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Abstract

Molecular dynamics computer simulation was applied for an extensive study of primary damage creation in dis-

placement cascades in copper and a-iron. Primary knock-on atom energy, Ep, of up to 25 keV in copper and 100 keV in

iron was considered for irradiation temperatures in the range 100–900 K. Special attention was paid to comprehensive

statistical treatment of the number and type of defects created in cascades by conducting multiple simulations for each

value of energy and temperature. The total number of point defects per cascade is significantly lower than that predicted

by the NRT model and rather similar in the two metals. The fraction of self-interstitial atoms (SIAs) and vacancies that

agglomerate in clusters in the cascade process was analysed in detail. The clustered fraction of SIAs increases with

temperature increase and is larger in copper than iron. SIA clusters have a variety of forms in both metals and, although

most are glissile clusters of parallel crowdions, a significant fraction are sessile. The latter include Frank dislocation

loops in copper. Tightly packed arrangements of vacancies do not form in iron, and so the fraction of clustered va-

cancies depends strongly on the range within which point defects are defined to be near-neighbours. Arrangements of

vacancies in first-neighbour sites are common in copper. Most are irregular stacking fault tetrahedra (SFTs). In 53

simulations of cascades with Ep ¼ 25 keV at 100 K, the largest cluster formed contained 89 vacancies. The size spectrum

of SFT-like clusters is similar to that found experimentally in neutron-irradiated copper, suggesting that the SFTs

observed in experiment are formed directly in the cascade process.

� 2003 Elsevier B.V. All rights reserved.

PACS: 31.15.Qg; 61.72.Nn; 61.80.Hg; 61.82.Bg
1. Introduction

Candidate materials for structural components of

fusion reactor systems must be assessed for their ability

to operate at high temperature under high fluxes of fast

neutrons without exhibiting a significant degradation of

service properties. They will need to withstand radiation

damage processes that occur over wide ranges of length

and time scales, i.e. from defect production at the

atomic-level (�10�15 s, 10�10 m) to microstructural

evolution over the mesoscale (�106 s, 10�3 m). In order
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to achieve progress in predictive modelling of property

changes across these scales, atomic-scale computer

simulation occupies a special place, for it is able to

provide much of the input to models at the higher levels.

Large strides have been made over the past decade as a

result of the increasing power of computational facilities

and in this paper we present results obtained recently

with regard to two pure metals, namely copper and

a-iron. This will enable us to point to more general

features of metals with FCC and BCC crystal structures.

We consider displacement cascades. They are the

primary source of radiation damage during fast-neutron

irradiation of metals and are formed by the recoil of

primary knock-on atoms (PKAs) with a kinetic energy of

more than �1 keV. The cascade process is characterised
ed.
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by lengths and times of the order of nm and ps, re-

spectively, and it cannot be investigated directly by

either experimental or analytical techniques. Only atomic-

scale computer simulation by method of molecular

dynamics (MD) is suitable for studying the creation of

point defects – see reviews [1–4] and references cited

therein – and their stability, mobility and interaction.

The latter features are important because point defects

cluster directly in the cascade process and the properties

of the clusters affect microstructure evolution and prop-

erty changes under cascade damage conditions [5,6].

However, most studies of cascade simulation using MD

have only treated a few (typically 6 5) cascades at a

given energy and temperature, and so firm statistics on

cluster type and size distribution, particularly as needed

for computational models of damage evolution, are

lacking. Also, and possibly for the same reason, there

seems to be an insufficiency of cluster types observed in

these cascade simulations, so that it is not easy to

compare results of modelling with experimental data.

For example, low- and high-temperature experiments on

copper have shown efficient production of stacking fault

tetrahedra (SFTs) [7–9], but, with the exception of a

preliminary report of our work [10], they have not been

observed systematically in cascade simulation. This is

rather surprising because MD simulations of the evo-

lution of a hot, vacancy-rich zone have demonstrated

effective formation of SFT under this condition [11–13].

Thus, we are undertaking an in-depth study of cascades

in copper, an FCC metal with low stacking fault energy

in which SFTs are observed. Further, in this paper we

compare simulations for copper with those for BCC

iron, for previous (less numerous) simulations in a lower

PKA energy regime have shown that differences in defect

number and cluster population may be expected between

these two metals [14].
2. Simulation models

Two interatomic potentials were used for copper,

namely an equilibrium, short-ranged, many-body poten-

tial (MBP) [15] and a non-equilibrium, long-ranged pair

potential (PP) [16]. Both were modified at short distance

by fitting to a screened Coulomb potential following the

Biersack formulation [17]. Plots of the effective pair form

of these potentials are presented in [18]. The PP describes

a slightly bigger effective size of ion, which leads to an

average threshold displacement energy, Ed, of 42 eV,

which is higher than 28 eV obtained with the MBP. The

potential used for a-iron is the MBP of Finnis and Sin-

clair [19], again modified in the pair part for short-range

interactions by a screened Coulomb function [20].

PKAs in h135i directions with energy in the range up

to 25 keV in copper and 100 keV in iron were simulated at

ambient temperatures of 100 and 600 K in cubic crys-
tallites containing up to 2 000 000 (copper) and 10 000 000

(iron) mobile atoms with periodic boundary conditions.

The larger size was used consistently for the 25 keV cas-

cades in copper: this avoided the necessity to terminate

and thus exclude simulations of widely spread cascades,

which proved necessary for some cascades in iron (see, for

example, [21]). No treatment of electron–phonon cou-

pling was applied and heat was not extracted from the

crystallite during cascade evolution. Monitoring of tem-

perature and its distribution in the crystallite showed that

after cascade relaxation the mean temperature increased

by a maximum of �100 K for the ranges of energy and

crystallite size considered. This increase does not mate-

rially affect the final result within the time of simulation.

We found that overestimation of the MD time step in the

early collision stage tends to result in denser cascades,

more defect clustering and a larger number of surviving

defects. To avoid this, we used a variable time-step inte-

gration in the MD loop of between 0.01 and 5 fs for iron

and 0.003–4.5 fs for copper [10,22].

Finally, as noted earlier, a prime reason for model-

ling copper was to generate enough cascades for con-

clusions to be drawn with a firm statistical basis and to

allow meaningful comparisons with experiment. Thus,

for this metal, a large number (maximum up to 53) of

cascades, of the same energy and temperature were

simulated for the same conditions in order to allow a

wide variety of defects to form and be analysed.
3. Defect numbers

The number, NF, of surviving defects at the end of the

cascade process (i.e. the number of self-interstitial atoms

(SIAs) or vacancies) versus PKA energy, Ep, for the two

metals modelled using the MBPs are presented in Fig. 1.

The results plotted are the mean and standard error (SE)

from the MD data for NF at each energy, normalised to

the value, NNRT, predicted by the standard formula [23]:

NNRT ¼ 0:8Edam=2Ed; ð1Þ

where Edam is the energy available for damage by dis-

placements, which is Ep in the MD modelling, and Ed is

the mean threshold energy for creating a stable Frenkel

pair. With the ASTM-recommended standard values for

Ed of 30 and 40 eV for copper and iron, respectively,

NNRT for these two metals is 13:3Ep and 10Ep when Ep is

expressed in keV. The NF data plotted for copper is for

simulations at 100 K, whereas that for iron is for all the

temperatures considered. However, the values of NF for

iron are relatively insensitive to temperature, a result

found earlier in a comparison of simulation data for

the two metals for Ep up to 10 keV [14], and in results

of other simulations of copper [10], iron [24], zir-

conium [25] and the ordered alloy Ni3Al [26]. The
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Fig. 1. Number of surviving vacancy or SIA defects, NF, av-

eraged for each PKA energy, divided by the NRT-predicted

number, NNRT, as obtained by computer simulation for iron and

copper (MBP) at 100 K. The bars are the SE. The NRT values

are calculated with Ed ¼ 30 eV for copper and 40 eV for iron.

1 10
1

10

100

α-F e :
 NRT
 MD

EP, keV

N
F

1 10
1

10

100

C u :
 N R T
 MD data for 100 K
 MD mean for 100 K
 MD data for 600 K

( 53)

(20) (16)

(16)

(23)(26)

N
F

EP , keV

(a)

(b)

Fig. 2. Number of surviving vacancy or SIA defects, NF, av-

eraged for each PKA energy, as obtained by computer simu-

lation for (a) iron and (b) copper (MBP) at 100 K. The small

and large bars show the SE and SD, respectively. The number

in parentheses in (b) is the number of cascades simulated at that

condition.
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NRT-normalised values of NF fall between about 0.15

and 0.2 for copper and 0.3–0.4 for iron at PKA energies

above a few keV. This is again consistent with the low-

energy data presented in [14], but the apparent difference

is largely a consequence of the choice of Ed used in the

normalisation. This is clear from comparing the mean

values of NF for both metals at 100 K in Fig. 2(a) and

(b). These plots also contain the SE and standard devi-

ation (SD) bars for each Ep. It can be seen that although

the SE is small, the SD is rather large, implying that the

data on NF are distributed with large dispersion and are

statistically not well-defined. This is clear from Fig. 2(b),

where all the NF values for copper are plotted. (The same

effect occurs at all temperatures, as typified by the data

for 20 keV cascades in copper at 600 K included in Fig.

2(b).) Thus, more cascade simulations are necessary to

investigate the full distribution of NF comprehensively.

The scales of both ordinate and abscissa in these figures

are chosen to be logarithmic in order to test the validity

of the power-law formulation NF ¼ AðEpÞm, which was

found in [2] to give a good fit to data from MD simu-

lations with m �0.75, instead of the value m ¼ 1 in the

NRT formula, for cascades with Ep 6 10 keV. The low

energy results from the present work can be fitted well

with the parameters A and m discussed earlier [2,3],

whereas higher energy cascades give a value of m close to

1, as first reported for iron in Ref. [21] and found to be

due to the higher probability of subcascade formation.
4. Defect cluster formation

The large number of events simulated resulted in a

wide variety of defect structures. In both metals, a
general trend of an increasing fraction of defects in

clusters (and therefore of maximum cluster size) with

increasing PKA energy was observed. However, it

should be noted that in any particular cascade the

fraction of clustered defects, e ¼ Nc=NF, where Nc is the

number of defects in clusters containing two or more,

was found to deviate significantly from the mean. For

example, for 20 keV cascades simulated at 100 K with

the MBP for copper, e varied from 0.12 to 0.77. Simu-

lations where significant clustering was observed usually

created the largest number of surviving defects, indi-

cating that clustering effects and the number NF are

correlated. (A summary on maximum cluster size and

the corresponding number of surviving defects for both

SIAs and vacancies was given for the MBP and PP

models of copper in Table 1 of Ref. [10].) We now

present the cluster statistics and cluster configurations

formed in the cascade process in more detail, starting

with the SIAs.
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Fig. 3. Histograms showing the size distribution of SIA clusters

created at 100 K by (a) 10 and 50 keV cascades in iron and (b)

10 and 25 keV cascades in copper (MBP). The fraction of SIAs

in clusters of size larger than the maximum shown is denoted

by R.
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4.1. Interstitial clusters

4.1.1. Fraction of SIAs in clusters

Interstitial clusters have a relatively high binding

energy per defect, and it is appropriate to identify an

SIA as part of a cluster if it has at least one other in-

terstitial in a nearest neighbour position. Histograms

showing the mean values of the fraction of the SIA

population in clusters of a given size at 100 K for cas-

cades of either 10 and 50 keV in iron or 10 and 25 keV in

copper are plotted in Fig. 3(a) and (b), respectively.

Clearly, the population skews towards the larger clusters

with increasing PKA energy in both metals. It is also

seen that the fraction of defects in clusters containing

two or more is larger in copper than iron, as first found

for lower energy cascades by Phythian et al. [14]. The

effect of increasing the ambient temperature, whilst

small as far as NF is concerned, is to change the clustered

fraction of SIAs, ei, more significantly. Although the

effect was reported to be small for iron at low cascade

energy (6 5 keV) in Refs. [14,24], the mean ei for about
10 cascades at 20 keV increases from 0.61 to 0.75 as

temperature increases from 100 to 600 K [21]. (A similar

increase of 10–15% was reported for ei in zirconium as

temperature is increased from 100 to 600 K for cascades

of up to 20 keV [25].) In the present study with much

stronger statistics, the data for copper show quite clearly

that ei increases strongly with temperature as well as

PKA energy. This is demonstrated by the ei data for the

PP model of copper in Fig. 4.

The sensitivity of the data for the SIA cluster fraction

to choice of interatomic potential has been tested by

calculating the mean of ei for simulations at 100 K for

the MBP model. The data plotted in Fig. 5 shows that

this model results in higher values of ei than those ob-

tained with the PP. Hence, it is necessary to exercise

caution in choosing data for ei, say, on the basis of MD

simulations obtained using just one interatomic poten-

tial. From the present work, it is safe to say that the

mean values of ei lie between 0.3 and 0.6 for cascades in

copper with energy above about 10 keV.

One final point needs to be made before closing the

discussion on SIA clusters. The data presented in Figs. 4

and 5 for the clustered fraction, ei, were derived for a

minimum cluster size of two interstitials. However, this

disguises the sensitivity of the relationship between ei
and Ep to this minimum size, because low-energy cas-

cades in particular do not produce large clusters (see

Figs. 2 and 3). This effect may have important conse-

quences in the light of the evidence from MD that the

dimensionality of the motion of clusters depends on

their size, i.e. clusters of size three or less can change

their glide direction and hence migrate three-dimen-

sionally (see subsection (c) below), and this controls the

kinetics of their interaction with other components of

the microstructure [6]. To illustrate the influence of PKA
energy on the fraction of SIAs in three- or one-dimen-

sional (1-D) clusters, we present in Fig. 6 values for ei
versus Ep in copper at 100 K for the cases where the

minimum cluster size is either two, three or four SIAs. It

is seen that ei is very sensitive to the choice of minimum
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cluster size in the lower part of the energy spectrum in

copper. The data demonstrates the way in which atomic-

scale modelling is able to provide detailed information

for use in models of damage evolution.

4.1.2. Glissile SIA clusters

Most of the clustered SIAs formed in cascades in

metals simulated by MD have the form of densely

packed, parallel crowdions, with the crowdion axis

usually along the close-packed direction. They are small,

perfect dislocation loops with Burgers vector b along the

crowdion axis, i.e. b ¼ 1=2h110i in FCC, 1=2h111i in

BCC and 1=3h1120i in HCP. Such a loop is �glissile’, for
it can glide on the prism defined by its periphery and
Burgers vector. The motion of glissile SIA clusters

containing up to 121 SIAs (copper) and 337 SIAs (iron)

has been investigated by MD using several interatomic

potentials, e.g. [27–32]. These clusters exhibit thermally

activated, 1-D glide along the crowdion direction and

only small clusters (<4 SIAs) can change their glide di-

rection during the period of MD simulation (�5 ns).

Their motion cannot be described as classical diffusion

[29,32], but some dynamical characteristics have been

estimated by analysing the movement of the centre of

gravity of the SIAs in moving clusters. The effective

correlation factor is greater than 1, i.e. a cluster that has

moved by one step in one direction has a high proba-

bility of making the next step in the same direction. This

effect increases at low temperature and is probably re-

lated to the response of crowdion clusters to specific

phonons [29]. Analysis of the jump frequency versus

reciprocal temperature gives an effective �activation en-

ergy’ in the range 0.022–0.026 eV for all clusters in both

metals and is close to the migration energy estimated for

the low-temperature single crowdion mechanism. Perfect

dislocation loops with b ¼ h100i can also occur in BCC

metals, and a cluster of h100i crowdions behaves in a
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similar fashion to a 1=2h111i loop, but with a slightly

higher activation energy (0.028 eV) [29,32].

The data for a-Fe have been analysed by Barashev

et al. [33], who have shown that the jump frequency of

a cluster is approximately equal to the average jump

frequency of an individual crowdion in the cluster di-

vided by the number of crowdions. This is consistent

with the interpretation that the movement of the centre

of mass of an SIA cluster is the result of near-inde-

pendent jumps of the individual crowdions in a cluster

with high binding energy. However, it should be

stressed that there is more complexity in the mobility of

SIA clusters in terms of size than represented in this

simple picture. For example, when perfect loops with

b ¼ 1=2h110i in Cu grow beyond about 64 interstitials,

they dissociate on their glide prism and the stair-rod

partial dislocations formed at the corners restrict

thermally activated motion, and totally prevent it for

sizes above 121 SIAs [30–32]. A similar effect cannot

occur in Fe because of the absence of a stable stacking

fault.

4.1.3. Non-glissile SIA clusters

Not all clusters have the glissile behaviour outlined

above, for immobile or �sessile’ clusters have been found

in the debris of cascades created in MD simulations in a

range of metals. They have two basic forms. In BCC

metals such as iron, which we consider first, stable

stacking faults do not exist and the form of metastable

sessile clusters formed in cascades is more diverse. Some

arise from the attraction of mobile species that impinge

on each other in positions that prevent instantaneous

agglomeration into a glissile cluster: others, possibly

with the same number of defects, adopt a more open,

3-D structure. They have a similar size distribution to

the glissile loops. Their population and properties have

been studied by MD for cascades with energy between 5

and 40 keV in a-iron at 100 and 600 K [34]. The mean

values of the fraction of interstitials that formed in im-

mobile clusters are plotted as a function of cascade en-

ergy in Fig. 7, where the bars denote the SE. Between

30% and 50% of the clustered population have sessile

character at an irradiation temperature of 100 K: the

fraction is reduced by about half at 600 K. If immobile

clusters of defects were to persist over long time-scales,

they could have possibly important consequences for

damage evolution, and so their stability was investigated

by annealing representative ones individually by MD for

long periods (P 1 ns) to determine the temperature-

dependence of their lifetime before transformation to the

more stable glissile form of h111i crowdions [34]. Most

transform in well under 1 ns at temperatures in the range

500–900 K, with an activation energy of about 0.35–0.55

eV. This implies that they mainly affect the annealing of

cascades rather than microstructure evolution in the

long term. However, an eight-interstitial 3-D cluster did
not transform in the 1 ns simulations, even at 1500 K.

The implications of this have not yet been considered.

Immobile arrangements of SIAs can be created in

copper by similar processes to those for iron and, ad-

ditionally, sessile clusters can arise because of the sta-

bility of the extrinsic stacking fault on {1 1 1} planes, i.e.

faulted Frank loops with b ¼ 1=3h111i can be formed in

cascades. Whether the Frank loops are metastable or

not with respect to the unfaulted, glissile form depends

on their size and the magnitude of the fault energy.

Relative stability of different SIA clusters in Cu has been

studied in [35]. It was found that although perfect

1=2h110i clusters have slightly lower formation energy,

regular hexagonal Frank loops of >19 SIAs are ther-

mally stable for at least 350 ps at T 6 1100 K. Irregular

faulted clusters and 3-D clusters are unstable and can be

transformed at high T into the perfect glissile configu-

ration. From the large number of cascades simulated in

the present work, the fraction, esi , of the total SIA

population in copper at 100 K that is not glissile is

plotted as a function of Ep in Fig. 8.

Non-glissile SIA clusters formed by the end of the

cascade process are a mixture of sessile Frank defects

and the less-specific, immobile arrangements of inter-

stitials. In low energy cascades (Ep 6 10 keV), small

clusters of up to about six SIAs are formed frequently

and some examples are presented in Fig. 9. They can be

either 3-D configurations (Fig. 9(a) and (b)) or the nuclei

of faulted Frank loops (Fig. 9(c)). In higher energy

cascades (Ep ¼ 25 keV), larger sessile and glissile SIA

clusters are created quite commonly. Examples of a

perfect loop of 61 SIAs, a sessile Frank loop of 59 SIAs

and 3-D cluster of 18 SIAs are presented in Figs. 10–12

respectively.
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(a) (b)

Fig. 10. Perfect glissile loop of 61 SIAs formed by a 25 keV

cascade in copper at 100 K. The loop is shown in h110i pro-

jection, the direction of its Burgers vector in (a) and in the

orthogonal h1�110i projection in (b). Dark spheres are atoms in

interstitial positions, light spheres are vacant sites.
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4.2. Vacancy clusters

4.2.1. Fraction of vacancies in clusters

Most vacancies tend to form in the central region of a

cascade, which is the last to regain crystalline order as

the thermal spike phase comes to an end, and are

therefore close to each other. It is well-known from

TEM experiments that �collapse’ of the lattice in this

region can create extended dislocation defects of va-

cancy type, e.g. [36,37]. However, the binding energy per

vacancy of vacancy clusters is much less than that of

SIAs, e.g. [31], and, furthermore, two vacancies in iron

are more tightly bound in the second-nearest neighbour

sites than the first. Thus, in comparison with SIAs, it is

less straightforward to define unambiguously a condi-

tion for a vacancy to be a member of a cluster, partic-

ularly in the BCC case.

In early simulations of iron [14,20], vacancy cluster-

ing was analysed assuming that every vacancy in a

cluster has a least another in a first-neighbour site, and
  (a)  (b)   

Fig. 9. Examples of configurations of SIA clusters observed in 5 and 1

are atoms in interstitial positions, light spheres are vacant sites.
this showed that the vacancy clustering fraction, ev, is
much smaller than ei by a factor of about 2. However,

later work, e.g. [21], assessed vacancy clustering on the

basis of higher-order-neighbour arrangements, with the

result that ev can approach ei. The histogram in Fig.

13(a) shows the fraction of the vacancy population in

clusters of a given size at 100 K for cascades of 10 and

20 keV in iron when defects in up to 4th-neighbour

positions are defined to be clustered. (Fourth neighbour

sites are separated by the vector 1=2h113i.) Comparison

with the SIA data in Fig. 3(a) shows that ev is a little

smaller than ei, but that the population again skews

towards the larger clusters with increasing Ep.

In FCC metals, where the divacancy binding energy

is highest in the first-nearest neighbour configuration, it

is more straightforward to use the same definition of a

clustered defect as that applied for SIAs, i.e. a vacancy is

a member of a cluster provided at least one other va-

cancy is present at a first-neighbour site. With this def-

inition, the histograms for 10 and 25 keV cascades in
(c) 

0 keV cascades in copper simulated at 100 K [10]. Dark spheres



Fig. 12. A sessile 3-D cluster of 18 SIAs formed by a 25 keV

cascade in copper at 100 K. Light spheres are atoms in inter-

stitial positions, dark spheres are vacant sites.

Fig. 11. Large SIA and vacancy clusters formed by a 25 keV

cascade in copper at 100 K. The cluster on the right is a sessile

Frank loop of 59 SIAs. That on the left is a 3-D SFT-like

cluster of 89 vacancies. Light spheres are atoms in interstitial

positions, dark spheres are vacant sites.
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Fig. 13. Histograms showing the size distribution of vacancy

clusters created at 100 K by (a) 10 and 20 keV cascades in iron

and (b) 10 and 25 keV cascades in copper (MBP). A vacancy in

a cluster has at least one other within the first four neighbour

shells in (a) or at a first neighbour position in (b). The fraction

of vacancies in clusters of size range indicated is denoted by R.
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copper plotted in Fig. 13(b) are obtained, from which it

is clear that ev is considerably smaller than ei (plotted in

Fig. 3(b)). Although ev appears to be smaller in copper

than iron, the values depend on the definitions used to

identify vacancies in clusters.
It was pointed out in Section 4.1.1 that MD simu-

lations of cascades can provide quantitative information

on the dependence of the fraction of clustered defects on

the PKA energy spectrum. In the case of SIAs, this is

important because of the change of dimensionality of



Fig. 14. The largest near-regular SFT-like vacancy cluster

formed by a 25 keV cascade in copper (MBP) at 100 K. It

contains 64 vacancies and has an edge length of �2.5 nm. A

regular SFT of this size would contain 45 vacancies. Light

spheres are atoms in interstitial positions, dark spheres are

vacant sites.
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migration with increasing cluster size. It is also of in-

terest for vacancies in copper because divacancies are

can diffuse three-dimensionally whereas trivacancies are

embryonic SFTs [18]. Thus, we present in the lower part

of Fig. 6 the values for ev versus Ep in copper at 100 K

for the cases where the minimum cluster size is either

two or three vacancies. As with SIAs in the upper part of

the figure, ev is sensitive to the choice of minimum

cluster size in the lower part of the energy spectrum.

It was seen in Section 4.1.1 that the effect of in-

creasing the ambient temperature, whilst small as far as

NF is concerned, is to increase ei significantly (see Fig. 4).
In contrast to this, the effect on ev is not significant (as

shown by the data for the PP model plotted in Fig. 4 of

Ref. [40]). This leads to a large value of ðei � evÞ at high
irradiation temperature.

4.2.2. The morphology of vacancy clusters

As implied by the discussion above, the clustered

proportion of vacancies created by cascades in iron are

in loose arrangements involving a substantial proportion

of defects at sites that are not first neighbours. This leads

to a marked distinction between the nature of the va-

cancy clusters observed in the simulated cascades in

copper and iron, and reflects the situation found ex-

perimentally. Clusters in iron do not cause the sur-

rounding crystal to collapse and form dislocation loops,

even when many of the vacancies are first neighbours.

This absence of loop formation by cascade collapse is

consistent with TEM observations of self-ion-irradiated

thin foils [36] and the evidence from positron lifetime

measurements of 3-D arrangements of vacancies in

neutron-irradiated iron [38]. In copper, on the other

hand, extended vacancy dislocation defects formed by

cascade collapse, such as loops and SFTs, are a common

feature of ion- and neutron-irradiated specimens [36,39].

However, such defects were not observed systematically

in previous computer simulations of cascades in copper,

possibly because of the low energy range considered and

the small number of cascades simulated. A preliminary

report [10] on the larger data base of the present work

suggested that SFTs might actually occur in simulated

cascades with a size and frequency consistent with ex-

periment. We shall therefore consider this aspect in more

detail below and compare the simulation results with

recent experimental data obtained from neutron-irradi-

ated copper [39].

The vacancy clusters in the cascade simulations of

copper are 3-D configurations. At low PKA energy (<10

keV), most clusters contain up to about eight vacancies

and two types are dominant: the smallest possible SFT

of three vacancies, i.e. one atom sharing four lattice

sites, and highly symmetric �microvoids’ of five or six

vacancies. The others are simply less symmetric ar-

rangements. Examples were presented in Fig. 5 of Ref.

[10]. At higher energies (P 10 keV), where clusters
containing more than ten vacancies commonly occur, 3-

D configurations with triangular {1 1 1} facets are often

found. In fact, the majority of clusters larger than 15

vacancies are unambiguously SFT-like. They either form

during the cascade thermal spike phase or transform

from 3-D arrangements of vacancies into SFTs during

post-cascade annealing over a period of a few tens of ps.

In the latter case, the final configuration depends on the

ambient temperature and simulation time. Most SFT-

like structures are not regular tetrahedra, but are either

truncated or consist of more than one tetrahdron joined

along a face, i.e. the number of vacancies in the cluster

does not match the exact number required to form a

regular SFT (10, 15, 21, 28, 36, 45, 55, . . ..). In the

simulations carried out in the present work, the fraction

of cascades that resulted in SFT-like configurations at

100 K for the MBP model of copper was 0.24, 0.35 and

0.47 for 10, 20 and 25 keV, respectively. Comparison of

Fig. 13(b) with Fig. 3(b) shows that although more large

interstitial clusters are formed in comparison with va-

cancy defects at the same cascade energy, the spread of

size is similar. The largest SFT-like cluster formed

within the cascade time scale in a 25 keV cascade con-

tained 89 vacancies: it is presented in Fig. 11. An ex-

ample of an almost regular SFT containing 58 vacancies

created in a cascade of the same energy is presented in

Fig. 14. The large vacancy defect in Fig. 11 is seen to

have formed close to the 59-SIA Frank loop. Formation

of large vacancy and SIA clusters in close proximity

tends to be a feature of cascades in copper at all energies.

The size distribution presented at Fig. 13(b) can

be compared directly with the recent experimental
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measurements of Singh et al. [39], who measured the size

and number density of SFTs in neutron-irradiated

copper by transmission electron microscopy both before

and after post-irradiation annealing at 573 K. Their

results revealed an SFT size distribution with a maxi-

mum at about 2nm and an upper limit of �6 nm. Data

on vacancy clusters size distribution obtained here with

the MBP for 25 keV cascades (for which we have sim-

ulated the maximum number of cascades) are presented

in Fig. 13(b) and shows a maximum for large clusters in

the range of 30–40 vacancies. The edge length, L, of a
regular SFT containing Nv vacancies is a0

p
Nv, where a0

is the FCC lattice parameter. Thus, SFTs containing 30–

40 vacancies in copper have L of 1.5–2 nm, whereas the

largest cluster found here ðNv ¼ 89Þ would have L of

about 3 nm if formed as a regular SFT. Thus, the size

distribution of the vacancy clusters created in the sim-

ulated cascades of the present work is qualitatively

similar to that obtained in [39]. The simulated clusters

were formed directly in cascades at an ambient tem-

perature of 100 K. We have not yet analysed data for

higher temperature simulations for the MBP, data for

the LRPP reported in [40] show an increase of the mean

size of vacancy clusters at high (600 K) temperature.

Three further features are relevant to the comparison

of modelling with experiment. First, the stability of small

SFTs is strongly size dependent, increasing for the

LRPP, for example, from �0.5 to �0.9 eV/vacancy for

SFTs containing from 10 (L ¼ 1 nm) to 36 (L ¼ 2 nm)

vacancies, respectively [18]. Second, irregular SFTs can

grow or shrink to the next regular shape when interaction

with individual SIAs does not lead to an annihilation

reaction [18] and therefore large SFTs are stable. Third,

SFTs of 6 10 vacancies (L6 1 nm) are not visible by

transmission electron microscopy. These comments and

the similarity of the experimental and simulated size

distributions, lead us to conclude that the SFTs observed

in as-irradiated Cu are formed directly in cascades.

Further evolution of SFT size distribution observed

during annealing of irradiated copper, when the maxi-

mum of the size distribution rises to �3 nm [39], can be

explained by growth of large irregular clusters to the

corresponding regular tetrahedra of similar Nv. Such

growth is limited due to the mechanism studied in [41]

and therefore the maximum SFT size is also limited. This

is different, in principle, from the evolution of vacancy

clusters in the form of 3-D voids, for example, which

follows a classical Ostwald ripening process. There are

still problems in describing SFT evolution under irradi-

ation, for example due to lack of knowledge of reactions

between glissile SIA clusters and regular and irregular

SFTs. Atomic-scale computer simulation studies of such

interactions, as well as determination of the energetics of

truncated SFTs, could contribute significantly to com-

plete understanding of microstructure evolution of low

stacking fault energy FCC metals under irradiation.
5. Conclusions

1. Results from a large number of MD simulations of

displacement cascades across a wide range of PKA

energy, Ep, in both copper (FCC) and a-iron (BCC)

are reviewed. The total number, NF, of either vacan-

cies or SIAs created, and the fractions, ev and ei, of
these defects formed in clusters are presented, and

the morphology of clusters described.

2. The trends in the parameters NF, ev and ei, can be dis-

cerned from only a few simulations at each Ep, but

many simulations (�30–40) are required at each con-

dition to reach an accuracy of about 20% in the cluster

fractions because of the wide dispersion in the data.

3. NF is smaller in copper than iron when expressed as a

fraction of the NRT-predicted number because the

standard value of the threshold displacement energy

is smaller in copper: the absolute numbers are not

widely different. NF is not sensitive to the irradiation

temperature.

4. The fraction, ei, of SIAs formed in clusters of size two

or more is larger in copper than iron, and increases

with increasing temperature.

5. The SIA clusters formed in cascades have a variety of

forms in both metals. Most are glissile configurations

of parallel crowdions and behave as perfect disloca-

tion loops with b equal to either 1=2h110i (copper)

or 1=2h111i (iron), but a significant fraction are ses-

sile. The latter are either 1-D arrangements, most

of which transform to the glissile form during post-

cascade annealing, or, in copper, Frank dislocation

loops with b ¼ 1=3h111i. Out of 53 cascades of 25

keV in copper at 100 K, the largest Frank loop con-

tained 59 SIAs. The largest perfect loop found con-

tained 61 SIAs.

6. Tightly packed arrangements of vacancies do not

form in iron under the conditions studied and ev for

vacancies in clusters of size two or more is strongly

dependent on the range of neighbour shells within

which the defects are defined to form a cluster. In

copper, in contrast, the same definition of clustering

as used for SIAs, i.e. defects in first-neighbour sites,

shows that although ev is smaller than ei, vacancy

clusters are common and large.

7. The vacancy clusters in copper are 1-D in form and,

for Ep values above about 10 keV, most have triangu-

lar {1 1 1} facets, i.e. they are irregular SFTs. In 53

simulations of cascades of 25 keV at 100 K, the larg-

est such cluster formed contained 89 vacancies and

the largest near-regular SFT contained 58 vacancies.

There is a correlation in the formation of large va-

cancy and SIA clusters, for they tend to occur in

the same cascade in close proximity to each other.

8. The size spectrum of the SFT-like clusters created

in these 53 simulations is similar to that found in re-

cent experiments on neutron-irradiated copper [39],
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leading to the conclusion that the SFTs observed in

experiment are formed directly in the core of cascades

as part of the primary damage state.
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