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Abstract

The effect of the variations of void and dislocation biases on the homogeneous nucleation of voids in irradiated
structural materials is considered. It is demonstrated that in some cases a modest variation of dislocation bias can result
in the orders of magnitude differences in kinetic barriers for void nucleation.
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1. Introduction

This paper considers to which extent homogeneous
void nucleation in an irradiated metal can be accelerated
by dislocation bias modification. The underlying moti-
vation for the study is related to the yet unexplained
effect of impurities on swelling in vanadium alloys. In-
deed, while pure vanadium is known for very low
swelling as compared to austenitic stainless steels, the
addition of 5-10 wt% of undersized solutes (such as iron
[1-3] or chromium [4]) can increase the swelling rate of
vanadium by two orders of magnitude, making it com-
parable to or even higher than that in austenitic stainless
steels. One of the possible reasons for this effect might be
the dislocation bias modification by impurity segrega-
tion at dislocation lines, which was observed to precede
the onset of enhanced swelling in V-5%Fe [1].

The swelling enhancement can be generally ascribed
to dislocation bias modification effect either on void
growth, or on the void nucleation. However, the effect
on void growth does not seem a proper explanation,
because (i) the bias factor modification due to impurity
segregation at dislocations is rather modest (increase by
a factor of 2 at solute concentration ~5% [5]), and (ii)
when voids are present in a bcc metal, their growth rates
are expected to be of the same order of magnitude as
those in stainless steels [6]. Therefore, below we con-
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centrate on the influence of dislocation bias modification
on void nucleation.

The swelling of pure vanadium is small (~3% at 100
dpa), although cavities are sometimes observed in neu-
tron-irradiated vanadium by TEM [7,8]. The extremely
high number density of these cavities indicates that these
are bubbles, stabilized by internal pressure of residual
gas impurities, most probably oxygen. This is in agree-
ment with the experimental observations that compa-
rably high amounts of bubbles arise during vanadium
implantation with helium, even at temperatures notice-
ably above 500 °C (that of peak swelling in V-5%Fe) [9].
Even when present in the material, bubbles should first
undergo a conversion to voids, in order to grow exclu-
sively by preferential absorption of vacancies and pro-
duce high swelling rates [10]. Without continuous gas
supply, the bubble-to-void conversion still requires
overcoming an (appropriately reduced) kinetic nucle-
ation barrier [11]. Here we restrict ourselves to the most
severe case, when no gaseous impurity assists void nu-
cleation, and neglect the effect of residual gases on void
formation.

When considering the effect of irradiation on homo-
geneous nucleation, the most important parameter is the
amount of vacancies available for nucleation. Since
point defects nucleate as Frenkel pairs, there should
exist some internal mechanisms of vacancy and inter-
stitial partitioning between nucleated voids and other
point defect sinks. At present two sources of vacancy-
interstitial imbalance are considered, namely the dislo-
cation bias for interstitial absorption and, in case of fast
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neutron and heavy ion irradiation, the direct in-cascade
clustering of interstitials (‘production bias’[12]). Here we
restrict ourselves only to the first contribution; for a
discussion of the production bias effect on nucleation
the reader is referred to Ref. [13]. Indeed, the impurity-
accelerated swelling was observed for other than fast
neutron irradiation (e.g. during self-ion irradiation [3] or
irradiation with 4 MeV nickel ions [9]) and there is no
reason to expect that high-energy electrons would not
induce the swelling of vanadium alloys at a rate com-
parable to that found for neutron irradiation.

2. Theory

Qualitatively, we should expect that the increase of
the dislocation bias for interstitials should decrease the
kinetic barrier for void formation, due to the increased
relative amount of vacancies available for clustering,
and vice versa. Since the sign of dislocation modification
is opposite to the sign of impurity elastic misfit [5], a
selective swelling enhancement by undersized impurities
should be expected, in qualitative agreement with ex-
perimental observations [2]. On the other hand, because
the solute segregation at dislocations provides very
moderate dislocation bias modification, let us try a more
quantitative validation of its relevance.

As already mentioned, a vacancy cluster grows in a
steady-state mode provided the number of vacancies in
it overcomes a certain critical value n.. Smaller clusters
have a tendency to dissolve. Mathematically it means
that for a vacancy cluster (void) with the a number of
vacancies n, the probability of cluster growth due to
absorption or evaporation of individual point defects,
P(n,t), is smaller then that for its dissolution, Q(n,?),
when n < n., and visa versa at n > n.. The critical cluster
size is defined by the requirement

P(ne) = O(ne)- (1)

In other words, formation of voids in pure metals is a
classical example of kinetic barrier limited nucleation
[14] and is usually considered in terms of the Fokker—
Planck equation formalism (see e.g. [15-21]).

Accordingly, the evolution of void ensemble follows
three well-defined stages, namely the incubation period
(when no supercritical voids are present), the nucleation
stage with intensive production of supercritical clusters
at a nearly constant rate 7, and the growth stage, when
the already existing voids grow, but practically no new
voids are produced.

For our purpose here only the first two stages are
important. According to the general treatment of barrier
nucleation theory [14], both the duration of the incu-
bation stage (that is, the swelling incubation time #.) and
the void nucleation rate J can be expressed in terms of
the so-called kinetic nucleation barrier ¢(n.), namely

t; < exp(¢(ne)) (2)
and
J ocexp(—o(ne)), 3)

while the nucleation barrier is determined by the ratio of
point defect absorption and description probabilities,

o= [ (55

where ny is the smallest size of an immobile vacancy
cluster (that is, one should choose ny > 2).

There are at least two physical reasons for the exis-
tence of a critical void size. Most often it is related to the
vacancy evaporation from voids, since, according to the
Gibbs-Thomson law, the thermal vacancy concentra-
tion at void surfaces exceeds that in the bulk of material.
However, at the temperatures relevant for operation
regimes of fusion and fission reactors, the thermal solu-
bility of vacancies in most structural materials is too low
to provide any barrier for void nucleation. Nonetheless,
at these temperatures the growth of small voids remains
hindered due to the intrinsic void bias [22], stipulated by
the elastic void interaction with point defects (a brief
review of various mechanisms of such interaction see e.g.
in [22,23]).

Correspondingly, the kinetic coefficients of void
growth and dissolution are determined by the absorp-
tion of, respectively, vacancies and interstitial atoms
created by irradiation and one can express the rates of
individual void increase and decrease in terms of diffu-
sion currents of vacancies and interstitials as

P(n) = 4nRY,(n)D,C, and Q(n) = 4nRY(n)D;C;,
()

where Y, is the void bias factor due to the interaction of
point defects of the type o (xz =1 for interstitials and v
for vacancies) with the elastic field of the void, D, is the
diffusion coefficient and C, — the mean-field concentra-
tion of corresponding point defects. At temperatures
where the point defect recombination is negligible as
compared to loss at sinks, point defect concentrations
are defined by the balance equations

G- kD,C, =0, (6)

where G is the point defect generation rate and k2 — the
sink strength for a-type point defects. At the nucleation
stage the contribution from nucleated voids to the sink
strengths is negligible. In most cases the sink strength is
determined by the dislocation network and thus

kozt = lech (7)

where Z, is the dislocation bias factor for a-type point
defects and p, — the dislocation density. Then the ratio
P/Q can be written down as
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P(n) _ ZY,(n)
O(n)  ZYi(n)

For all known mechanisms of void interaction with
point defects this is a monotonically growing function of
void size [23], which can fall below unity at small void
sizes, where the void bias for interstitials is strong, and
which tends to Z/Z, > 1 as the void size becomes suf-
ficiently large. The critical void size is defined by the
relation

®)

At the experimentally expected values of critical void
size (corresponding to void radius R. of several na-
nometers) the dominant contribution to the void bias
factors comes from the diffusion anisotropy of point
defects in the void elastic field and the following ap-
proximation for ¥, holds [23]

R,
Y,=1+—, 10
+ 2 (10)
where the void radius R is related to n as 4nR*/3Q = n,
Q is the atomic volume, and R, is determined by the
components of the elastodiffusion tensor of point defects
in the saddle points of their diffusion jumps. In this case
the critical radius can be explicitly obtained in the form
RZ,—ZR, 1
Rc:ﬁ:E[Ri—(quB)RV], (11)
where B = (Z, — Z,)/Z, is the dislocation bias. It is seen
that the nucleation barrier appears only when R,Z, >
R,Z;. The estimates of R. for the parameter values typ-
ical for copper and a-iron are given in Table 1.
The kinetic nucleation barrier in this case is obtained
by the direct integration using (5) and (10) and has the
form

4n R R
R)=—A<RIn(1+=)—-Rn(1+=
o) =5 {Rm(145) - Rm(14 )

+RC(R1—RV)(%—Ri—RV)}, (12)
4

where the small terms proportional to Ry/R. < 1 are
neglected. The dependencies of the critical radius R, and
the nucleation barrier ¢(R.) on the dislocation bias B are
shown in Fig. 1. The increase of dislocation bias results

Table 1
The values of the void bias parameters, the estimated disloca-
tion bias and the critical void radius in copper and a-iron

R; (nm) R, (nm) B R. (nm)
a-iron 0.7 -0.17 0.3 3.1
Copper 0.23 -0.28 0.13 42
Ref. [23] [23] [6]
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Fig. 1. The critical radius R. (a) and the nucleation barrier
¢@(R.) (b) as functions of the dislocation bias B for R; = 0.5 nm
and R, = 0.33 nm (1), 0.25 nm (2) and 0.2 nm (3).

in a decrease of both the critical radius and the nucle-
ation barrier @(R.). Correspondingly, the incubation
time for swelling decreases, while the nucleation rate
grows. In particular, when the dislocation bias is not too
high, the slope of the nucleation barrier is sharp and
even a rather modest increase of B can decrease the
nucleation barrier by a factor of 3-4. Having in mind the
exponential dependence of # and J on the kinetic barrier
value, this can explain one-two orders of magnitude
variation of the void nucleation rate. Since the values of
both dislocation and void bias factors are quite different
in different materials (as demonstrated in Table 1), it
may well turn out that vanadium falls in the parameter
range, where void nucleation is highly sensitive to ma-
terial properties.

3. Conclusions

To conclude, the estimates above demonstrate that
the modification of dislocation bias due to impurity
segregation at dislocations allows, in a certain parameter
range, a decrease in swelling incubation time and an
increase in void nucleation rate by one-two orders of
magnitude. This result might provide a possible expla-
nation of the experimentally observed noticeable swel-
ling increase in vanadium alloyed with several percent of
undersized impurity atoms.



V.A. Borodin et al. | Journal of Nuclear Materials 307-311 (2002) 862-865 865

Acknowledgements

This work was supported in part by grant #00-02-
17693 from the Russian Basic Research Foundation.
V.A.B. and A.E.V. gratefully acknowledge the financial
support from the ICFRM-10 Organizing Committee
and Deutsche Forschungsgemeinshaft, which allowed
presentation of the results at the conference.

References

[1] H. Matsui, D. Gelles, Y. Kohno, in: Effects of Radiation
on Materials, 15th International Symposium, ASTM
STP1125, ASTM, Phyladelphia, 1992, p. 928.

[2] H. Nakajima, S. Yoshida, Y. Kohno, H. Matsui, J. Nucl.
Mater. 191-194 (1992) 952.

[3] Yu.V. Konobeev, V.A. Pechenkin, S.I. Rudnev, J. Nucl.
Mater. 233-237 (1996) 1070.

[4] F.A. Garner, D.S. Gelles, H. Takahashi, S. Ohnuki, H.
Kinoshita, B.A. Loomis, J. Nucl. Mater. 191-194 (1992)
948.

[5] V.A. Borodin, A.I. Ryazanov, J. Nucl. Mater. 271&272
(1999) 270.

[6] V.A. Borodin, A.I. Ryazanov, J. Nucl. Mater. 210 (1994)
258.

[71 AJ.E. Foreman, B.N. Singh, in: Irradiation Behaviour of
Metallic Materials for Fast Reactor Core Components,
CEA-DMECN, Gif-sur-Yvette, 1979, p. 113.

[8] T. Takeyama, H. Takahashi, S. Ohnuki, J. Nucl. Mater.
108&109 (1982) 465.

[9] T. Iwai, N. Sekimura, F.A. Garner, in: Effects of Radiation
on Materials, 18th Conference, ASTM STP1325, 1999,
p- 1109.

[10] L.K. Mansur, W.A. Coghlan, J. Nucl. Mater. 119 (1983) 1.

[11] R.E. Voskoboinikov, A.E. Volkov, J. Nucl. Mater. 282
(2000) 66.

[12] C.H. Woo, B.N. Singh, Philos. Mag. A 65 (1992) 889.

[13] H. Trinkaus, B.N. Singh, this conference.

[14] C.W. Gardiner, in: Handbook of Stochastic Methods,
Springer Series in Synergetics, vol. 13, Springer, Berlin,
1983.

[15] R.M. Thomson, R.W. Balluffi, J. Appl. Phys. 33 (1962)
803.

[16] J.L. Katz, H. Wiedersich, J. Chem. Phys. 55 (1971) 1414.

[17] K.C. Russel, Acta Met. 26 (1978) 1615.

[18] W.G. Wolfer, L.K. Mansur, J.A. Sprague, in: H.L.
Bleiberg, J.W. Bennett (Eds.), Radiation Effects in Breeder
Reactor Structural Materials, Proceedings of the Interna-
tional Conference, Scottsdale, AZ, 1978, p. 841.

[19] A. Si-Ahmed, W.G. Wolfer, in: Effects of Radiation on
Materials, 11th Conference, ASTM STP782, 1982, p. 1008.

[20] M.F. Wehner, W.G. Wolfer, Philos. Mag. A 52 (1985)
189.

[21] A.E. Volkov, A.l. Ryazanov, J. Nucl. Mater. 273 (1999)
155.

[22] V.I. Dubinko, J. Nucl. Mater. 223 (1995) 1.

[23] V.A. Borodin, A.I. Ryazanov, C. Abromeit, J. Nucl.
Mater. 207 (1993) 242.



	The effect of bias factor variations on void nucleation in irradiated alloys
	Introduction
	Theory
	Conclusions
	Acknowledgements
	References


