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The effect of defect clusters formed in cascades on the sink strength in
irradiated materials*

Hartmut Wiedersich
Materials Science Division
Argonne National Laboratory, Argonne IL 60439
Defects produced by irradiation with energetic particles are most often spatially
strongly correlated. Energetic primary recoil atoms produce generally more or
less 'dense cascades in which vacant lattice sites predominate in the central
regions, and interstitial atoms are deposited at the periphery. In fact, in many
cases a fraction of the defects produced in the cascades form clusters during
the cascade event. In this paper we examine the role of these clusters as defect
sinks during high dose irradiations at moderate temperatures. It is shown
that a steady state population of vacancy and interstitial clusters evolves during
irradiation which significantly contributes to the overall sink density in the
material. At sufficiently low temperature, i. e., at which thermal evaporation
from vacancy clusters can be neglected, the steady state cluster density is
characteristic of the primary recoil spectrum, but does not depend on
temperature or dose rate. Consequently, contributions bj migrating defects to
irradiation-enhanced diffusion or to ion-beam mixing should also be
temperature and dose-rate independent. When thermal evaporation of vacan-
cies from small defect clusters becomes competitive with absorption of excess

interstitials, the cluster population becomes temperature and rate dependent.

*Work supported by the U. S. Department of Energy, Basic Energy Sciences-
Materials Sciences under Contract #W-31-109-ENG-8



1. Introduction

Since a number of years it has been recognized that the defect production
calculated from codes based on straight forward binary collision
approximations and the Kinchin and Pease formula overestimates the
number of individual point defects produced by energetic particle
bombardment see, e. g., references [1-4]. Even if one takes spontaneous
recombination of defects produced in close proximity to each other into
account, the calculated number of surviving defects exceeds significantly
the experimentally observable numbers especially for irradiations with
heavy ions and with high energy neutrons. [5,6] The knowledge of the
fraction of defects that survive and undergo long range migration is of
particular importance to the interpretation and prediction of microstruc-
tural changes occurring in materials during irrédiations with neutron and
energetic charged particles, since a number of these changes, such as
radiation-induced precipitation and void swelling, require the migration of

alloying elements and/or defects over considerable distances.

Transmission electron microscopic observations have shown that a large
fraction of the defects produced in energetic cascade events are observed as
clusters in the form of vacancy dislocation loops, stacking fault tetrahedra,
and other three-dimensional clusters, and, to a minor extent, as interstitial
dislocation loops see, e. g., [7], [8]. A number of treatments concerned with
the survival of individual or "free" defects, potentially undergoing long
range migration, have dealt with these clusters in more or less heuristic

manner, e. g., [9], [10].



In this paper we present a treatment for the concentration of these clusters
and their effects on the sink strength and, hence, on "free" defects in the
framework of rate theory. [11] Bullough et al. have proposed a way of
including the effects of small vacancy loops on void swelling. [12],[13]
However, this approach has been largely ignored in the general treatments
of microstructural changes, probably, because of the complexity of the
model which includes the varying bias effects of several sink types.

Recently, Woo and Singh pointed out that clustering of interstitials can lead
to a "production-bias" term and to an anomalously large void swelling rate
if vacancy clusters are highly unstable. [14] The present treatment focuses
on situations where vacancy clusters are thermally stable or moderately
stable. It ignores bias effects since it is meant to be applied to phenomena
such as radiation-induced segregation and radiation-enhanced diffusion,

where bias effects are not central.

2. Model description

Irradiation with energetic particles almost invariable produces a
significant fraction of defects in the form of clusters of closely spaced defects
in cascades. In fact, the majority of defects is created in cascades in the
case of irradiations with heavy ions and, even more so, with high energy
neutrons. As a consequence, a significant fraction of the point defects
created in cascades are lost by mutual recombination or form clusters of
like defects during the cascade life-time (~10-12 s). It has been established
experimentally that vacancies form clusters, dislocation loops and stacking
fault tetrahedra, see, e. g., [7], [8]. Molecular dynamics simulaf.ions

indicate that vacancies cluster predominantly in the central regions of



cascades, whereas interstitials form clusters at the periphery, see, e.

g.,[15], [16].

For the present purpose we will assume that the primary knock-on
spectrum produces clusters at a rate Kj¢] yc] containing nj, v, interstitials
(subscript i) or vacancies (subscript v). In reality there will be a distribution
of cluster sizes, but for simplicity we will assume here that they are all of
the same, average size. Both K and n will be different for interstitials and
for vacancies. The clusters will shrink or grow depending on the net
condensation rate of defects on clusters which, in turn, will be determined
by the effective medium concentration [17] of interstitials, cj, and vacancies,
cy, and by the cluster size dependent evaporation rate of defects. The
cluster type that experiences shrinkage will tend towards a steady state
cluster'concentration; the type that grows will become ultimately a part of
the "network" dislocation density. We note here that it is not inconceivable
that both types of clusters shrink, e. g., at sufficiently high temperatures,
when evaporation of defects from small clusters may be dominant even for

interstitial clusters.

At temperatures of interest here, i. e., at which both types of point defects
are mobile, one can expect that the material under irradiation approaches
a quasi-steady-state. The relaxation times for approaching such a quasi-
steady-state for a species depend on the species of interest. Although the
microstructure as a whole continues to evolve, and, hence, the quasi-
steady-state for every species changes with the microétructure, the concept
of a quasi-steady-state is quite useful for species with short relax_ation

times. Generally, we can expect that quasi-steady-states are reached in



sequence for interstitials, for vacancies, for cascade produced defect
clusters that shrink followed by those clusters which get incorporated into

the dislocation network and the network itself.

Our approach will be to determine the steady state concentrations of mobile
vacancies and interstitials in the effective medium by a set of rate equations
which takes into account that rate of freely migrating defects is reduced
from the number of initially produced defects (displacements per atom) not
only by mutual annihilation, but also by clustering of like defects during the
cascade event. Furthermore, small clusters will be redissolved if entirely
located within a central region of an energetic cascade and the resulting
defects join the defects produced in the cascade. This region can be taken to
be the equivalent to the "molten zone" [16] or region in which the deposited
energy density during the collisional phase exceeds, say, the latent heat of
melting. The production rate for vacancies, Ky, and that for interstitials,
K;, become different because the population of vacancy clusters differs from
that of interstitial clusters. Therefore, we introduce separate rates of defect
production for vacancies and interstitials: Ky = K + Kyegg and Kj =K +

Kjcas with K as the conventional production rate.

Of the defects formed and dissolved during a cascade evént, Ny and N;j,
fractions fy and f; will escape from the immediate vicinity of the cascades
and will enter the effective medium as mobile defects. The remainder will
either recombine, fractions fy; and fj;, or form clusters, fractions fy] and
f;] for vacancies and interstitials, respectively. We note here that only

three of the six fractions are independent since the relations 1 = f; + fy¢] +
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for» 1 = £ + fi] + fir and Nyfyp = Njf;y must hold. The clusters themselves

are considered as immobile.

With these definitions, the standard rate equations [11, 18] for the steady

state concentrations of vacancies and interstitials ¢y and c; are:

a;_v =0= vav + Ktvh - ACin - PvVvCy (1)
t
and

acj P .

P 0 =Kifi + K" - Acjcy - Pjvici @)

In egs. (1) and (2) Kfy and Kjf; are the rates of 'release of vacancies and
interstitials, respectively, from cascades into the medium. These terms
take the place of the conventional production rate, K. Kt and Ki? are the
thermal emission rates of vacancies and interstitials, respectively, from all
sources including the clusters. A is the recombination coefficient
containing the jump frequencies vy and Vi for vacancies and interstitials,
and geometrical factors. The sink strengths py and p; include those of the
clusters; they are the probability per jump that the defect is annihilated at a
sink. We will use throughout this paper "atomic units", i. e., the
concentrations are atomic fractions and the production rates numbers of
defects/atom/s. It should be pointed out, that the sink terms are frequently
expressed [18] as Dk2c with k2 referred to as "sink stréngth" instead of pve.
Since the diffusion coefficient D equals vb2/6 with b the jump or nearest
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neighbor distance, k2 = 6p/b2. The meaning of k2 is an inverse reaction
cross section for defect annihilation per unit time, whereas p is the

probability that a defect is annihilated after its next jump.

The cluster size distributions are calculated from the rates at which
clusters of a given size are formed and are lost either directly in-cascades,
or by shrinkage (or growth) of clusters of adjacent sizes. The latter rates
are calculated from the "net flux" of defects in the medium:

4j = vjcj - vyCy 3

Neglecting bias effects for simplicity (py = pj = p), we obtain from the rate
equations (1) and (2):

Aj = (Kify - Kyfy)p + K - Kt /p @

The growth or shrinkage rate of clusters [in number of defects/s] is obtained
from the approximate solution of the diffusion equation for a spherical

cluster of radius ry, of n defects in the effective medium

) .
J(rn) =2?“§b2—fn{(Kifi -Kyfyllp + K - K - (vie(rg) - vyelimn)))
(5)

Q is the atomic volume, c‘t,h(rn) and C}h(rn) are the thermal equilibrium
concentrations of vacancies and interstitials, respecti\}ely, at the surface of the
cluster of n defects. The first term in the curly bracket of eq. (5) arises from the

excess of mobile interstitials (over vacancies) escaping from cascades; the second



term comes from the thermal emission of defects from all other sinks including
clusters and from clusters becoming unstable by shrinkage; and the last term is the

net defect loss by evaporation from the cluster of radius ry, under consideration.

As we have discussed before, more interstitials than vacancies are likely to
escape from clustering in cascades, making the first term in curly brackets
of eq. (6) positive; the second term is, generally, negative, but smaller than
the first; and the third term gives a positive contribution because interstitial
evaporation is likely to be negligible. Hence, J > 0, and vacancy vacancy
clusters shrink. The differential equation for the cluster size distribution

for vacancies, my](n), are

omyci(n) _ 42 Kyci(n) + J(n+1)myc(n+1) - [J(n) + Ndjs(n)Kcaslmycj(n)

ot
(6)
For J > 0 interstitial clusters grow, hence:

a_._c__miatl(n) = 0 = Kjcl(n) + J(n-1)m;;1(n-1) - [J(n) + Ngjs(n)KcasImjp(n)
Y]

Kycl(n) and Kj¢(n) are the rates at which vacancy and interstitial clusters
of size n, respectively, are produced directly by cascades; Ng;s(n) is the
number of sites within the cascade upon which a cluster of size n cz;.n be
centered and still be entirely within i:he "molten zone" of size N¢qg; and
Kcas is the rate of cascade formation. The second term on the right-hand

side is the gain of vacancy (interstitial) clusters of size n by shrinkage



(growth) of clusters of the next larger (smaller) size. The third term repre-
sents the losses by shrinkage (growth) and by cascade dissolution.

The differential equations for the cluster size distributions can be solved for
steady state by recursion, i. e., by solving for my¢](n) in terms of myj(n+1)
and for mjgj(n) in terms of m;.}(n-1) for any given set of cluster formation
rates, Kycl(n)and Kjg](n), total sink strength, p, [implicit in J(n)] and and
an appropriate equation for Ngjg(n). The sink strength, p, must be
recalculated to include the current cluster distributions, and by iteration

self-consistent, quasi-steady state solutions can be obtained.

3. Assumptions and input parameters for model calculations
To get some physical insights, calculations under a number of simplifying

assumptions have been made:

1) All defects are produced by a single size of cascades characterized by the
following quantities: the number of defect pairs produced by collisions, Nj;
the size of the "molten" region in which existing defect clusters are
dispersed (expressed as number of sites affected, N¢qg); the fractions of the
total number of vacancies, fy, and interstitials, f;, that escape from the
cascade and the fraction, f, of interstitials that recombine with vacancies;
the remaining vacancies cluster into a single vacancy cluster of size ny;
the remaining interstitials form interstitial clusters of a single, small size
njo. With these assumptions and the conventional displacement rate, K,
we have: Keqg = K/No, nyg = fy¢] Ny , Kycl(nye) = Kcaé and Kijc](nio) =
KcasficlNi/njo; all other Ky j¢i(n) = 0.



2) For cascade dissolution, the clusters are assumed to be circular disloca-
tion loops with stacking faults. For fcc lattices we obtain the following

expression:
Ndis(n) = Neag(1-(4/Y3p)1/6n1/2/Ng 51/318 8)

3) The maximum size of interstitial loops subject to dissolution is deter-
mined from eq. (8) by Ngijs(njmag) = 0. Interstitial loops that grow beyond

that size are considered to become part of the dislocation network.

4) Vacancy loops that shrink below a size nymjp are assumed to dissolve
spontaneously and the resulting vacancies are added to the thermal

production rate of vacancies.

5) The sink strength contributions of the clusters are calculated in the
approximation of spherical sinks in an effective medium. Sink strengths
for vacancy and interstitial clusters, and that of the matrix are not

corrected for the presence of the other sinks.

6) Thermal evaporation of defects from clusters are neglected. This has the
advantage that all quantities calculated do not depend explicitly on the
displacement rate when compared on basis of dose. It should be noted,
however, that the effects of thermal instability of small vacancy clusters can

be explored by adjusting the minimum stable vacancy cluster size, 'nvmjn.

For the calculations, a set of reference values for the input parameters has

been used. The values of several of them are rather uncertain; therefore,
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the sensitivity of the results to the choices were explored. Most of the
reference parameter values were chosen to be consistent with values
derived by Heinisch [9] from Marlowe type binary collision simulations of
cascades in copper with subsequent "quenching" and "short term
annealing": The numbers of defects, N, = 800, 400, 200, 100, 50, corresponds
to cascades with 60, 30, 15, 7.5 and 3.75 keV of damage energy; the values of
the fraction of vacancies escaping from cascades, fy, = 0.01, and that of
defects recombining, f;. = 0.77, are those of Heinisch. The value for f; has
been increased from the Heinisch value of 0.04 to 0.1 corresponding to a
minimum stable and immobile interstitial cluster size of 5 at elevated
temperatures which appears more consistent with significant growth of
interstitial clusters during stage II annealing [19]. The assumption of one
big, immobile vacancy cluster, instead of many small clusters observed in
the simulations has been made on the basis of TEM observations [7], [8] and
molecular dynamics simulations of cascades [16]. The choice for the
volume of the "molten” zone, Nogg = 10 Ny, is rather uncertain, but seems
reasonable in the light of scarce existing results from molecular dynamics
simulations. As sink strength for the matrix p, = 0.001 was chosen as
reference value; this sink strength is rather high, and corresponds to a
dislocation density of approximately 1012 /em2. The minimum stable and
immobile vacancy cluster size for the reference set is ny, = 3; as will be seen
from the calculation, the exact value of ny, has little bearing on the results.
The exact choice for the size of interstitial clusters at formation, n;jo = 5,
again has little effect. Although the calculations were performed with a
displacement rate of K = 10-3 dpa/s , the results are inﬂependent of the rate
as long as thermal processes are not explicitly taken into account and states

are compared on the basis of dose rather than time.



1

All calculations were done with f; > f,, i. e., a larger fraction of mobile
interstitials escapes from cascades at formation than vacancies. This
implies that the fraction of interstitials that form in clusters in cascades is

smaller than the corresponding fraction for vacancies, fi¢] < fycl.

4. Results of model calculations

Figure 1 shows the steady-state size distributions for vacancy and the
interstitial clusters obtained with the reference values of the input
parameters just discussed. The maxima in the cluster concentrations
occur at sizes of formation for both the vacancy and the interstitial clusters.
This is a consequence of cascade dissolution: longer times are required to
shrink a vacancy cluster to smaller sizes (or grow interstitial clusters to
larger sizes), hence, the more of these clusters have been lost by cascade
dissolution. The character of the distributions are similar for different
cascade sizes indicated by the number, N, of defect pairs produced by
collisions within the cascades. The sink strength for the cluster
distributions are dominated the high concentrations of clusters near their

size of formation.

The total sink strength, and those arising from the interstitial and vacancy
clusters are shown in Fig. 2 as a function of the size of the vacancy clusters
at formation ( which is approximately proportional to cascade sizes.). The
sink strength is only weakly dependent on the size at larger cascade sizes
and increases towards small cascade sizes. It must be emphasized that the
matrix sink strength, p, = 0.001, although chosen to be very high,
contributes very little to the total sink strength. The largest contribution
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comes from the small interstitial clusters, and only around a third arises

from vacancy clusters.

The dose required to shrink vacancy clusters from the formation to the
chosen minimum size, nymin =3, is illustrated in fig. 3 as function of their
size at formation. This dose is independent of the displacement rate under
the present assumption of neglecting thermal evaporation; this dose is
required to approach steady state for the entire size distributions. However,
since small vacancy clusters ( and large interstitial clusters ) contribute
little to the sink strength, we expect most of the sink strength attributable to
clusters to develop at smaller doses.

Variations of the input parameters affect the details of the calculated
cluster distributions and sink strengths. However, the general features are
surprisingly robust for variations of the input parameters over the entire
reasonable range. For example, the total sink strength changes only
significantly for matrix sink strengths exceeding py = 0.01 corresponding to
unrealistically high dislocation densities of 1013/cm2, This insensitivity to
the background sink strength results from the high effectiveness of the
small defect clusters.

A change of fi from 0.1 to 0.04 (the Heinisch value) increases the total sink
strengths by about 0.005 for all cascade sizes shown in fig. 2. At the other
extreme, fj = 0.2, the sink strengths drop by about 0.01 because only 1% of

the interstitials formed in the cascades are available fo form clusters.
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The effect of increasing the minimum stable vacancy cluster size becomes
only significant for nymin above about 80% of the vacancy cluster size at

formation in the cascades , ny,.

Summary and conclusions _
Cluster formed in cascades develop under most circumstances to the

dominant sinks for mobile point defects.

Dissolution of clusters by cascades is important in attaining quasi-steady-
state cluster populations. As a consequence, the distribution of cluster
sizes peak the size of formation, i. e., for vacancy clusters at the large end
and for interstitial clusters at the small end. This leads to important
secondary consequences: (a) the thermal dissolution of vacancy clusters
contributes negligibly to the mobile vacancy concentration except when the
size of instability approaches the size of formation. (b) the rate of producﬁon
of interstitial dislocation loops exceeding the dissolution size by cascades is
rather low. Although a smaller fraction of interstitials cluster, interstitial
clusters contribute generally more to the sink strength than vacancy

clusters.

As a consequence of the large sink strength of defect clusters produced
under irradiation conditions in which significant numbérs of large
cascades occur, the steady state concentration of defects is reduced
significantly below that in which few or no stable defect clusters are
produced. Therefore, rate theory predictions neglectiﬁg the presence of
defect clusters formed in cascades grossly overestimate, e. g., radiation-

enhanced diffusion or radiation-induced segregation.
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Figure Captions.

.Fig. 1. Size distributions of vacancy and interstitial clusters at quasi-steady
state for cascades producing N, = 50, 100, 200, 400 and 800 defect
pairs in collision events, respectively. The reference input
parameters are: N¢gs = 10, po=0.001, £, =0.01, f; =0.1, i = 0.77,

Nymin = 3 and Djmin = 5. The size interval is dj = 1.

Fig. 2. Total sink strength and the contributions from interstitial and
vacancy clusters of the distributions, shown in fig. 1, as function of

the number of vacancies in the clusters at formation.

Fig. 3. Dose required to shrink vacancy clusters from size at formation,
Nye, to the minimum stable size, nymin = 3 for the vacancy clusters

distributions shown in fig. 1.



[}
m O
o
= L 2 5
o <t
2 RN
\/ ° \

i \ - !

o amp

< = i ]

v 1/
¥

» W g /

| &9 smim /

...w C i

7] / = \ !

E: !/

QO i

() (e i

SO /0 \ w\

o< _i_ i _ i i ol BNV U5 OV 45 SR SRR B

m / N ]

W /

g \/,/

-] ' s
e 3
LN B R
Q N g N
SN
y

®) T N\

- . \ N / L
01.'/-'-'\-:'- lllll /llal-u -.I-.l-l/ -
Ty 5 // //
_d e S~ - t . o /|1

o 5 © @ o N I
o o o o i A A
o ~ o o
v v - ~— m
up/iiy ‘}e ‘uonnquisip azis Jeisn|y

150 200 250
Size of cluster, n

100

50

Fig. 1. Wiedersich



Sink strength

Fig. 2 Wiedersich

0.03

0.025

0.02

0.015

0.01

0.005

‘ -
. -y
total o :
¢ . i
Interstitial clusters L 1
= i
i
vacancy clusters n h
50 100 150 200 250

Number of vacancies in cluster at formatl'on, nv0



5 P
e 4 I ]
E i i
>
[ =~ - ° o
2 = i
0 3
o)) B o
[+ ] L o
£
£ i ° N
£ - ]
@ 2
S ) . ]
Q o o
(7] B [ J o
(]
o 1

0

0 50 100 150 200 250

Number of vacancies in cluster at formation, nv0

Fig. 3 Wiedersich



