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Abstract

Molecular dynamics (MD) simulations were performed to investigate the kinetics and energetics of self-interstitial

atom (SIA) clusters in vanadium, tantalum and copper. The formation energies of the SIA clusters in all the metals are

well represented by a power function with a 0.75 exponent of the cluster size. The cluster di�usivities strongly depend on

their structure. In vanadium and tantalum, all the SIA pairs in clusters are located along the á1 1 1ñ direction rather than

the á1 1 0ñ direction. The clusters can migrate one-dimensionally in the á1 1 1ñ direction with a small activation energy of

around 0.1 eV. In copper, the collective orientation preference of the SIA pairs is not observed indicating that rotation

of several pairs in the cluster is required for the cluster to migrate. The activation energy for the rotation is not so high

as the cluster migration energy itself. The di�erence in the SIA cluster migration behavior between bcc and fcc metals is

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

1. Introduction

The ®rst wall and divertor materials of nuclear fusion

reactors are exposed to D±T neutron bombardment

leading to the displacement atoms, which may cause

various changes in the microstructures and mechanical

properties, that are, in many cases, undesirable for the

integrity of the reactor. Although a knowledge of the

properties of point defects and their clusters is essential

for understanding and predicting the e�ects of radiation

damage in materials, even the defect migration is com-

plicated. Recent studies showed that small self-intersti-

tial atom (SIA) clusters migrate rapidly in metals [1±4].

The rapid di�usion of the clusters is one of the impor-

tant aspects of the theoretical work on the impact of

defect production by displacement cascades on micro-

structural changes in materials under irradiation, which

is called `production bias model (PBM)' [5,6]. The rapid

di�usion is considered to promote the removal of SIA

clusters into defect sinks producing asymmetry in the

production of single vacancies and interstitials. How-

ever, a quantitative description of the cluster migration

is not su�cient at present. In the present study, we

performed molecular dynamics (MD) simulations to

elucidate the behavior of point defects and their clusters

in vanadium, tantalum and copper, which are important

candidates for use in nuclear fusion reactors.

2. Molecular dynamics model

MD simulations were carried out to investigate the

formation and migration energies, and the stable struc-

ture of SIA clusters in bcc vanadium and tantalum, and

fcc copper. All the simulations presented here were

performed with the MD simulation code, MDCASK [7].

The interatomic potential employed for copper was the

EAM potential modi®ed by Pronnecke et al. [8]. As for

vanadium and tantalum, we chose the Finnis±Sinclair

(FS) many-body potentials [9], which are widely
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accepted for use in atomistic computer simulations of

metals. Following the approach by Pronnecke et al. [8],

the repulsive part of the potentials was modi®ed to

connect the universal potential of Biersack, Littmark

and Ziegler [10], which gives a good representation of

interaction between two atoms at close separation. The

cohesive term of the FS potential was also modi®ed to

smoothly approach a constant value for interaction

distances smaller than the nearest neighbor distance of

atoms. This truncation made the potential e�ectively

transformed to a two-body interaction in the higher

energy range. An appropriate choice of the knot of the

di�erent potential functions can reproduce the zero

temperature and pressure equation of Rose et al. [11].

The number of atoms in the simulation box ranged from

several hundreds to a few thousands depending on the

size of the defect cluster in question. A periodic

boundary condition was employed with a constant

simulation volume.

3. Point defect and cluster energies

The simulation volume containing SIA dumbbells,

the number of which ranged up to several tens, was ®rst

well equilibrated at a given temperature around 1000 K

to allow su�cient di�usion and relaxation. Then the

simulated annealing was applied, where the temperature

was gradually decreased. After it was completed, the

velocity of each atom was forced to be zero. Thus, the

volume was quenched to 0 K.

The formation energies of defects are obtained by

calculating the potential energies of a system of atoms

including the defects, and subtracting that of a perfect

system containing the same number of atoms. It is found

that the calculated formation energies of SIAs and their

clusters in vanadium, tantalum and copper are well

represented by power law functions with a 0.75 expo-

nent, which are 3.313n0:75, 7.267n0:75 and 3.259n0:75 in eV,

respectively. Here n is the number of SIAs in the cluster.

The size dependence is slightly greater than that for iron

[12], where the exponent value is 2=3 rather than 0.75. In

all the metals, the formation energies of vacancies and

their clusters are always smaller than those of SIA

clusters, and they are also represented by a power

function, i.e., 2.078n0:75, 3.295n0:75 and 1.555n0:75 in eV in

vanadium, tantalum and copper, respectively.

The stable con®guration of single SIAs in metals

depends on the lattice structure; single SIAs form

dumbbells oriented along the á1 1 0ñ direction in the bcc

metals, and along the á1 0 0ñ direction in copper. The

separation distances between two atoms of the dumb-

bells are 0.228 nm, (0.751a0), 0.249 nm (0.752a0) and

0.214 nm (0.595a0) for vanadium, tantalum and copper,

respectively, where a0 is the zero temperature lattice

parameter. In all the metals, the most stable structures

of SIA clusters are collapsed con®gurations on close-

packed planes. Therefore, they are represented by the

direction of SIA pairs in the clusters, which depend on

the size of the clusters. The size dependence also depends

on the metal. The most stable structure of di-interstitial

atoms in the bcc metals is two [1 1 0] dumbbells parallel

to each other with the nearest neighbor distance sepa-

ration along the [1 )1 1] direction, or the equivalent

con®guration. For copper, the most stable con®guration

is two á1 0 0ñ dumbbells perpendicular to each other with

the nearest neighbor distance separation. For a greater

size, it is more complicated. In the bcc metals, when the

SIA number in the cluster increases, all the SIA pairs

gradually rotate to locate along the same á1 1 1ñ direction

rather than á1 1 0ñ. All the SIA pairs in clusters are ®-

nally oriented along á1 1 1ñ, and form perfect loops with

Burgers vector, b � �a0=2� h111i, showing a good

agreement with the case for iron [3,12]. The size de-

pendence of the orientation preference of the SIA pairs

in clusters, again, strongly depends on the metals. At

least ®ve SIAs are required to complete the directional

change in vanadium, while four SIAs are enough for it in

tantalum. In copper, on the other hand, the orientation

preference is not so simple. Every SIA pair is not located

along the same direction, which is associated with the

fact that the interstitial loop in fcc metals usually forms

a faulted con®guration. It is emphasized here that the

collective orientation of the SIA pairs in clusters to the

same direction is energetically more di�cult in the fcc

metal than in the bcc metals. This fact is considered to

have an impact on the di�erence in the cluster migration

behavior in metals between fcc and bcc lattices, as dis-

cussed below.

4. Point defect and cluster di�usivities

MD simulations have the advantage of calculating

the absolute values of defect di�usivities by following

the spatial trajectories of the defects as a function of

time. The di�usion coe�cient can be calculated with the

equation Dd � R2=zt, where the term R2 is the mean

value of the squared displacements of the defect center-

of-mass, t is the elapsed time, and the factor z takes 6

and 2 for three- and one-dimensional migrations, re-

spectively. In the simulations, we typically simulate

di�usion for 5±10 ns during which the defects can typi-

cally make more than several hundred hops depending

on the cluster size, temperature and the metal in ques-

tion. Fig. 1 shows the Arrhenius plot of the di�usion

coe�cients of the single SIAs and their clusters in the

metals. As a reference, the di�usion coe�cients of the

vacancies and their clusters only for vanadium are also

indicated. The parameters for the exponential functions

®tted to these di�usivities are listed in Table 1.
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In vanadium and tantalum, di-interstitial atoms can

di�use very rapidly comparable to the di�usion of single

SIAs. Especially for tantalum, the di�usivities for the di-

interstitials are greater than that for the single SIAs at

temperatures below 1200 K. With increasing the size of

the SIA clusters more, the size dependence of the di�u-

sivities becomes very complicated. The larger clusters,

typically with seven SIAs, can migrate one-dimension-

ally with very low migration energies along the same

direction of the SIA pairs in the cluster. Their di�usion

coe�cients are comparable to or greater than that of

single SIAs. The geometry of the centers of the dumb-

bells in the seven-SIA cluster takes three-dimensional

rather than one-dimensional. In copper, on the other

hand, the seven-SIA cluster migrates slower than those

of smaller clusters at the temperatures investigated here.

Fig. 2 shows the Arrhenius plot of the rotation fre-

quencies of the SIA pairs in clusters in metals as a

function of the cluster size. In all the metals, the rotation

of the SIA cluster direction becomes less frequent with

increasing cluster size. Moreover, it is emphasized that

the clusters, which have seven SIAs in vanadium and ®ve

and seven SIAs in tantalum, did not rotate at all during

the present simulation period. However, in copper, the

activation energy for the rotation of SIA pairs in clusters

is not so high, even for the seven-SIA cluster.

Fig. 2. Arrhenius plot of the direction change of SIAs and their clusters. The cluster direction is de®ned as the direction along which all

SIA pairs in the cluster are located. The collective orientation of all the SIA pairs is energetically stable in the relatively larger cluster in

bcc metals, but it is not in fcc metals. It is noted that the seven-SIA cluster in vanadium and the ®ve- and seven-SIA clusters in tantalum

did not change the direction at all during the present simulation period.

Fig. 1. Arrhenius plot of the calculated di�usion coe�cients of the point defects and their clusters in vanadium, tantalum and copper.

In the plot, 1I, 2I, 1V, 2V etc. indicate single SIA, di-SIAs, single vacancy, di-vacancies, etc., respectively. Cluster migration strongly

depends on the cluster structure.

K. Morishita et al. / Journal of Nuclear Materials 283±287 (2000) 753±757 755



5. Discussion

When the SIA number in the cluster increases, all the

SIA pairs gradually rotate and locate along one of the

close-packed directions in the lattice. The minimum SIA

numbers required for all the SIA pairs to rotate in the

close-packed direction are ®ve and four in vanadium and

tantalum, respectively. More than seven SIAs are re-

quired in copper. The MD simulations using the model

potential show that unrelaxed stacking-fault energies are

2.68, 3.82 and 0.00143 J/m2 for vanadium, tantalum and

copper, respectively. It may indicate that the clusters in

the metal with higher stacking-fault energy show collec-

tive rotation of the SIA pairs occurred at smaller number

of SIAs. The material dependence of the rotation behav-

ior would be associated with the unfaulting characteristics

in the metals. Again, the collective rotation of the SIA

pairs in the cluster take place at the smaller number of the

SIA pairs in the metals with higher stacking-fault energy

resulting in transformation into highly glissile cluster.

The correlation factor for defect di�usion is de®ned

as the fraction of the tracer di�usion coe�cient (Dt) to

the defect di�usion coe�cient (Dd) [12]. For vacancy

di�usion in vanadium, the correlation factor is 0.714

well consistent with the theoretical correlation factor

0.727 for bcc metals. As for SIA di�usion, the correla-

tion factors are 0.389 and 0.263 for vanadium and tan-

talum, respectively, which are comparable to the iron

case [12]. However, the factor calculated here for the fcc

copper is 0.662, which is obviously greater than those for

the bcc metals. It would indicate that the one-dimen-

sional random walk occurs more frequently in bcc

metals than in copper, since a zero correlation factor

corresponds to complete one-dimensional di�usion.

It is now clari®ed that the di�usivities of SIA clusters

in metals are profoundly associated with the structure of

the cluster. When the SIA number in the cluster in bcc

metals increases, all the SIA pairs locate along the close-

packed direction, and then, with considerably higher

di�usivities, the cluster can easily migrate one-dimen-

sionally along this direction. Such larger clusters cannot

change their di�usion direction any more. On the other

hand, in fcc metals, all SIA pairs in clusters do not locate

along the same direction. This di�erence appears to be

associated with the stacking-fault characteristics of

metals, as discussed above. The rotation of the SIA pairs

to the close-packed direction in the fcc lattice is required

for the cluster to migrate along this direction. This is the

di�erence in the migration behavior of SIA clusters in

metals between fcc and bcc lattices.

6. Conclusion

The energetics and kinetics of single SIAs and their

clusters in metals were investigated using MD tech-T
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niques with the reliable many-body interatomic poten-

tials. The following are the conclusions of this work.

1. SIA cluster formation energies in metals can be repre-

sented by a power law function of the cluster size.

With increasing the number of SIAs in the cluster,

the SIA pairs rotate to locate along the close-packed

direction á1 1 1ñ in bcc metals. On the other hand, in

fcc metals, the direction of the SIA pairs in clusters

is complicated. It is a re¯ection of the very small

stacking-fault energy.

2. In bcc metals, even the larger SIA clusters can easily

migrate along á1 1 1ñ, along which the SIA pairs are

oriented, but it is very di�cult for the clusters to

change their migration direction. On the other hand,

in fcc metals, the direction of the SIA pairs in the

cluster should turn to the same direction for the clus-

ter to migrate. However, the clusters can easily rotate

their migration direction with activation energies less

than a few tenth of eV.
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