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ABSTRACT

Recently, a cascade diffusion theory was developed to u:nierstand
cascade-induced fluctuations in point defect flux during irradiation.
Application of the theory revealed that such fluctuations give rice to a
mechanism of cascade-induced creep that is predicted to be of signifi-
cant magnitude. Here we extend the investigation to the formatien of
cavities. Specifically, we explore the possible importance of cascade-
induced cavity growth excursions in triggering a transition from the
gas-content-dictated stable radius to the critical radius for bias-
driven growth. Two methods of analysis are employed. The first uses
the variance of fluctuations to assess the average effect_of fluc-
tuations, The second is based con the fact that in a large ensemble of
cavities, a small fraction will experience larger than average excur-
sions, This prospect is assessed by estimating upper 1imits to the pro-
cesses. For the conditions consijdered, it is concluded that cascade-
induced fluctuations are of minor importance in triggering the onset of

sweliiny in a population of stable gas-containing cavities.
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1. INTRODUCTION

In a material subject to energetic neutron or heavy-ion irradiation,
knock-on events lead to point defect generation in cascades. Previous
theoretical work by one of us and coworkers [1,2] has demonstrated the
enormous magnitudes of the resulting spatial and temporal fluctuations
in local point defect concentrations and fluxes. Since the formation
and behavior of extended sinks for point defects depends on these
fluxes, it is reasonable to ask whether the overall microstructure, and
the properties to which it gives rise, are influenced by fluctuations.

Subsequently, a new mechanism of irradiation creep, cescade-induced
creep, was revealed by this work and shown to be of large magnitude
[3,47. On the other hand such fluctuations were shown to have relati-
vely little effect on the growth of large cavities, when compared to the
swelling results predicted by a conventional rate theory picture
where fluctuations are not considered [1]. In related work it was also
shown that an averaged rate theory approach is valid for the growth of
cavities in a periodically varying envirc ment that does not include
cascade-induced fluctuations, i.e., where the irradiation is pulsed-in
time but spatially uniform [5,6].

In the present paper we address the possible importance of cascade-
induced fluctuations on the early stag-: of cavity formation. This work
is based on the existence of a critical radius above which cavity arowth
is driven by the dislocation-cavity bias. Where gas is present in a

material, the existence of both stable radii (smaller than the critical



radius) and critical radii have been established theoretically and
experimentally [7—11]. The theory leading to these results is a quasi-
steady state rate theory where point defect generation is modeled as
continuous in time and space; fluctuations are neglected by definition.
However, it is obvious in principle that fluctuations in the point
defect flux at a cavity may induce growth or shrinkage excursions. The
question explored here is whether such excursions could be of sufficient
magnitude to be important in transferring cavities from the stable to
the critical cavity radius. We thus pre-suppose an existing populaticen

of gas-containing cavities.

2. ACHIEVING BIAS-DRIVEN GROWTH
2.1 Stable and Cratical Cavity Radii
In continuum rate theory the growth rate of a cavity in a material

undergoing irradiation may be expressed as [9]

Q c c c re
- (zpc, - 2.0, -202. 71, (1)

where roand t denote cavity radius and time. The quantity @ is thé
atomic volume, the Zs ; are capture efficiencies of the cavity for
vacancies and interstitials, and Cs is the thermal equilibrium vacancy

concentration at a cavity of radius Fee The quantities DV j
>

[ = D3 - EXD(-ET i/kT)] are the point defect diffusion coefficients,

< 0 -

where D . are pre-exponential constants, em are the corresponding

5 1 V,1

point defect migration energies, ana kT has its usual meaning. The
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Cv,i are the bulk-averaged concentrations of point defects, expressions
for which are given in numerous references in terms of materials param-
eters and irradiation conditions {.ee, for example [9]). The values of
the quantities used in subsequ:nt calculations are given in Table 1.
The strengths of sinks for point defects dictate their con-
centrations. Here the only sinks considered are dislocations and cavi-
ties. The total sink stre~gth is thus Sv,i = 55,1 + 53,1’ where the

superscripts ¢ and d denote cavities and disiocations. These are

expressed as

c ., 7C
SV,T = 4anNCZV’1 s (2)
and
d d
Sv,i =L Zv,i ’ (3)

where NC is the cavity concentraticn, L is the dislocation density and
Zv,i are the dislocation capture efficiencies for picnt defects. Higher
order sink corrections [12] are ignored and, for the numerical evalua-
tions, all Z's are set to unity except Z?, which is the parameter used
to embody the dislocation-cavity bias. The concentration Cs is given

by,

ce=c exp[-(P - 2v/r )a/kT] . (4)

Here

€0 = a1 exp(S!/k)exp(~EL/kT) (s)



ic the bulk thermal equilibrium value, and SE and Ei are the entropy and
enthalpy of vacancy formation. The pressure of contained gas in the
cavity is Pg and the surface free energy is y. For order-of-magnitude
estimates in the range of interest here, it is sufficient to relate P

to the number of contained gas atoms, ng, through the ideal gas law

B 3 Ng kT
6 B3 (©)
C
The effects of more complex equations of state in the evaluation of cri-
tical guantities are treated elsewhere [8,Y].

The interpretation of Eq. (1) is quite simple in principle. For a
given set of conditions and contained number of gas atoms, the balance
between the net radiation-induced influx of vacancies and the thermally
emitted outflux of vacancies determines whether or not a cavity of a
given radius will grow. It has been shown that a full interpretation
provides a convincing picture of many aspects of cavity growth [91.

Some examples are the existence of a temperature shift of swelling with
dose rate, a dose interval to the onset of swelling, and the appearance
of Bimoda] cav1£y size distributions. -

Representative solutions are shown in Fig. 1. For n_ less than a
critical number ng, there are twn physically meaningful solutions for
the condition drc/dt = 0. The lower root, rz, is denoted as the stable
radius. [t is that radius where, without fluctuations, a cavity would
reside in the steady state. It is larger than the thermal equilibrium

radius corresponding to ng, because of the excess radiation induced



vacancy flux [9]. The larger root, rg, is designated as the critical
radius. It represents the size above which the cavity uidergces
continued growth during irradiation. Also shown are the maxi-

mum critical radius, rgj corresponding to ng = 0, and the minimum criti-
cal radius rz, corresponding to ng = na. Where a cavity contains more
than ng gas atoms, no critical radius exists; that cavity grows
inexorably by bias-driven growth. Figure 2 shows that above a certain
temperature range, ré (and correspondingly, ng) increases very rapidly
with temperature.

Thus a stahle cavity can enter the regime of rapid growth by two
qualitatively different processes. The first is by continued accumula-
tion of gas, produced by <transmutation or injection, for example, to
achieve ng. Without fluctuations the time to the onset of rapid
swelling is the time to the accumulation of ”5' The alternative path
depends upon fluctuations to brinyg cavities normally residing at ri’ and
containing ng < na gas atoms past the size rc’ whereupon they con-

tinue to grow. In any system there are natural fluctuations from

various processes. Here we investigate the possibility of cascade-.

induced cavity growth excursions.

2.2 Bridging the Gap Between ri and rz

As shown in Fig, 1, ri approaches rE as nq approaches n*, and the

gap thut fluctuations must bridge decreases. We first establish the



required number of vacancies corresponding to the ditference between

ri and rE as a function of ng and T. This is accomplishea oy solving
Eg. (1}. Under the conditions specified it is found that n; = 345 and
rz = 1,42 nm. The results for ri and rz vs n_are shown in Fig. 3,

for ng near ng. Shown also are the number of vacancies, An, needed for
conversion correspending to several values of ng. For example, with

Ang = ng - ng we obtain: Ang =1, an = 69; Ang = 2, an = 212; Ang = 15,
An = 775,

The cavity is only Tikely to be converted when the magnitude of
cascade-induced fluctuations is significant with respect to &n. Figure 4
shows the dependence of An versus temperature on nq. Also shown is the
vacriation of ng with temperature. This curve bounds the variation of An
with temperature, since for ng > ng neither ri, rz, nor the gap between
them exists. Thus Fig. 4 also reflects the dependence of Aan upon an .
[t is evident that the vacancy gap per gas atom rises exponentially with
temperature. For examnle, calculations at 690°C give na ~ 10°% and
an ~ 10% for Ang = 1. Thus we expect that fluctuations are much less

potent at triggering conversions at high temperatures.

3. ACHIEVING CRITICAL RADIUS BY CASCADE-INDUCED FLUCTUATIONS
3.1 Cascade Diffusion Theory
In cascade diffusion theory the point defects generateu in each

cascade are tracked by diffusion equations with discrete source terms.



The point defect flux failing on a »ink such as a cavity is the super-
position of contributions arising from cascades thac have occurred at
all earlier times in the entire material volume. Thus it is found that
even during a steady irradiation there are extreme fluctuations in the
defect flux f-rom one instant to another at a given ponint and from one
point to another at a given time. The instantaneous current from a

single cascade to a cavity of radius re is 2]

v re(R-re)

¢ (xR exp[-(R-r_)2/4DtJexp(-DSt) . (7)

Here v is the number of point defects of either kind in the cascade, R
is the distance of the cascade center from the cavity center, D is the
point defect diffusion coefficient and © =t - tc, where t is the time
of observation and t. is the (earlier) time a* which the cascade
occurred. S is the sink strengtn given by the sum of Eqgs.(2) and (3).
Superposition of solutions of this type for a typical neutron
irradiation of nickel gives the profile of vacancy concentration shown
in Fig. 5. Large fluctuations are evident.

In our subsequent analysis, several additional relationships derived
from Eq. (6) are useful. We denote by n. the number of defects
collected over ali time by a cavity from a single cascade. 1his is

given by

Tc

- 1/2 ;

e = expl-SH/4(R - r )] . (8)
We also nead the total number of defects collected by a sink up to time
t from all cascades, as well as the variance in this quantity. The

necessary expressions are derived in Pef. [2]. For present purposes



the ratio of the variance to the mean is sufficient. Denoting the

former as o and the latter as ﬁc, we may write

g2 §1/2

— = DSt > 1 . 9
= 21 + stz (o)
c C

The above results are used in the two subsequent sections tn assess
the importance of fluctuations. Two kinds of estimates will be used to

make the evaluation.

3.2 Average Fluctuations

then a cavity has grown to size ri, we may identify this with ﬁc,

the average number of vacancies collected up to time t,

Py . - cC .
The additional number of vacancies required to reach rc is thus

From Egs. (9), (10), and (11) we obtain,

1/2 3
oSt/ = / rc -
o | c

= = CY -1 (12)
an Eﬁc(”sl/z‘"ih‘ rS )

This last equation compares the average size of fluctuations in
noint defect accumulation to the size of the gap necessary to convert

stable cavities to growing cavities. The relationship is plotted in
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Figs. 6 and 7. In Fig. 6 the ratio is shown as a function of cavity
radius ri for a range of dislocation densities often encountered in
irradiation experiments. All curves are for a difference, ri - rE,
of 0.1 nm. We note that the rms fluctuation is equal to or less than
about 3% of the mean number collected. For high dislocation densities a
maximum occurs at about 1 nm. The relative size of fluctuations is thus
ver, small even for radial excursions as small as 0.1 nm. Figure 7
shows the ratio as a function of rg - rz for the same dislocation den-

sity range and a cavity radius, rs, of 2 nm. Again, the ratio is very

small except for ri - rz << 0.1 nm.

3.3 Upper Limits

As in the previous section, we consider the effects of fluctuations
in vacancy flux only. Ignoring interstitial accumulation tends to maxi-
mice the size of the effect. 0On average, of course, vacancy accumula-
tion at cavities is only slightly lurger than 1ntérst1t1a1 accumulation
as dictated by continuing gas accumulation and by the bias. If, even in
this approximation, the effect of fluctuations is small then in reality
it must be smaller still.

The analysis can be simplified further by making other assumptions
that maximize the efrect. Equation (8) when multiplied by v, the number
of vacancies in a cascade, gives the number of vacancies absorbed by a
cavity from a cascade over all time. For simplicity, assume both that
all these defects are delivered instantly and that vw = 1000, a high

value corresponding to a cascade initiated by a fusion reactor
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neutron or to & high energy transfer from an incident jon.* If n. > An
then a single cascade is capable of triggering a conversion. However,

vacancies from a sequence of n cascades, each delivering nl defects, may

be necessary,

n :I AY
z nc_>_An . (13)
j

These would occur over a time interval t. The physical sigrnificance of
t is discussed below. Integration of Eq. (8), weighted by RZ, over a'l
space shows that neither nearby nor distent cascades contribute many
defects un average--the nearby ones because they are so few and the
distant ones because the point defects are absurbed in the intervening
Tossy medium. The region of space contributing most lies at R = s-1/2,
Simplifying again by essuming that all cascades contribute as if at

R = 5-1/2, and keeping in mind that fluctuations can only be significant
for small cavities (Sl/zrC << 1), we rewrite Eq. (8) as

uSl/er

e == (14)

The probability of n or more cascades in volume V in time interval t

is [2]

*A cascade of such large size would probably form in several sub-
cascades. Fowever, they would be correlated in time and for a distant

sink would appear ir their delivery of point defects much Tike a single

cascade.



b (t) = § P(mat) , (15)
m:n

based on the Poisson probability for exactly m events

P(m,At) =%}1Texp(-xt) . (16)

Here X is the mean rate of cascade occurrence in the volume V, given by

A= GV/u, (17)
where G is the point defect production rate in physical units. Since it
has been shown that more than 90% of the defects arise from cascaJes
occurring within 2 di.iince of 55-1/2 of the sink [2], we again simplify
by taking V as the volume of *that radius. Eqs. (14) - (16) can be used
to evaluate the probability that a specified number of vacancies could
be supplied within a time interval t.

Figure 8 shows the &n required as a function of an_. The probabi-
Tity of achieving an in a time interval t can be obtained from pn(t) the
probability of n or more cascades, by translating the number of cascades
n to the number of defects collected through Eq. (13) and (14). This is
shown as a function of an in Figs. 9 and 10. Figure 9 1is for short
time intervais, t {1 s, and Ang < 20, while Fig. 10 goes up to 21 and
1400, respectively.

Relevant time intervals are appreciated as follows. If the prob-
ability were 10-%/s, then to be certain of a transfer of that stable
cavity one would have to wait for 1 dpa at a typical reactor dose rate
of 10-% dpa/s. However, in this same time interval a cavity in a

typical microstructure would accumulate ~100 additional helium
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atoms at a generation rate of 5 appm/dpa. Thus, referring to Figs. 8
and 10, we see that the acditional vacancy accumulation necessitated in
response to the gas atom accumulation would be larger than the vacancy
contribution in a maximized fluctuation caused by a sequencr of
cascades.

Figure 11 shows, in an alternative way to Fig. 4, the number
of gas atoms that can be deficient, Ang, together with n* as a function
of temperature. If the Ang is above the line shown, then it is not
possible to produce a conversion even by a sequence of cascades. It
is seen, for example, that at 900 K tie cavity must have accumulated altl
but ~0.2% of "5’ the number of gas atoms required for spontaneous con-
version, in order to be within range for conversion by cascade-induced
fluctuations.

To connect these estiimates to a more easily measurable quantity
during an experiment, we have made approximate caicu]ations of the time
to the onset of swelling with and without fluctuations. As an upper
Timit estimate, we assume that fluctuations can trigger swelling as
snon as enough gas is accumulated to bring Ang to the values shown in
Fig. 11. Here for simplicity we assume that all the gas is trapped at
cavities. The cavity density is taken to be temperature dependent. The
values used are those reported by Farrell [13]. Figure 12 shows
both the relative and absolute values of the reduction in dose. Above
893 K the two doses are essentially identical, However, below 1 dpa any
difference in the dose required would probably be unimportant. Thus any

effect could only be discernible over a very small temperature range and

even then it is small.
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4, DISCUSSION

Cavity growth above the critical size is observed experimentally.
In view of the above results indicating small effects of fluctuations,
we conclude that the achievement of critical cavity size is driven by
gas accumulation,

Cascades may also influence the formation of cavities by the
enhanced production of three-dimensional clusters. This is certainly a
process by which, in the presence of gas, the initial cavity embryos
could be formed. It has been shown previously (see for example [14])
that the nucleation rate depends on the square of tne vacancy con-
centration. Duriny fluctuations Cé may increase enorniously above the
average (Fig. 5). With contained gas, the clusters will not be
destroyed by the corresponding interstitial fluctuations. There will
also be enhancement because of the direct generat%on of three-
dimensional vacancy clusters in cascades. Inclusion of such a mechanism
in a rate theory picture using discrete clustering equations [15] is
possible and would allow us to explore the significance of such events.
Thus, we expect that the existence of cascades also affects the number
densities of cavities.

Based on previous work where we found that cascades lead to an
important new mechanism of irradiation creep [3], and on the present

work where the effect on cavity transitions was found to be minimal,
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criteria can be discerned regarding where cascades may be important in
jan beam or neutron irradiation processes. These are that the
triggering event sniust depend on point defect fluxes from not more than a
few cascades and that the triggered process must be irreversible so that
fluxes of the opposite point defect type do not cause a negating back
reactinn.

Mechanisms involving phase changes during irradiation, for example,

should be examined in this connectiaon.

5. SUMMARY

The influence of cascade-induced fluctuations in point defect flux
on swelling. through an effect on cavity formation, has been investi-
gated. Concepts of stable and critical cavity radii established in
eariier theoretical and exparimental work are applied. The stable
radius is that at which a cavity containing a given number of gas atoms
resides. It does not grow on the average. For each contained number of
gas atoms below a critical number, there also exists a critical radius
1ar§er than the-stab1e rédius. When a cavity either achieves the -
criticel radius or absorbs the critical number of gas ators, it will
grow inexorably. As the number of gas atoms approaches the critical
number from smaller values, the gap between the stable and critical
radii rar:ows.

In the investigation reported here we examined the possibility that

a cavity may make excursions from the stable to the critical radius
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through cascade-induced fluctuations in point defect flux. Two methods
were used. Both are based on cascade diffusion theory, an approach deve-
Toped recently wherein the discrete production of point defects in
cascades is accounted for. The first method is based on a derived
expression for variance in the number of point defects collected at a
cavity. This reflects an average behavior of the cavity population. It
is found tnat the variance is generally smalil with respect to the number
of vacancies needed to produce an experimentally significant excursion
from stable to critical radius. The second method is a very approximate
evaluation of upper limits and corresponds to the largest excursions
that a very few cavities in the population may experience. Here again
it is found that cascade-induced growth excursions produce differences
that are experimentally insignificant with respect to the case where
fluctuations are ignored. It is therefore concluded that the main
mechanism underlying the achievement of bias driven cavity growth is gas
accumulation.

Criteria are .uggested by which it may be judged whether cascade-

induced fluctuations may be important in jon beam or neutron

irradiations.
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Table 1. Parameter valuas used in the calculations

Q(m3) De(mzfs) ET(eV) D?(m3/s) E?(eV} rr(m) y(J/m?) L{m/m3) Zq E:(eV) G(dpa/s)

1.095 x 10-29 1 x 10-6 1.4 1 x 107% 0.15 4 x .0-10 1 5.101%  1.05 1.6 10-°
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Schematic of caviﬂy growth rate as a function of cavity radius for
typical reactor ;ose rates and temperatures. Quantities describing
cavity radius agd contained number of gas atoms are defined in the
text.

Behavior of thy critical radius as a function of tamperature. Solid

curve shows th!s gas-free critical radius and dashed curve shows the

——

minimum critical radius where the cavity contains the (temperature
dependent) cr tical numbe~ of gas atoms.

Variaiion of :he stable and critical radii as a function of the con-
tained number of gas atoms showing the range near n* and r;.
Variation of An with temperature for several va'ues of n_. Also
shown is the variation of na with termperature. This curve bounds
the solutiors for an, since for n_ > na no critical radius exists.
Vacancy c<on:entration as a function of time as calculated by cascade

diffusion theory.

The ratio s/Arn as a function of stable cavity radius for several

“different dislocation densities. Calculations for bridging a gap

c 5

re = e of 0.1 nm.

The ratio of o/an as a function of the difference rg - ré for two
dislocation densities and an assumed cavity radius, ri, of 2 nm.
The required number of vacancies An as a idanction of the deficiency

in gas atoms contained in a cavity, Ang = na -n



9.

10.

11.

12,

Probability that a sequence of cascades provides An or more vacan-
. 25 to a cavity as a function of An for various time intervals.,
The stepwise reduction arises because the cgndition An or more
vacancies can be satisfied by unit numbers of cascades for a range
of 4n,

As for Fig. 9 but for larger An and t. Stepwise variations at
small values have been smoothed out.

Plot of Ang for which an arbi* ‘ir1ly chosen maximum value of An
(1400) s sufficient to enable the cavity radius to increase from
r? iy ,; py fluctuations. Also shown is ng as a function of
temperature,

Fractional change in dose to the onset of bias-driven swelling due
tn cascade-induced fluctuations, as a function of temperature. The
two curves compare calculations where fluctuations are inciuded and

excluded.
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