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Abstract

According to the production bias model, glissile defect clusters and small dislocation loops play an important role in

the microstructural evolution during irradiation under cascade damage conditions. The atomic scale computer simu-

lations carried out in recent years have clari®ed many questions about the structure and properties of glissile clusters of

self-interstitial atoms that are formed directly in the cascade volume. It has been found that such clusters consist of sets

of crowdions and are highly mobile in the crowdion direction. Very recently, one-dimensional glide of similar character

has been observed in the computer simulation of small vacancy loops in a-Fe. In the present paper we summarise results

obtained by molecular dynamics simulations of defect clusters and small dislocation loops in a-Fe(bcc) and Cu(fcc).

The structure and stability of vacancy and interstitial loops are reviewed, and the dynamics of glissile clusters assessed.

The relevance and importance of these results in establishing a better understanding of the observed di�erences in the

damage accumulation behaviour between bcc and fcc metals irradiated under cascade damage conditions are pointed

out. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Within the last decade a large number of molecular

dynamics (MD) simulation studies have been made of

displacement cascades generated by energetic recoils in

metals (see reviews [1±5]). Most simulations have been

carried out on fcc copper [5±7] and bcc iron [8±11]. One

of the most important ®ndings of these studies is that

clusters of self-interstitial atoms (SIAs) form within the

cascade volume during the cooling down phase of cas-

cades. MD simulations have also established the signi-

®cant fact that a large portion of these SIA clusters are

small, glissile dislocation loops and highly mobile in one

direction. It is interesting to note that indirect experi-

mental evidence for intracascade clustering and one-di-

mensional glide of SIA clusters has existed in the

literature for some time (see [12,13]).

The emergence of these features of defect production

in displacement cascades, and the fact that SIA clusters

are thermally more stable than vacancy clusters, imply

that the problem of defect accumulation under cascade-

damage conditions cannot be treated within the frame-

work of the standard rate theory which does not take

into account the one-dimensional transport of clusters.

The recognition of this led to the concept of production

bias [14±16]. The production bias model (PBM) has been

developed to include the e�ect of glissile clusters (pro-

duced in cascades) on the kinetics of damage accumu-

lation [12,13,16], and recently consideration of `size

distribution functions' has been incorporated in the

calculations of defect accumulation within the frame-

work of the PBM [17]. This re®nement makes the cal-

culation of defect accumulation more quantitative and

allows explicit inclusion of the contribution of sessile-

glissile loop transformation (in the presence of vacancy

super-saturation). Thus, the PBM in the present form

[17,18] provides a theoretical framework within which

the accumulation of defects in the form of defect clusters

(dislocation loops, stacking fault tetrahedra (SFT)) and

voids can be calculated. It should be recognized,
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however, that the accuracy of the results is limited by the

accuracy of the information available on the main

damage parameters, i.e., fractions of glissile and sessile

clusters of SIAs, and the properties, i.e., stability and

mobility, of the clusters produced in the cascades. MD

simulations of cascades yield information on the frac-

tions of clustered and single defects generated in the

cascades, but this is not enough for an accurate de-

scription of the damage accumulation behaviour be-

cause the PBM requires knowledge of the glissile

fraction of the SIA clusters and their mobility. This in-

formation is not readily available at present and this

makes it di�cult to rationalize the di�erences in the

observed defect accumulation behaviour between fcc

and bcc metals and alloys [19]. An example of such

di�erences is the observed cluster density in copper and

a-iron irradiated with ®ssion neutrons, as shown in Fig. 1

[20]. Similar di�erences in cluster density between self-

ion irradiated copper and iron have been reported earlier

in [19,21]. The results of MD simulations [4,5], on the

other hand, show that the di�erences in the size and

number of SIA clusters (formed in the cascades) between

copper and iron are rather small and are inadequate for

explaining the large di�erences observed experimentally

(Fig. 1).

As pointed out by Singh and Evans [19], quite pos-

sibly it is the ratio of the glissile to sessile fractions of

SIA clusters produced in the cascades which causes these

large di�erences in the defect accumulation behaviour

between copper and iron. Whether or not the crystal

structure itself plays any signi®cant role in determining

this ratio and the cluster mobility is not well known.

Thus, in order to improve our understanding of the

defect accumulation processes under cascade damage

conditions it is essential to establish a clear and detailed

understanding of the nature and properties of the clus-

ters produced both in cascades and in the bulk. This

need led us to initiate investigations to determine the

structure and properties of SIA and vacancy clusters in

copper and iron using the MD technique. In this paper

we present an overview of the results obtained during

the last few years [22±28] and also new unpublished re-

sults. Attention is focused on the common and speci®c

properties of clusters in Cu and Fe.

The studies used molecular dynamics and statics

simulations. A variety of crystallite shapes, sizes and

boundary conditions were used, depending on the par-

ticular problem. To study the sensitivity of the results to

the form of interatomic interactions, we have used two

types of interatomic potential. They are many-body

potentials (MBPs) of Finnis±Sinclair type described in

[29,30] and long-range pair potentials (LRPPs) obtained

in [31] within the pair approximation of the generalized

pseudopotential theory [32,33]. Although the potentials

reproduce similar sets of properties they are qualitatively

di�erent in form. For example, the MBPs are short-

range and describe equilibrium crystals whereas the

LRPP are long-range and non-equilibrium. This di�er-

ence a�ects some properties of defect clusters, but the

majority of the results obtained are qualitatively similar.

The details of the simulations and comparison of

properties of the potentials used can be found in

[22,23,31].

2. Structure and stability of defect clusters

2.1. Interstitial clusters and loops in iron

The structure and stability of SIA clusters and loops

in a-Fe have been studied in [23,34]. The structure of

small clusters does not depend on either the number of

interstitials or the potentials. The results for both po-

tentials have shown that the most stable con®guration of

all clusters is a set of á1 1 1ñ crowdions. This is in

agreement with recent MD results [8,11,34,35] showing

that small stable clusters (containing NI� 2±10 intersti-

tials) are sets of á1 1 1ñ crowdions in a {1 1 0} plane.

These results di�er slightly from earlier studies on Fe

[36,37] where static relaxation was applied to initial

con®gurations of á1 1 0ñ dumbbells. The potentials used

reproduce the á1 1 0ñ dumbbell as the stable SIA and it

was concluded that sets of á1 1 0ñ dumbbells in a {1 1 0}

plane are stable for clusters with NI6 4. The transfor-

mation from á1 1 0ñ dumbbells into a con®guration of

Fig. 1. Dose dependence of cluster density measured in a-iron

[20] and Cu [56] irradiated with ®ssion neutrons at temperatures

below the recovery stage V, i.e., <0.3Tm, where Tm is the

melting temperature. Note the big di�erence in the cluster

density between iron and copper.
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á1 1 1ñ crowdions started at NI� 5±7 with rotation of the

habit plane. A cluster of 16 interstitials was found to be

(1/2) á1 1 1ñ {1 1 1} edge dislocation loop. We have tested

these con®gurations with the Johnson potential for Fe

[38] used in [36] and found that the di�erence in the

stable con®gurations of small clusters can be explained

by di�erences in the simulation methods used. Thus, in

static relaxation a metastable set of more than two

á1 1 0ñ dumbbells can be formed although it is unstable

with respect to the á1 1 1ñ state when annealed using the

MD simulation technique.

A qualitatively new result obtained in [23] is that

small clusters of á1 0 0ñ crowdions have relatively high

stability. In general, they have a higher stability with the

LRPP than with the MBP. Note that á1 0 0ñ clusters can

be obtained after relaxation of initially created sets of

á1 1 0ñ dumbbells.

Among bigger clusters having more than about 7

SIAs only two con®gurations are stable, namely sets of

á1 1 1ñ or á1 0 0ñ crowdions, and they may act as nuclei of

interstitial dislocation loops with Burgers vectors b equal

to (1/2) á1 1 1ñ or á1 0 0ñ, respectively. As an example,

cross-sections through the centre of clusters of 37 á1 1 1ñ
crowdions and 37 á1 0 0ñ crowdions modelled with the

LRPP are presented in Fig. 2(a) and (b), respectively. It

can be seen that, although all the individual interstitials

can be recognised, both clusters have the structure of

dislocation loops. Such clusters/loops having up to 217

SIAs have been studied [23,34] and the results for the

binding energy of the most stable (1/2) á1 1 1ñ and á1 0 0ñ
perfect dislocation loops are presented in Fig. 3 for the

LRPP. Loops were studied with di�erent habit planes,

and it was found that in the size range studied, pure edge

loops ((1/2) á1 1 1ñ {1 1 1} and á1 0 0ñ {1 0 0}) are stable

but have slightly lower binding energy [24] than non-

edge loops. Examples of con®gurations of such perfect

non-edge and edge SIA loops with Burgers vectors (1/2)

á1 1 1ñ and á1 0 0ñ can be found in [23,27]. In MD simu-

lations at T > 0 K a loop of either type changes its habit

plane between non-edge and edge con®gurations con-

tinuously.

It should be noted that all stable SIA clusters and

loops studied using MD simulations in Fe are found to

be intrinsically glissile because of the perfect character of

their Burgers vector [23].

2.2. Interstitial clusters and loops in copper

For both types of potentials for copper, the á1 0 0ñ
dumbbell is the stable con®guration of the SIA and the

smallest cluster is stable as two á1 0 0ñ dumbbells [9,23±

25,28]. Bigger clusters can be stabilised in one of two

di�erent con®gurations, however. One is a set of á1 0 0ñ
dumbbells and the other a set of á1 1 0ñ crowdions, and

both may have a {1 1 1} habit plane. During growth,

these clusters transform into Frank faulted loops (1/3)

Fig. 2. Cross-sections through the centre of hexagon loops with NI � 37 relaxed with the LRPP: (a) �1 1 �2� cross-section of a loop with

b� (1/2) �1 1 1� and (b) (1 0 0) cross-section of a loop with b � �1 0 0�. Di�erent symbols indicate di�erent atomic planes, and lines are

given as a guide for the eye.
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á1 1 1ñ {1 1 1} and perfect loops (1/2) á1 1 0ñ {1 1 0}, re-

spectively [23]. In general, the stability of both types is

similar, with a small preference for á1 1 0ñ crowdions and

perfect loops at big sizes (see Fig. 4). An example of the

structure of a Frank loop is presented for NI � 37 in Fig.

5, where the stacking fault in the centre of the loop can

be clearly seen. The structure of the perfect (1/2) á1 1 0ñ
{1 1 0} loop depends on its shape as well as size. Thus,

small hexagonal (or circular) loops have edge perfect

structure as shown, for example, in Fig. 6 for a loop of

37 SIAs. Loops of rhombus shape, with sides along

h1 1 2i directions, are slightly more stable and, when

having more than 64 SIAs, dissociate on their glide

prism into Shockley partial dislocations separated by a

Fig. 4. Binding energy for di�erent SIA loops in Cu modelled

using the LRPP. Circle: sets of h1 0 0i dumbbells and (1/3)

h1 1 1i {1 1 1} Frank loops. Square: sets of h1 1 0i crowdions

and (1/2) h1 1 0i {1 1 0} perfects loops.

Fig. 5. (1 1 0) cross-section of the hexagonal Frank loop with

NI � 37 in Cu modelled using the LRPP. The dashed line in-

dicates the trace of the stacking fault.

Fig. 6. (1 1 0) cross-section of the hexagonal (1/2) h1 1 0i {1 1 0}

loop with NI � 37 in Cu modelled using the LRPP. The dashed

line indicates the trace of the loop habit plane.

Fig. 3. Binding energy for SIA loops of di�erent shape and

Burgers vectors in Fe modelled using the LRPP. Hexagonal

loops: open circle: (1/2) h1 1 1i {1 1 1}, crossed circle h1 0 0i
{1 0 0}. Square loops: diamond: (1/2) h1 1 1i {1 1 1}, square:

h1 0 0i {1 0 0}.
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ribbon of intrinsic stacking fault. These features can be

seen in Fig. 7 where the ��1 1 1� cross-section through a

loop with 121 SIAs is presented.

Therefore, unlike the case of Fe, two types of stable

clusters are formed in Cu: glissile clusters of h1 1 0i
crowdions forming perfect (1/2) h1 1 0i loops and sessile

clusters of h1 0 0i dumbbells forming faulted Frank

loops (1/3) h1 1 1i.

2.3. Vacancy clusters and loops in iron

Compact vacancy clusters and loops have been

studied using both types of potentials [11,27,39±41]. In

general, the stability is low relative to that of interstitial

clusters. Two types of vacancy clusters are found to be

most stable, namely a set of di-vacancies in the second

coordination sphere concentrated in two adjacent {1 0 0}

planes and a compact set of ®rst neighbour vacancies in

a {1 1 0} plane. During growth the ®rst type results in a

perfect dislocation loop with Burgers vector h1 0 0i
whereas the second unfaults into a (1/2) h1 1 1i perfect

loop. Unlike interstitial clusters and loops, vacancy

loops can be stable in a static lattice in the faulted (1/2)

h1 1 0i con®guration. Depending on the potential, these

loops can unfault when having more than 40±60 va-

cancies. The unfaulting process is found to depend on

the local conditions. Thus isolated loops unfault into (1/

2) h1 1 1i perfect ones whereas (1/2) h1 1 0i loops having

defects around them can unfault into h1 0 0i perfect

loops [40].

Note that both types of perfect loop are intrinsically

glissile. The stability of perfect loops increases with size

and those having > 40 vacancies are stable at all tem-

peratures. A comparison of the binding energy versus

size for di�erent loops obtained with the LRPP is pre-

sented in Fig. 8. It can be seen that whereas small

clusters of h1 0 0i type are slightly more stable, the sit-

uation is reversed for bigger clusters and loops. We do

not present the structure of vacancy loops because it is

similar to those of SIA loops [23] and some examples

can be found elsewhere [27,39].

Comparison of results for the LRPP and the MBP

shows that the main di�erence is in the unfaulting pro-

cess [27]. Thus faulted clusters do not unfault during

relaxation using a MBP although large loops (>40±50

vacancies) are more stable in the perfect form. This re-

¯ects another qualitative di�erence between the poten-

tials, in that the short-range, many-body equilibrium

potentials usually produce three-dimensional, compact

vacancy clusters (microvoids) as the most stable con-

®guration (see also [11]).

2.4. Vacancy clusters in copper

Results of numerous studies of vacancy clusters in Cu

[22,34,42±44] with long-range pair potentials have

shown that the most stable con®gurations are stacking

fault tetrahedra (SFT) and faulted clusters on {1 1 1}

planes, the latter resulting in faulted Frank loops (1/3)

h1 1 1i {1 1 1}. Examples of atomic structures can be

found in [22,31,42,43]. These results are consistent with

experiment and explain the features of the size

distribution of SFT formed under di�erent conditions

Fig. 7. ��1 1 1� cross-section through the centre of rhombus loop

with NI � 121 in Cu after dissociation. The horizontal dashed

line indicates the trace of habit plane of the loop before dis-

sociation.

Fig. 8. Binding energy of vacancy loops in Fe calculated with

the LRPP: open circles: (1/2) h1 1 1i perfect loops; diamonds:

h1 0 0i perfect loops; crossed circles: (1/2) h1 1 0i faulted loops.
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[45±47]. The binding energy versus size for di�erent

clusters and loops is presented in Fig. 9. It should be

noted that although (1/2) h1 1 0i {1 1 0} perfect vacancy

loops have high binding energy, at non-zero temperature

they dissociate into SFT-like sessile con®gurations [27].

Therefore all stable vacancy clusters in Cu are intrinsi-

cally sessile.

The properties of vacancy clusters simulated with

di�erent potentials are compared in [22,34]. In general,

vacancy clusters simulated with a MBP do not collapse

into dislocation loops or SFT during static relaxation.

As in Fe, this re¯ects the fact that small, three-dimen-

sional vacancy clusters are more stable with MBPs. For

large enough size, if a cluster is induced to collapse, e.g.

due to previous relaxation with the LRPP, it can be

stable with the MBP [22,34].

3. Mobility of defect clusters and dislocation loops

3.1. Small interstitial clusters

The mobility of small interstitial clusters �NI6 19� in

Fe and Cu has been studied intensively in recent years

[10,11,24±28,35] and the following conclusions can be

drawn. First, di- and tri-interstitials in both Fe and Cu

exhibit a combination of one-dimensional fast glide

along the crowdion direction and occasional rotation to

an equivalent direction. The frequency of rotation is

lower for tri-interstitials and increases at high

temperature for both defects. In e�ect, this motion is

three-dimensional. Some di�usional characteristics of

small clusters have been obtained by analysis of mean

square displacements and jump frequencies. Thus, the

three-dimensional di�usion coe�cient of a di-interstitial

in Cu was obtained in [24,25] and the activation energy

was estimated to be about 0.046 eV. Analysis of jumps

and rotation yielded a migration energy of 0.037 eV for

h1 1 0i glide, 0.083 eV for the h1 0 0i dumbbell mecha-

nism and 0.103 eV for rotation. In [11] both di- and tri-

interstitials in Fe were treated by three-dimensional

di�usion and the activation energy was found to de-

crease from 0.083 eV for 2-SIAs to 0.061 eV for 3-SIAs,

compared with 0.167 eV for a single interstitial.

MD simulations of larger clusters of crowdions (from

4 to 19 SIAs) in both Fe and Cu show that motion is due

solely to one-dimensional glide along the corresponding

crowdion direction [23±25,32,33].

3.2. Interstitial dislocation loops

The mobility of interstitial dislocation loops, i.e.,

clusters containing more than about 20±30 interstitials,

in Fe and in Cu has been studied in [29,28] for NI up to

100. Unlike the situation for small clusters, the results

for Fe and Cu are qualitatively di�erent.

In Fe all loops exhibit the same thermally activated,

one-dimensional motion as smaller clusters (see Section

3.1). During simulation these loops produce signi®cant

atomic displacements only along one direction, namely

that of b, as demonstrated in Fig. 10(a) for a loop of 37

SIAs at 260 K. Analysis of the atomic displacements

Fig. 9. Binding energy of vacancy clusters and loops in Cu

calculated with the LRPP: circles: (1/2) h1 1 0i perfect loops,

triangles ± stacking fault tetrahedra, squares: (1/3) h1 1 1i
faulted Frank loops.

Fig. 10. Sum of the square of atomic displacements projected

onto three orthogonal directions during thermal annealing of a

model crystal of a-Fe containing: (a) a (1/2) h1 1 1i 37-SIA loop

at 260 K and (b) a (1/2) h1 0 0i 37-VAC loop at 300 K.
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produced during annealing shows that only atoms inside

the glide prism are displaced, as demonstrated in Fig.

11(a) by the set of instantaneous positions of atoms in

the cross-section of the crystallite containing the loop in

Fig. 10(a). The positions were recorded every 10 ps over

a time of 400±600 ps.

The jumps of individual h1 1 0i crowdions in a cluster

in Cu can be distinguished only for loops having 6 25

SIAs. Bigger loops (up to 64±81 SIAs) move one-di-

mensionally but their motion is impossible to decom-

pose into discrete jumps of their individual crowdions,

due to the fact that such loops dissociate on their glide

prism (see Section 2.1) and cannot be described as sets of

individual crowdions. MD simulation shows that loops

from 49 to 81 SIAs can periodically dissociate and as-

sociate during annealing. They are mobile in the latter

state but immobile in the former. The proportion of the

time when a loop is in the dissociated state decreases

with temperature and increases with loop size. The

biggest loop studied �NI � 100� was found to be prac-

tically immobile in the temperature range 240±860 K

[27].

3.3. Vacancy dislocation loops

It has been found very recently that perfect vacancy

loops in Fe are mobile [27,28]. A full study is in progress

and adequate statistics for jumps are available only for

(1/2) h1 1 1i loops of 37 and 43 vacancies. MD simula-

tions over a wide temperature range have shown that

such loops can migrate by thermal activation in one-

dimension, similar to the interstitial loops described

above. To demonstrate the similarity we present in Fig.

10(b) the time dependence of the sum of the square of

atomic displacements along the direction of b and two

orthogonal directions obtained for a loop containing 37

Fig. 11. �1 �1 0� projection of atoms in a cross-section of a crystallite of Fe containing: (a) a (1/2) h1 1 1i 37-SIA loop at 260 K and (b) a

(1/2) h1 1 1i 37-VAC loop at 300 K. The positions of the atoms were recorded every 10 ps for 400 ps (SIA loop) and 600 ps (VAC loop)

and are superimposed in these plots.
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vacancies during annealing at 300 K. The behaviour is

qualitatively similar to that for a SIA loop of the same

size (Fig. 10(a)). Another similarity can be found by

comparing superimposed atomic projection of the in-

terstitial and vacancy loops in Fig. 11(a) and (b), re-

spectively. It can be seen that both types of loop behave

similarly and only atoms inside the glide prism are dis-

placed during loop motion.

3.4. Parameterisation of cluster motion

The parameters of cluster mobility within the di�u-

sional approximation have been determined by analys-

ing both the mean square displacements (MSD)

produced by atoms and the jump frequency of the centre

of mass (CM) of gliding loops [24±28]. The self-di�usion

coe�cient in a crystallite containing a cluster can be

obtained from the MSD whereas the di�usivity of a

cluster can be estimated from the jump frequency anal-

ysis. Treatment of MSD using the method suggested in

[48] and successfully applied there and in [24±27] for

three-dimensional di�usion of the mono-interstitial in

W, Fe and Cu and for the di-interstitial in Cu, gives

unsatisfactory results for larger clusters due to a high

statistical error in estimating the di�usion coe�cient.

The typical error is about 25±45% and leads to a large

uncertainty in the activation energy, which can even be

estimated as negative [23±25]. Better results are obtained

by the analysis of the displacements of the CM of clus-

ters, de®ning a cluster jump to occur when the CM is

displaced by b. Reasonable statistics have been obtained

from 700 to 1100 jumps at di�erent temperatures for

clusters and loops containing up to 91 SIAs, for this

allows the jump frequency to be estimated with a sta-

tistical accuracy of 2±4%. Jump frequency mn for a

cluster of n SIAs versus reciprocal temperature for some

clusters in Fe and Cu is presented in Fig. 12. All plots in

these ®gures are close to linear and therefore the Ar-

rhenius-like relationship has been applied to describe the

one-dimensional di�usional transport behaviour of the

clusters:

mn � mn
0 exp

�
ÿ Em

n

kBT

�
; �1�

where mn
0 is the pre-exponential factor of the cluster, kB

the Boltzmann constant and Em
n is the `e�ective' activa-

tion energy for jumps of the cluster. The results of this

treatment are presented in Tables 1 and 2 for all one-

dimensionally mobile SIA clusters studied in Fe and Cu,

together with the results for the low-temperature h1 1 1i
crowdion mechanism for the single-interstitial in Fe and

the h1 1 0i crowdion mechanism for the di-interstitials in

Cu [23±28,40]. It can be seen that for both Fe and Cu the

activation energy is weakly dependent on the size of

cluster. This allows Eq. (1) to be generalised to ®nd a

simple size dependence of cluster jump frequency

mn � m0nÿS exp
ÿhEmi

kBT

� �
; �2�

where hEmi is the averaged e�ective activation energy

and m0 is a new, size-independent, pre-exponential fac-

tor. The value of hEmi is estimated from the tables as

0.023 � 0.003 eV for (1/2) h1 1 1i clusters in Fe and

0:024� 0:003 eV for (1/2) h1 1 0i clusters in Cu. Using

these energies, the parameters m0 and S were obtained by

®tting to the pre-exponential factors presented in Tables

1 and 2. The values m0 � 6:1� 1012 sÿ1, S � 0:66 for Fe

Fig. 12. Jump frequency versus reciprocal temperature for di�erent SIA clusters in (a) Fe and (b) Cu.
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and m0 � 4:7� 1012 sÿ1; S � 0:61 for Cu describe the

MD data very well, as can be seen in Fig. 13.

The di�usion-like treatment should also include the

analysis of correlations in cluster motion. This has been

done in [25] by treating the statistics of forward and

backward jumps for di�erent clusters in Fe and Cu. In

general, all clusters and loops have a preference for

jumps in the same direction as their previous jump,

which means that the correlation factor is larger than

unity and their motion is not described as one-dimen-

sional random walk. However this interpretation de-

pends on the de®nition of cluster step length in

di�usional motion. Thus, it is possible to obtain a value

of correlation factor equal to unity by increasing the

length of jump. In this case, the e�ective jump length is a

temperature-dependent parameter which increases at

low temperature. In [25] a constant jump vector (equal

to the Burgers vector corresponding to the particular

type of cluster) was used which allows a formal appli-

cation of an Arrhenius-type treatment of cluster jump

frequency. For a given de®nition of cluster step length,

the value of the correlation factor depends on the cluster

type and size and the temperature. The temperature-

dependence of the correlation factor for some SIA

clusters in Fe and Cu is presented in Fig. 14. It can be

seen that the value of the correlation factor increases at

low temperature and decreases for larger clusters. The

nature of the e�ect has been discussed in [25]. A special

study has been carried out in order to prove that this is

not an artefact of the simulation model by studying the

jump frequency and correlation factor of a cluster of 19

SIAs in Fe crystallites of di�erent sizes with periodic

boundary conditions. The crystallite size was varied

from 10a to 100a, where a is the lattice parameter in the

glide direction. It was found that the cluster is unstable

and can change its glide direction in the smallest crys-

tallite due to the interaction with its images, but in

crystallites bigger than 15a the cluster is stable and

performs one-dimensional glide. The jump frequency

increases slightly with crystallite size and saturates at

about 50±60a, whereas the value of the correlation fac-

tor is only weakly size-dependent (see Fig. 15). It was

concluded in [25] that a value bigger than 1 for the

correlation factor is an intrinsic property of gliding

clusters.

The one-dimensional motion of vacancy clusters can

also be treated by the Arrhenius-like relationship for the

jump frequency of the CM and the results obtained in

[27] for 37- and 43-vacancy loops in Fe are presented in

Fig. 16 and Table 1. It can be seen that Em and m0 are

Fig. 13. Size dependence of pre-exponential factor in the Ar-

rhenius-like treatment of the jump frequency in (a) Fe and (b)

Cu.

Table 1

Results of the treatment of the jump frequency for stable

clusters in Fe using an Arrhenius-like dependencea

Type, ND m0 [1012 sÿ1] Em (eV)

SIA clusters

h1 1 1; i, 1 6.36 0.023 � 0.003

h1 1 1; i, 2 3.49 0.023 � 0.003

h1 1 1; i, 3 2.76 0.024 � 0.003

h1 1 1; i, 5 2.01 0.024 � 0.003

h1 1 1; i, 8 1.41 0.025 � 0.006

h1 1 1; i, 17 1.11 0.025 � 0.006

h1 1 1; i, 19 1.07 0.023 � 0.004

h1 1 1; i, 28 0.87 0.021 � 0.003

h1 1 1; i, 37 0.73 0.022 � 0.003

h1 1 1; i, 91 0.44 0.021 � 0.004

h1 1 1; i, 16 0.31 0.028 � 0.003

VAC clusters

h1 1 1; i, 37 0.33 0.011 � 0.004

h1 1 1; i, 43 0.31 0.010 � 0.004

a ND is the number of SIAs or vacancies, Em is the e�ective

migration energy and m0 is the jump frequency pre-exponential

factor. The simulations were carried out using the LRPP.

Table 2

Results of the treatment of the jump frequency for SIA clusters

in Cu using an Arrhenius-like dependence (the simulations were

carried out using the LRPP)

Type, ND m0 [1012 sÿ1] Em (eV)

SIA clusters

h1 1 0; i, 2 3.16 0.038 � 0.003

h1 1 0; i, 4 1.91 0.026 � 0.003

h1 1 0; i, 6 1.47 0.026 � 0.004

h1 1 0; i, 9 1.24 0.025 � 0.002

h1 1 0; i, 17 0.89 0.021 � 0.002

h1 1 0; i, 25 0.74 0.020 � 0.002
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about half of the value of the same parameters for a SIA

loop of the same size. The correlation factor for vacancy

loop jumps is qualitatively similar to that for SIA loops

but with a slightly lower value. It should be noted that

these results were obtained for the LRPP. The thermal

stability of perfect vacancy loops simulated with the

MBP is lower, but a hexagonal loop of 61 vacancies is

stable and exhibits a similar mobility: its jump frequency

at 652 K is also presented in Fig. 16.

3.5. Mechanisms of one-dimensional motion of clusters

and loops

Although the treatment of SIA cluster motion results

in an Arrhenius-like dependence of cluster jump fre-

quency on temperature, it is not certain that one-di-

mensional motion of clusters can be described formally

as conventional di�usion. The main arguments are the

extremely low activation energy and the non-random

character of jumps. In most simulations the thermal

energy per atom is higher than the estimated activation

energy and therefore this process cannot be described as

a thermally activated jump over a speci®c barrier. On

the other hand, all clusters studied have a linear de-

pendence of jump frequency on reciprocal temperature,

and in the case of Fe the value of the activation energy is

very similar to the migration energy of a single SIA via

the low-temperature h1 1 1i crowdion mechanism. This

result is considered to be important because it links the

mechanism of mobility with the activation energy. In

fact it has been seen that the motion of small SIA

clusters and loops is the result of the motion of indi-

vidual crowdions [8,23±25,35,49,50], so that it is perhaps

not surprising that the activation energy of cluster

motion is the same as that for a single crowdion.

However, the pre-exponential factor mn
0 is size-depen-

Fig. 14. Temperature dependence of the correlation factor for

one-dimensional jumps of di�erent SIA clusters of (a) size

ranging from NI � 4 (open circles) to NI � 25 (crossed circles)

in Cu and (b) size ranging from NI � 2 (open circles) to NI � 91

(full squares) in Fe. A LRPP was used in both models.

Fig. 16. Jump frequency versus reciprocal temperature for

some vacancy and SIA loops in Fe. Circles: 37-SIA; squares:

37-VAC; diamonds: 47-VAC (all calculated with the LRPP).

Filled circle is a 61-VAC loop at 652 K with the MBP.

Fig. 15. Dependence of jump frequency (circles) and correla-

tion factor (full diamonds) for 19-SIAs cluster in Fe versus

crystallite size.
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dent, re¯ecting the size-dependence of the probability of

moving all the crowdions in the same direction. It is

interesting to note that the size-independent pre-expo-

nential factor m0 ®tted for SIA clusters in Fe is very

similar to the pre-exponential factor of jump frequency

of low-temperature di�usion of a single crowdion ob-

tained for the same potential [23±25]. We believe this

coincidence also con®rms that it is physically feasible to

link the properties of the single crowdion with those of

an SIA cluster (e.g., presented in Eq. (2)). Unfortu-

nately, a similar correlation cannot be found for Cu

because a single SIA does not migrate via the h1 1 0i
crowdion mechanism in that metal [23±25].

Another aspect of cluster motion was studied in [50].

A special MD study was performed using the MBP for

3, 9 and 17-SIAs clusters in Fe. Jump frequencies for

both the centre of mass of a cluster and each individual

crowdion were obtained. Di�erent stochastic models

were tested using Monte Carlo simulation and it was

found that the model of weakly coupled particles, i.e.,

crowdions in this case, gives a good description of the

MD results. It was found that the jump frequency of the

crowdions in a cluster is an increasing function of cluster

size. This is believed to be due to enhanced focusing of

the crowdion con®guration for SIAs in a cluster, which

results in increasing probability of their successive

jumps. A similar e�ect, i.e., stronger focusing of the

crowdion con®guration of SIAs in a cluster with de-

creasing temperature, is proposed to be responsible for

the deviation of cluster jump frequency from the Ar-

rhenius relationship which occurs at low temperatures.

The above features of SIA cluster mobility in one-

dimension should be related to the time-scale of mo-

lecular dynamics simulation i.e., �10ÿ9 s. The estimated

mean free path and the lifetime of these clusters are

rather large (�1±10 lm and �10ÿ3 s [12,13]) and MD

simulation cannot predict the behaviour at this scale.

Nevertheless, the results discussed here show that the

probability to change direction of glide (cluster rotation)

decreases for large clusters and the character of SIA

cluster mobility should be accepted at least as `prefer-

entially one-dimensional' (for de®nition see e.g., [51]).

4. Similarities and di�erences in properties of defect

clusters in Fe and Cu

The results of atomistic simulation studies described

above illustrate a number of similarities and di�erences

in properties of defect clusters in Fe and Cu. The biggest

di�erence is observed in mobility properties of stable

cluster and loops.

Thus, vacancy clusters in Cu simulated with di�erent

long-range pair potentials have a high stability when in

the form of stacking fault tetrahedra. High stability

means not only a high binding energy, which depends on

the potential, but also stability when simulated by mo-

lecular dynamics at non-zero temperature. Thus SFTs

are stable at least up to 920 K [22]. The stability of

Frank loops depends on the shape, size and tempera-

ture. For example, an hexagonal loop containing 37

vacancies becomes unstable at 920 K after a few hun-

dred ps. High binding energy but low con®gurational

stability have also been observed for perfect (1/2) h1 1 0i
loops. All unstable vacancy clusters and loops in Cu

transform into SFT-like con®gurations. Therefore, all

stable vacancy clusters and loops in Cu are sessile.

Vacancy clusters in Fe can have a rather high binding

energy (e.g., see Fig. 3) but a rather low stability. Thus

all clusters and loops containing up to 37 vacancies are

unstable and transform into a ¯exible three-dimensional

sets of second-neighbour vacancies. Although these

clusters are highly mobile, in comparison with the

mono-vacancy [52], their mobility is three-dimensional

and much lower than that of mono-interstitials and SIA

clusters migrating one-dimensionally. During further

growth under high vacancy supersaturation conditions

such clusters can transform into perfect loops with

Burgers vectors (1/2) h1 1 1i and h1 0 0i [40,41]. Unlike

stable vacancy clusters in Cu, these loops in Fe are in-

trinsically glissile and exhibit one-dimensional thermally

activated motion [28].

The qualitative di�erence is found in properties of

interstitial clusters and loops in Cu and Fe. Thus, two

types of stable SIA loop exist in Cu, namely sessile

faulted Frank loop (1/3) h1 1 1i and glissile perfect loop

(1/2) h1 1 0i whereas only glissile perfect loops (1/2)

h1 1 1i and h1 0 0i are stable in Fe.

Glissile SIA clusters and loops in both metals show

similar properties i.e. three-dimensional motion of small

clusters (less than 4 SIAs) and fast thermally-activated

one-dimensional motion of bigger clusters. A di�erence

appears only for big loops due to the dissociation of (1/

2) h1 1 0i perfect loops in Cu, for loops having more that

100 SIAs become immobile. In contrast, there is no

mechanism for preventing thermally activated one-di-

mensional transport of isolated SIA loops in Fe.

5. Implications for damage accumulation

Having identi®ed the di�erence in the intrinsic

properties of clusters and loops in Section 4, it is of in-

terest to examine the relevance and implications of these

di�erences for the problem of defect accumulation under

cascade damage conditions. As indicated already in

Section 1, a detailed understanding of the properties of

clusters produced in cascades is necessary to rationalize

the observed di�erences in the defect accumulation

behaviour between bcc and fcc metals [19]. The

experimental results shown in Fig. 1 provide a more
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recent example of the di�erence in the defect accumu-

lation behaviour between bcc iron and fcc copper [20].

Two important di�erences in the properties of clus-

ters and loops have been emerged from the recent works:

1. All stable SIA clusters and loops in Fe are glissile and

perform thermally-activated motion in one-dimen-

sion, whereas only a fraction of SIA clusters and

loops in copper is expected to be glissile;

2. All stable vacancy clusters and loops in Cu are intrin-

sically sessile, whereas those in Fe are likely to per-

form one-dimensional transport by thermally

activated motion.

It is interesting to note here that these di�erences are

similar to the factors that Singh and Evans [19] found

necessary to explain the lower density of clusters in bcc

metals compared to that in fcc metals. The fact that all

stable clusters and loops in iron are glissile means that

the accumulation of clusters will be determined by the

reaction kinetics of one-dimensionally gliding clusters in

the three-dimensional lattice. In addition, a substantial

fraction of the gliding clusters will be lost to sinks such

as dislocations, grain boundaries, etc. Furthermore, the

annihilation interactions between gliding SIA and va-

cancy clusters in Fe would cause a further loss of clusters

[26]. All these factors would lead to a lower cluster

density in iron. In the case of copper, on the other hand,

the continuous production of sessile clusters of SIAs and

vacancies in the cascades would ensure the accumulation

of a high density of clusters. Thus, the di�erence in the

properties of clusters discussed in Section 4 provides at

least a qualitative explanation for the observed di�er-

ences in clusters density between iron and copper (Fig.

1). Similar argument can be used to understand the

lower cluster density in Mo than that in copper [19].

It is also of interest to note that most of the vacancy

loops and large interstitial loops in copper dissociate and

lose their ability to glide by a thermally-activated pro-

cess. It seems reasonable to assume that this dissociation

occurs due to the low stacking fault energy (SFE) of 35±

42 mJ/m2 [53], which is reproduced with the potentials

used in the simulations discussed here. This implies that

in fcc metals with high stacking fault energy, a fraction

of loops which may not dissociate and would thereby

remain mobile. In other words, in metals such as Ni and

Al with a SFE of 120±130 mJ/m2 [54] and 154 mJ/m2

[55], respectively, the fraction of mobile clusters and

loops would be higher than Cu. Consequently, for a

given set of irradiation conditions, the cluster density

should be highest in Cu and lowest in Al. Cluster den-

sities measured by TEM in neutron irradiated Cu, Ni

and Al at 0.33Tm, where Tm is the melting temperature,

to a dose level of �0.1 dpa have been reported to be

�1 ´ 1024, �5 ´ 1021 and �1 ´ 1020 mÿ3, respectively [56].

At an irradiation temperature of 0.42 Tm and dose level

of �0.1 dpa, the cluster density in copper has been re-

ported to be �1 ´ 1022 mÿ3 compared to only �2 ´ 1019

mÿ3 in Al [57]. These results may be taken to suggest

that stacking fault energy may play a signi®cant role in

determining the magnitude of defect accumulation in the

form of clusters and loops.

The in¯uence of these di�erences in the properties of

clusters and loops in the accumulation of voids in bcc

and fcc metals has been treated within the framework of

the production bias model in a separate paper [18] and

will not be discussed here.

6. Conclusions

1. Data on the structure and properties of defect clus-

ters and dislocation loops in Fe and Cu obtained re-

cently by atomic-scale computer simulation have

been described and discussed.

2. The most stable interstitial clusters and dislocation

loops in a-Fe are glissile sets of h1 1 1i or h1 0 0i
crowdions. These clusters and loops perform a ther-

mally activated, one-dimensional motion in the crow-

dion direction.

3. Stable vacancy clusters in Fe are glissile �1=2�h1 1 1i
and h1 0 0i dislocation loops.

4. Stable interstitial clusters and dislocation loops in Cu

can be either glissile (b � �1=2� h1 1 0i) or sessile

(b � �1=3� h1 1 1i). Small glissile clusters (up to 49

SIAs) perform thermally activated, one-dimensional

motion along h1 1 0i directions. Large glissile loops

(more than 81±100 SIAs) are immobile due to the dis-

sociation of the dislocation on the glide prism.

5. At zero temperature stable vacancy clusters in Cu are

either glissile �1=2� h1 1 0i and sessile �1=3� h1 1 1i
loops or sessile stacking fault tetrahedra. During an-

nealing glissile vacancy loops dissociate into sessile

SFT-like con®gurations

6. Two parameters, stacking fault energy and size, con-

trol stability and mobility of defect clusters in fcc

metals.

7. It remains uncertain whether or not the one-dimen-

sional thermally activated motion of glissile clusters

and dislocation loops can be described as a conven-

tional di�usion process although it obeys an Ar-

rhenius-like dependence for jump frequency.

Acknowledgements

We are grateful to Dr A.V. Barashev and Dr F. Gao

for numerous discussions. This research has been carried

out using the facilities of CESCA and CEPBA (Barce-

lona, Spain) under the coordination of C4. The authors

also acknowledge ®nancial support from the University

of Liverpool (Yu.N.O) and the UK Engineering and

Physical Sciences Research Council also.

76 Yu.N. Osetsky et al. / Journal of Nuclear Materials 276 (2000) 65±77



References

[1] D.J. Bacon, T. Diaz de la Rubia, J. Nucl. Mater. 216 (1994)

275.

[2] T. Diaz de la Rubia, Ann. Rev. Mater. Sci. 26 (1996) 213.

[3] D.J. Bacon, A.F. Calder, F. Gao, J. Nucl. Mater. 251

(1997) 1.

[4] D.J. Bacon, F. Gao, Yu.N. Osetsky, Proc. COSIRES-98,

Nucl. Instrum. and Meth. B 153 (1999) 87.

[5] D.J. Bacon, F. Gao, Yu.N. Osetsky, these Proceedings,

p. 1.

[6] T. Diaz de la Rubia, M. Guinan, Mater. Sci. Forum

97&98, (1992) 23.

[7] A.J.E. Foreman, C.A. English, W.J. Phythian, Philos.

Mag. A 66 (1992) 655.

[8] A.F. Calder, D.J. Bacon, J. Nucl. Mater. 207 (1993) 25.

[9] W.J. Phythian, R.E. Stoller, A.J.E. Foreman, A.F. Calder,

D.J. Bacon, J. Nucl. Mater. 223 (1995) 245.

[10] R. Stoller, G.R. Odette, B.D. Wirth, J. Nucl. Mater. 251

(1997) 49.

[11] N. Soneda, T. Diaz de la Rubia, Philos. Mag. 78 (1998)

995.

[12] H. Trinkaus, B.N. Singh, A.J.E. Foreman, J. Nucl. Mater.

199 (1992) 1.

[13] H. Trinkaus, B.N. Singh, A.J.E. Foreman, J. Nucl. Mater.

206 (1993) 200.

[14] C.H. Woo, B.N. Singh, Phys. Stat. Sol. (b) 159 (1990) 609.

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

[16] B.N. Singh, A.J.E. Foreman, Philos. Mag. A 66 (1992) 975.

[17] B.N. Singh, S.I. Golubov, H. Trinkaus, A. Serra, Yu.N.

Osetsky, A.V. Barashev, J. Nucl. Mater. 251 (1997) 107.

[18] S.I. Golubov, B.N. Singh, H. Trinkaus, these Proceedings,

p. 78.

[19] B.N. Singh, J.H. Evans, J. Nucl. Mater. 226 (1995) 277.

[20] B.N. Singh, A. Horsewell, P. Toft, J. Nucl. Mater.

271&272 (1999) 97.

[21] M.L. Jenkins, M.A. Kirk, W.J. Phythian, J. Nucl. Mater.

205 (1993) 16.

[22] Yu.N. Osetsky, A. Serra, M. Victoria, V. Priego, S.I.

Golubov, Philos. Mag. A, in press.

[23] Yu.N. Osetsky, A. Serra, V. Priego, B.N. Singh, S.I.

Golubov, Philos. Mag. A, in press.

[24] Yu.N. Osetsky, A. Serra, V. Priego, Mater. Res. Soc.

Symp. Proc. 527 (1998) 59.

[25] Yu.N. Osetsky, A. Serra, B.N. Singh, S.I. Golubov, Philos.

Mag., A, unpublished.

[26] Yu.N. Osetsky, A. Serra, V. Priego, these Proceedings,

p. 202.

[27] Yu.N. Osetsky, D.J. Bacon, A. Serra, Philos. Mag. Lett. 79

(1999) 273.

[28] Yu.N. Osetsky, D.J. Bacon, A. Serra, Mater. Res. Soc.

Symp. Proc. 538 (1999) 649.

[29] G.J. Ackland, G. Tichy, V. Vitek, M.V. Finnis, Philos.

Mag. A 56 (1987) 735.

[30] G.J. Ackland, D.J. Bacon, A.F. Calder, T. Harry, Philos.

Mag. A 75 (1997) 713.

[31] Yu.N. Osetsky, A.G. Mikhin, A. Serra, Philos. Mag. A 72

(1995) 361.

[32] J.A. Moriarty, Phys. Rev. B38 (1988) 3199.

[33] J.A. Moriarty, Ibid B42 (1990) 1609.

[34] Yu.N. Osetsky, M. Victoria, A. Serra, S.I. Golubov, V.

Priego, J. Nucl. Mater. 251 (1997) 34.

[35] B.D. Wirth, G.R. Odette, D. Maroudas, G.E. Lucas, J.

Nucl. Mater. 244 (1997) 185.

[36] R. Bullough, R.C. Perrin, Proc. Roy. Soc. A 305 (1968)

541.

[37] J.M. Harder, D.J. Bacon, Philos. Mag. A 58 (1988) 165.

[38] R.A. Johnson, Philos. Mag. 16 (1967) 533.

[39] V.G. Kapinos, Yu.N. Osetsky, P.A. Platonov, Phys. Stat.

Sol. (b) 155 (1989) 373.

[40] V.G. Kapinos, Yu.N. Osetsky, P.A. Platonov, J. Nucl.

Mater. 173 (1990) 229.

[41] V.G. Kapinos, Yu.N. Osetsky, P.A. Platonov, J. Nucl.

Mater. 170 (1990) 66.

[42] E.J. Savino, R.C. Perrin, J. Phys. F 4 (1974) 1889.

[43] M.J. Sabochick, S. Yip, N.Q. Lam, J. Phys. F 18 (1988)

349.

[44] V.G. Kapinos, Yu.N. Osetsky, P.A. Platonov, J. Nucl.

Mater. 165 (1988) 286.

[45] A. Horsewell, B.N. Singh, S. Proennecke, W.F. Sommer,

H.L. Heinisch, J. Nucl. Mater. 179±181 (1991) 924.

[46] M. Kiritani, J. Nucl. Mater. 216 (1994) 220.

[47] Y. Dai, M. Victoria, Mater. Res. Soc. Symp. Proc. 439

(1997) 319.

[48] M.W. Guinan, R.N. Stuart, R.J. Borg, Phys. Rev. B 15

(1977) 950.

[49] Yu.N. Osetsky, A. Serra, V. Priego, F. Gao, D.J. Bacon,

Mater. Res. Soc. Symp. Proc. 527 (1998) 69.

[50] A.V. Barashev, Yu.N. Osetsky, D.J. Bacon, Mater. Res.

Soc. Symp. Proc. 540 (1999) 697.

[51] U. G�osele, A. Seeger, J. Nucl. Mater. 34 (1976) 177.

[52] V.G. Kapinos, Yu.N. Osetsky, P.A. Platonov, J. Nucl.

Mater. 184 (1991) 127.

[53] D.J. Cockayne, M.L. Jenkins, I.L.F. Ray, Philos. Mag. 24

(1971) 383.

[54] C.B. Carter, S.M. Holmes, Philos. Mag. 35 (1977) 1161.

[55] Q.H. Jin, P.J. Wang, D.T. Ding, D.S. Wang, Phys. Lett. A

174 (1993) 437.

[56] B.N. Singh, S.J. Zinkle, J. Nucl. Mater. 206 (1993) 212.

[57] A. Horsewell, B.N. Singh, in: F.A. Garner, J.S. Perrin

(Eds.), E�ect of Radiation on Materials, ASTM STP 870,

American Society for Testing and Materisls, Philadelphia,

1985, p. 248.

Yu.N. Osetsky et al. / Journal of Nuclear Materials 276 (2000) 65±77 77


