location loops in the matrix taking into account the effect an internal electric field formed near dislocation loops has on
diffusion processes of charged point defects. The trapping of helium atoms by vacancies results in an enhanced growth
rate of dislocation loops and finally a swelling increase. The theoretical results for radiation swelling are compared with
the existing experimental data. It is shown that helium atoms increase the radiation swelling of SiC, especially at high

temperatures.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Silicon carbide (SiC) and its composites are expected
to be used as structural materials for fusion reactor due
to their high thermo-chemical stability, radiation resis-
tance and low-induced radioactivity [1]. The radiation
resistance of ceramic materials under neutron irradia-
tion is determined by such phenomena as radiation
swelling and creep. When ceramic materials are irradi-
ated, point defects are produced in the matrix and then
they have the tendency to accumulate in defect clusters
such as voids, dislocation loops, etc. The kinetics of
radiation swelling and creep is related to nucleation and
growth of such clusters. Point defects: vacancies and
interstitial atoms in ceramic materials can have an
effective charge and this charge state can change during
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diffusion process and due to trapping of electrons (e.g.,
an F', F centres: vacancies with a single and two trap-
ped electrons). The kinetics of growth and accumulation
of charged point defects in defect clusters takes place
under the effect of internal electric field, which is pro-
duced by the system of charged point defects and defect
clusters in the matrix. This electric field affects the dif-
fusion process of charged point defects, and the growth
kinetics of voids and dislocation loops in such ceramic
materials are determined by completely different mech-
anisms than in metals.

In a previous paper [2], the physical mechanisms of
low-temperature radiation swelling of fusion ceramic
materials were investigated. The suggested theoretical
model for the description of radiation swelling was
based on charged point defect kinetics in ceramic
materials [3]. This theoretical model accounted for the
charge state of point defects and the effect of an internal
electric field produced under irradiation in the matrix on
the diffusion processes of point defects in ceramic
materials.
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A very important problem for the investigation of
radiation resistance of SiC is the effect of helium on
radiation swelling. Many papers [4-8] have been pub-
lished concerning the effect of helium on the behaviour
of SiC under irradiation. In the present paper, a theo-
retical model of radiation swelling is developed that
takes into account the effects of helium on the nucleation
and growth of dislocation loops. In this model helium
atoms play two roles: they can trap vacancies and due to
this process interstitial dislocation loops can grow faster
and helium atoms can promote the nucleation of inter-
stitial dislocation loops.

2. Physical model for low-temperature radiation swelling
under helium beam irradiation conditions

Let us consider the physical mechanisms of radia-
tion swelling in SiC taking into account helium effects
on this phenomenon. The experimental investigation of
these processes are done under dual beam irradiation of
SiC [8], when helium ions and other types of ions (Si**,
C**, Ni**) bombard the target. Under these irradiation
conditions the point defects (interstitial atoms, vacan-
cies and interstitial helium atoms) are generated
simultaneously in the materials. The interstitial atoms
and vacancies produced in both components of SiC
have an effective charge, which makes them very effi-
cient traps for either electrons or holes. Due to such
traps, the effective charge and concentration of point
defects can change during irradiation. The interstitial
atoms and vacancies can also mutually recombine, can
trap by the helium atoms, existing dislocations and
point defect clusters (dislocation loops, voids). Each
point defect creates in the matrix an elastic strain field.
These strains lead to the overall volume increase of
the irradiated material by e,w [9], where e, is the
dilatation of point defect of type o (« = I for interstitial
atoms, o =V for vacancies and o = He for helium
atoms) and o is the atomic volume. The absorption of
the interstitial atom and the vacancy on a sink of type s
(dislocation loop, void, etc.) results in the change of
sample volume by the value e, . We denote the total
number of the interstitial atoms and the vacancies ab-
sorbed by sinks of the type s in a unit volume as equal
to nS and the concentrations of free point defects equal
to C,, C, for the two components (K =1=Si,
K =2 =C) and Cy, for helium atoms. Some vacancies
may capture helium atoms, leading to a vacancy-helium
atom compound, which changes the sample volume by
the value ey.yw with the concentration of the com-
pound equal to Cyey. Thus, the total volume increase
of SiC under irradiation or radiation swelling (Sy) at
some irradiation dose can be written in the following
form:

2 2
Stot = Z Cixex + Z Cykevk + Cheene

K=1 K=1

2
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Here the summation is over all different sink types
(dislocations, dislocation loops and voids). For the cal-
culation of the dilatations of free point defects, a com-
puter simulation should be carried out of equilibrium
configurations of point defects in the crystal lattice with
a realistic interatomic potential for this material. In our
calculations of radiation swelling, we will use the values
for dilatations of point defects which are close to anal-
ogous values for the metals and which are equal to
eig = 1.2, ey = —0.1 and ey, = 1.2. The absorption of
an interstitial atom or vacancy by a dislocation network
(s = D) and dislocation loop (s = L) results in the vol-
ume change by the values @ and —w, respectively, so we
will use el = el =1 and eb, = e, = —1. We should
also calculate the dilatation of vacancy-helium atom
compounds, which is equal to epey = 1.1

We will investigate the physical mechanisms of
radiation swelling at the irradiation doses and temper-
atures when the crystal lattice contains only the dislo-
cation network with the dislocation density pp, and
interstitial dislocation loops with the volume density
Np, whose concentration is saturated at the maximum
value under irradiation. These crystal defects are con-
sidered only as sinks for point defects of the two
components (K = 1 and 2). Using the material conser-
vation law for point defects of component K which
takes into account the recombination of point defects
in the matrix and accumulation of them on the dislo-
cation network and dislocation loops when the nucle-
ation stage is finished, we can write the following
expression:

2
Z Cix + o nIK + nIK)] + Che

K=1

2
- Z [Cvk + o (nVyx + nyy)] + P, (2)
k=1

where P is the generation rate of helium atoms. We can
rewrite the relation for radiation swelling from Eq. (1) in
the following form:

2
St =Pt+ > [Cyk(1+ evk) + Cig(erx — 1)

K=1

+ Chevkenev] + Cuelene — 1). (3)

From Eq. (3) we can see that the radiation swelling
under helium beam irradiation conditions is determined
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by the accumulation of generated vacancies of both
components and free and captured helium atoms. Let us
determine now the main parameters and dependencies of
radiation swelling SiC at the early stage of irradiation
considering the growth kinetics of dislocation loops and
the kinetics of point defect accumulations of both types
in the matrix.

3. Accumulation of point defects and evolution of micro-
structure in the matrix of irradiated SiC by helium ion
beam

Helium ion irradiation of SiC produces displaced
atoms (point defects in two components: Si and C)
with a strong difference of generation rates [10]. Due to
the strong difference of threshold energies in SiC
(E4 =93 eV for Si and E4 =16 eV for C) [10] the
generation rates of silicon (G; = Gg) and carbon
(G, = G¢) on the two sublattices are also quite different
and can vary between neutron and ion irradiation in
the interval: Gc/Gs; = 3-6. In order to describe the
physical mechanisms of radiation swelling in SiC under
irradiation, it is important to consider electric neutra-
lity and that point defects have an effective electric
charge.

As we have mentioned, we will consider defect
microstructure evolution at early stages of irradiation
when only dislocation loops are formed and the tem-
perature is not high enough (7 < 1100 K) for void
production. This is the typical situation for the evolu-
tion of defect microstructure in ceramic materials after
the onset of irradiation [11,12]. In this case the point
defect sinks are only the dislocation network and the
dislocation loops. The concentration of vacancies is
changed mostly due to recombination with mobile
interstitial atoms, absorption by line dislocations and
dislocation loops, and capture of highly mobile helium
atoms. The ensemble of dislocation loops is character-
ized by the average loop radius Ry and volume density
Np. The processes of absorption of charged point de-
fects by dislocations and dislocation loops have special
peculiarities. In our model, the interstitial dislocation
loops and straight edge dislocations are considered to
be additional planes composed of two types of charged
atoms: anions and cations. Therefore, due to Coulomb
repulsion in ionic materials there is a strong driving
force for interstitial condensation on a dislocation loop
or dislocation line to remain stochiometric, or at least
to balance anion and cation charges. Here we propose
an advanced theoretical model similar to a previous
one [2]. It can be shown that the total current of
charged Kth component point defects to the dislocation
line in the case of materials which have a stochiometric
composition like MgO, can be written in the following
form:
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where 7 is the dislocation core radius, Dix and Dyg are
the diffusion coefficients of interstitial atoms and
vacancies of the Kth component, respectively.

Eqgs. (4) were obtained using the condition of electric
neutrality for charged point defects in the matrix.
Meanwhile, this condition should follow from the ki-
netic equations used here. In our previous papers [2,13],
we did not take into account exactly the effect of an
internal electric field on the diffusivity of charged point
defects in the matrix far from the grain boundary. Here
we will take into account this effect on the diffusion
accumulation of charge point defects in the matrix. The
kinetic equations for the concentrations of point defects
in the presence of an internal electric field in this case
have the following form

aoC, .

== B({C.)) - divi,, (5)
i _ 9=

i, =—-D,VC, kTDaCJVq), (6)

where ¢,, D, and C, are the charge, diffusion coefficient
and concentration of a-type’s point defect, respectively;
F,({C,}) is the term describing the different processes
such as a point defect generation, annihilation and so
on; j, is the current of point defects in the matrix; ¢ is
the electric potential in the matrix. The electric potential
in the matrix ¢ can be found from the following Poisson
equation:

4r
Ap=——p, (7
e

where p is the total density of charged point defects,  is
the atomic volume, ¢ is the dielectric permeability. In
general Egs. (5)—(7) should solve with the boundary
conditions and equations describing the nucleation and
growth of interstitial dislocation loops. However, if the
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size of sample is much larger than the denuded zone size,
we can see that the concentrations of charged point
defects do not have space dependencies in the matrix,
but the electric potential ¢ according Eq. (7) has the
space dependence. In this case Eq. (5), which takes into
account (6), can be written as

ac,
dr

4nq.,
= kT ”

Fl({cx}) - (pzDacCau (px (8)

Thus the kinetic equations describing the nucleation
and growth of dislocation loops and the accumulation of
charged point defects under irradiation in the matrix for
two components (K = 1,2) of ceramic material (SiC) can
be written in the following form:
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Here pp is the network dislocation density, p; is the
dislocation density of dislocation loops (p; = 2nR . NL);
Gvk, Gix, Gy are the generation rates of vacancies and
interstitial atoms Kth components (Gy; = Gy = Gg;,
Gy, = G, = Ge) and helium atoms respectively, o is the
point defect recombination coefficient (¢ = 3/a?, a is the
lattice spacing), v is the coefficient of helium atom cap-
ture by vacancies, y is the coefficient of loop formation
due to coupling of helium and interstitial atoms
(y = 3/d?), and b is the Burger’s vector module.

The growth rate of a dislocation loop taking into
account the absorption of two types of interstitial atoms

and vacancies and maintaining the stoichiometry of the
dislocation loop is given by the following relation:

dRL Ty o o
a b ;(]IK = Jvk)
_ 4n Dy Cii D Cry — Dy Cy1 Dy, Cy,
bIn(8R/ry) DyiCyi + DCiz + Dy Cyy + DyaCvy
(13)

where b is the Burger’s vector module.

The self-consistent solution of system of kinetic
equations (3) and (4) and (9)—(13) with the following
initial conditions (at ¢ = 0):

C[K(t = 0) = 0,
RL(I = 0) =a,

CVK(Z = 0) = 0, (14)
Cre(t=0)=0
permits the main parameters of radiation swelling to be
found under different types of irradiation taking into
account effect of helium. The results of numerical cal-
culations of the system equations (3) and (4) and (9)-
(13) with the initial conditions (14) using the material
parameters for SiC, which were fitted the experimental
data [8], (see Table 1) are presented in Figs. 1-4. In our
numerical calculations we have used the following
expressions for diffusion coefficients of charged point
defects: D,x = D9 exp(—EX /kT), (where DO, =107*
cm?/s). The concentration of vacancy-helium atom
compounds has been obtained by solving the following
equation:

Table 1
Main values used for numerical calculations of radiation-in-
duced swelling in SiC [10,14]

G, = Gg; Point defect generation 0.4x1073 dpals
rate for Si atoms

G, = G¢ Point defect generation 1.0x 1073 dpals
rate for C atoms

P Helium atom generation 6.0x 10~ He/s
rate

ESL, Silicon vacancy migration 1.8 eV
energy

ES, Carbon vacancy migration 1.7 eV
energy

ES, Silicon interstitial migra- 0.3 eV
tion energy

ES, Carbon interstitial migra- 0.2 eV
tion energy

EMe Helium atom migration 0.3 eV
energy

b Network dislocation den- 10" cm™2
sity

a Lattice parameter 3.0x107%cm
Effective charge of point 2e
states

e Charge of electron 4.8x1071% esu
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Fig. 1. A comparison of experimental data taken from Ref. [8]
and theoretical calculations of radiation swelling without he-
lium implantation P = 0.0 He/s (single beam) and with helium
implantation P = 6.0 x 10~* He/s (dual beam).
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Fig. 2. The temperature dependence of dislocation loop radius
at 1.0 dpa without helium implantation P = 0.0 He/s and with
helium implantation P = 6.0 x 1078 He/s at different values of
the coefficient of helium atom capture by vacancy v.

dChevi
dr

dChe
= vDyCycCvi, :tvz = VD Ce Cvy. (15)

The values for the migration energy of charged point
defects used in the numerical calculations are presented
in Table 1. A comparison between the experimental data
[8] and theoretical calculations both in the case of
presence of helium implantation and in the case of ab-
sence one for the fluence dependence of radiation
swelling of SiC is given in Fig. 1. Since we did not have
the theoretical evaluations of the coefficient of helium
atom capture by vacancy v, we used this parameter as a
free parameter. A comparison between theoretical cal-
culations for the temperature dependencies of loop ra-
dius R, the density of dislocation loops N and radiation

10"
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Fig. 3. The temperature dependence of dislocation loop density
at 1.0 dpa without helium implantation P = 0.0 He/s and with
helium implantation P = 6.0 x 10~% He/s at different values of
the coefficient of helium atom capture by vacancy v.
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Fig. 4. The temperature dependence of swelling at 1.0 dpa
without helium implantation P = 0.0 He/s and with helium
implantation P = 6.0 x 10~% He/s at different values of the
coefficient of helium atom capture by vacancy v.

swelling of SiC for single beam (without helium
implantation) and dual beam (with helium implantation)
at 1 dpa are given in Figs. 2-4. It is seen that the pres-
ence of helium atoms in the matrix increases the radia-
tion swelling in temperature region from 400 to 900 K at
small values of the coefficient of helium atom capture by
vacancy v~ 107°/a>. However, helium atoms have
slight influence on radiation swelling of SiC at lower and
at higher temperatures. As it is seen from the calcula-
tions, the additional term &, in Egs. (9) and (10) does
not affect strongly on final results. So at least if the
migration energies of interstitials and vacancies are
comparable for two types of components (K = 1,2) the
effect of an internal electric field on the diffusivity of
charged point defects in the matrix is small.
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4. Conclusions

Based on the recently obtained experimental data
and theoretical results, we can make the following con-
clusions concerning the radiation-induced swelling
behaviour of SiC taking into account the effect of he-
lium:

e Helium atoms in the temperature interval from 400
to 900 K increase the nucleation of interstitial dislo-
cation loops and decrease their average radius.

e The presence of helium atoms in the matrix in the
temperature range from 400 to 900 K increases the
radiation swelling.

e The theoretical calculations are located in a good
agreement with the existed experimental data at low
fluence.

References

[1] A. Hasegawa, A. Kohyama, R.H. Jones, L.L. Snead, B.
Riccardi, P. Fenici, J. Nucl. Mater. 283-287 (2000) 128.

[2] A.L. Ryazanov, A.V. Klaptsov, A. Kohyama, H. Kishi-
moto, J. Nucl. Mater. 307-311 (2002) 1107.

[3] A.L. Ryazanov, C. Kinoshita, Nucl. Instrum. and Meth. B
191 (2002) 65.

[4] H. Kishimoto, Y. Katoh, A. Kohyama, M. Ando, in: S.T.
Rosinski, M.L. Grossbeck, T.R. Allenand, A.S. Kumar
(Eds.), Proceeding of 20th International Symposium:
‘Effects of Radiation on Materials’, ASTM STP 1405,
American Society for Testing and Materials, West Cons-
hohoken, PA, 2002, p. 345.

[5] A. Hasegawa, M. Saito, S. Nogami, K. Abe, R.H. Jones,
H. Takahashi, J. Nucl. Mater. 264 (1999) 355.

[6] S. Nogami, A. Hasegawa, K. Abe, T. Taguchi, R. Yamada,
J. Nucl. Mater. 283-287 (2000) 268.

[7] P. Jung, H. Klein, J. Chen, J. Nucl. Mater. 283-287 (2000)
806.

[8] Y. Katoh, H. Kishimoto, A. Kohyama, J. Nucl. Mater.
307-311 (2002) 1221.

[9] J.D. Eshelby, in: Solid State Physics, vol. 3, Academic
Press, New York, 1956, p. 79.

[10] V. Vladimirov, D.Yu. Lizunov, A.I. Ryazanov, A. Mo-
slang, J. Nucl. Mater. 253 (1998) 104.

[11] C. Kinoshita, K. Hayashi, S. Kitajima, Nucl. Instrum. and
Meth. B 1 (1984) 209.

[12] Y. Satoh, C. Kinoshita, K. Nakai, J. Nucl. Mater. 179-181
(1991) 399.

[13] A.L. Ryazanov, A.V. Klaptsov, A. Kohyama,Y. Katoh, H.
Kishimoto, Physica Scripta, in press.

[14] SJ. Zinkle, C. Kinoshita, J. Nucl. Mater. 251 (1997) 200.



	Effect of helium on dislocation loop formation and radiation swelling in SiC
	Introduction
	Physical model for low-temperature radiation swelling under helium beam irradiation conditions
	Accumulation of point defects and evolution of microstructure in the matrix of irradiated SiC by helium ion beam
	Conclusions
	References


