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At temperatures higher than stage V, the lifetimes
of vacancy loops due to thermal annealing becomes
significantly reduced compared with that of vacancy
clusters. Ifwe consider the vacancy clusters from which
the thermal emission of vacancies occurs, as internal
sources, it is easy to see the inherent efstence of a
large asymmetry under cascade damage conditions and
hence a bias between the production efficiencies of
mobile vacancies and interstitials auailable for annihi-
lation at voids. This asymmetry arises because of the
likely difference between the fractions of vacancy and
interstitial agglomeration. More importantly, while va-
cancy clusters may generate mobile vacancies by evapo-
ration, interstitial clusters may not; this situation has
also been pointed out by Simons [24]. We have termed
this strongly temperature-dependent difference be-
tween the production (from internal plus external va-
cancies) of two kinds of available point defects the
production bias [12,13].

3. Void swelling under cascade damage conditions

Due to intracascade recombination and agglomera-
tion, the production rate of freely migrating defects is
substantially reduced from the dpa rate K calculated
by the NRT model [25]. I-et a be the fraction of
intracascade recombination, e, be the fraction of ag-
glomeration of the surviving interstitials and e", that
for the vacancies. The effective generation rate of
surviving point defects G is given by (t - a)K in our
calculations.

To illustrate the operation of the production bias,
let us consider void swelline in a metal in which dislo-

K = 10-6 dpa s- t
ct = 0.9
ei = varied
e" = 0.50

0.45

400 450 500 550 600 650

T  ( o C )

Fig. 1. The calculated temperature dependence of swelling
rate for dif ferent values of e; (:0.0-0.45) at K:10-6 dpa

s- l, representing the case of fast reactor irradiation.
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0.05

K = 10-3 dpa 5- t
c  = 0 . 0
€i  = 0 '0
ev=  0 ' 0

400 600 800
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1000

Fig. 2. The calculated temperature dependence of swelling
rate for the case of low recoil energy irradiation where the
damage is produced homogeneously and in the form of Frenkel
pairs instead of multidisplacement cascades; this represents

the case of 1 MeV electron irradiation, for example.

cation structure is made up of a network of density p*,
vacancy loops of density Nu'- and interstitial loops of
density N,r. We also denote, for the vacancies, the
total dislocation sink strength bV k3, the void sink
strength by k!, and the total sink strength by k!.[-et p
be the dislocation bias then we may write down the
total dislocation sink strength as (L + p)k1, the corre-
sponding total sink strength being kf.

For the present steady-state point defect concentra-
tions, the rate equations for the vacancies and intersti-
tials can be written as

(1  -  e ; )G  -  
l t  ?  *  ( t  +  p ) t c l lD ,C , -  a ,C ;C , :0 ,  ( 1 )

( 1 - e , ) G  + K e  -  ( k ? + k Z ) D , C , - a , C i C , : 0 ,  ( 2 )

where a, is the coefficient of thermal recombination
due to long-range migration, and K' is the total va-
cancy emission strength for the various sinks, and has
contributions from the voids, interstitial loops, the va-
cancy loops (clusters) and the network.

The solution of eqs. (1) and (2) is straightforward
and is documented in ref. [13]. Using experimentally
derived quantities for the microstructure (see table 1 of
ref. [13]), the swelling rate as a function of temperature
can be calculated for fast reactor (cascade damage)
and HVEM (Frenkel pair production) irradiation con-
ditions. The results are plotted in figs. L and 2. From
fig. 1, the following characteristics of swelling under
cascade damage conditions can be seen.
- The edstence of two sharply separated temperature
regimes: low sweling rate at lower temperatures and
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5. Summary

We propose that the small production rate of freely
migrating defects during fast neutron irradiation and
the large steady-state swelling rates in the high swelling
regime can be reconciled by a new void swelling mech-
anism based on the production bias as the main driving
force. The physical origin and concept of the produc-
tion bias is briefly reviewed. The characteristics of void
swelling due to production bias were described and
confirmed by comparison with experiments.
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DISPLACEMENTS PER ATOM
Fig. 4. Effect of temperature change (550 to 400"C) on creep
and swelling in the 20Vo cold worked 316 stainless steel [35] as
a function of displacement dose for a stressed and an un-
stressed samples [35]. Note a dramatic reduction in creep and

swelling as the temperature is changed from 550 to 4fi)'C.

thereafter with the swelling rate falling to O.lVo/dpa
(see fig. 4). The behaviour observed in this experiment
is consistent with the predictions based on the concept
of a strongly temperature-dependent defect production
term. One would expect, however, that if changes were
made between two temperatures within the 7Vo per
dpa regime (but after the transient was complete) that
no change in the swelling rate would occur. This be-
haviour has indeed been observed by Yang and Garner
1371.

Some indications of a rapid transition to a high
swelling regime was also observed [38] in the swelling
of pure copper in the ORR mixed spectrum reactor,
showing a fivefold difference in swelling within 50"C.

It is worth pointing out that the void swelling calcu-
lated for neutron irradiated copper at very low doses
(10-4-100 dpa), using the production bias as the only
driving force for void growth, also agrees well with
experimental observations [14,15]. In these calcula-
tions, the rate of vacancy escape from the cascade
volume is calculated on the basis of cascade parame-
ters determined from the MD simulations and is taken
to be the effective vacancy production rate. It is rele-
vant to point out here that the high swelling rate
observed at low doses (e.g. ref. [6]) could not be ex-
plained in terms of the conventional rate theory using
the dislocation bias as the only driving force for the
void swelling [39].
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