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Abstract

Recent progress in the use of molecular dynamics (MD) to investigate the primary state of damage due to dis-

placement cascades in metals is reviewed, with particular emphasis on the in¯uence of crystal structure. Topics con-

sidered include the e�ect on defect formation in pure metals and alloys of primary knock-on atom (PKA) energy and

irradiation temperature. An earlier empirical relationship between the production e�ciency of Frenkel pairs and

cascade energy is seen to have wide validity, and the reduction in e�ciency with increasing irradiation temperature is

small. Crystal structure has little e�ect on the defect number. In terms of the development of models to describe the

evolution of radiation damage and its role in irradiation-induced changes in material properties, the important pa-

rameters are not only the total number of Frenkel defects per cascade but also the distribution of their population in

clusters and the form and mobility of these clusters. Self-interstitial atoms form clusters in the cascade process in all

metals, and the extent of this clustering does appear to vary from metal to metal. Vacancy clustering is also variable.

The mobility of all clusters depends on their dislocation character and thus on the crystal structure and stacking fault

energy. It is shown that computer simulation can provide detailed information on the properties of these de-

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

1. Introduction

This paper is concerned with the number, arrange-

ment and nature of the defects created inhomogeneously

in space and time in metals subjected to radiation that

produces displacement cascades. The cascade process

occurs with length and time scales of the order of nm

and ps, respectively, and is ideally suited to study by

atomic-scale computer simulation using the method of

molecular dynamics (MD). The defects created in cas-

cades form the Ôprimary stateÕ of damage and their

subsequent evolution gives rise to important changes in

the engineering properties of metals, and so under-

standing and predicting these are crucial for assessing

material performance in irradiation environments. The

evolution can occur over long periods of time with a

characteristic length scale consistent with the evolving

microstructure, and so is well-suited to continuum and/

or stochastic Monte Carlo modelling. These are methods

to be addressed by other authors in this volume. It must

be noted, however, that the input parameters for such

treatments require quantitative knowledge of not only

the number of the defects formed in the primary state

but also their distribution and properties, and the ways

these may vary from metal to metal. This is where

atomic-scale computer simulation can make a unique

contribution.

Displacement cascades are formed by primary

knock-on atoms (PKAs) that have a kinetic energy of

more than a few hundred eV. As has been reviewed

elsewhere [1±9], atomic-scale computer simulation has

con®rmed early ideas based on binary-collision concepts

(e.g. [10]) that a cascade exhibits two main stages as it

evolves with time. The ®rst is a ballistic or collision

phase lasting a few tenths of a ps, during which the

energy of the PKA is distributed by multiple collisions

among many atoms, with the result that they leave their

lattice sites. This creates a central disordered core sur-

rounded by regions of crystal displaced outwards. In the

second, Ôthermal-spikeÕ phase lasting several ps, the

kinetic and potential components of the crystal energy
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attain equilibrium with each other and the hot disor-

dered core initially acquires some liquid-like character-

isitics. During this phase, the majority of the displaced

atoms in the outer regions return by athermal relaxation

to lattice sites in less than one ps, but strong disorder

persists in the core for a longer time (several ps). The

atoms that are unable to regain lattice sites during this

®nal stage become self-interstitial atoms (SIAs) at the

periphery of the core and, together with the vacant sites

formed when the core crystallises, represent the main

cascade contribution to the primary damage state. In-

dividual replacement-collision sequences can be ejected

early on during the ballistic phase, but SIAs created by

these events represent only a minor part of the total

population of Frenkel pairs produced by cascades at

lattice temperatures where focused chains are di�cult to

establish.

Simulation studies of displacement cascades have now

been made for a variety of metals under a fairly

wide range of conditions. The results to be described

in the following sections are concerned with topics

such as the e�ects on defect production e�ciency of

PKA energy and irradiation temperature, and the

proportion of defects formed as clusters in the cascade

process itself, the nature of these clusters and their

mobility. We shall follow the theme of this Workshop by

trying to establish evidence for similarities and di�er-

ences between metals with the bcc, fcc and hcp crystal

structures.

2. The e�ect of PKA energy and crystal structure on

defect number

Kinchin and Pease [11] obtained the ®rst clear the-

oretical assessment of defect production in displace-

ment cascades by deriving a simple relationship

between the number, NF, of SIA-vacancy pairs, i.e.

Frenkel defects, created by a cascade and the kinetic

energy, Ep, of the PKA. It was subsequently revised by

Norgett et al. [12] to give the standard formula for

estimating the displacements per atom (DPA) in irra-

diated metals [13]

NNRT � 0:8Edam=2 �Ed; �1�

where NNRT is the value of NF in the Norgett, Robinson

and Torrens (NRT) formulation, �Ed the value of the

threshold displacement energy averaged over all crys-

tallographic directions and Edam is the damage energy

available for elastic collisions, i.e. Ep with inelastic losses

subtracted. (Since electronic losses have not been in-

cluded in most MD simulations, the replacement of Edam

by Ep in Eq. (1) is appropriate for comparing its pre-

dictions with NF obtained from MD [2].) The binary

collision model on which the NRT formula is based does

not accurately describe atomic interactions in the ther-

mal spike and is not suitable for modelling the actual

con®guration defects adopt. MD simulations, on the

other hand, use interatomic potentials ®tted to many of

the equilibrium and defect properties of metals and do

o�er a more realistic description of all stages of the

cascade process.

All the MD simulations to date, starting with the

early simulations of cascades in tungsten [14], show that

defect production by displacement cascades in metals is

not as e�cient as predicted by the NRT formula. In fact,

NF is typically only 20±40% of NNRT for a given cascade

energy when Ep is larger than about 1±2 keV. By con-

sidering MD-generated NF data for several metals, it

was shown in [2] that a new empirical relationship be-

tween NF and Ep gives a good ®t to the simulation data

for Ep up to either 5 or 10 keV

NF � A�Ep�m; �2�

where A and m are constants which are weakly

dependent on the material and temperature. The

applicability of Eq. (2) over a wider energy range is now

shown in Fig. 1 by using more recent data for NF

obtained for Ep up to 10 keV for Cu [15], a-Ti [16]

and Ni3Al [17], 20 keV for a-Zr [16] and 40 keV for

a-Fe [18]. Each data point is the mean NF value for at

least four cascades at that energy and all the data were

obtained for simulations of model crystals at a

Fig. 1. Log±log plots of NF vs Ep for Ni3Al and the pure metals

Cu, Fe, Ti and Zr at 100 K, and Al and Ni at 10 K, demon-

strating the power-law dependence of Eq. (2) in the text. The

inset table shows the values of m and A (with Ep in keV) ob-

tained with the best-®t lines shown in the ®gure. The data for Al

and Ni were kindly supplied by Almazouzi et al. [20].
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temperature of 100 K. To extend the plot further, we

have included data for four 40 keV cascades in a-Fe

obtained by Stoller [19], and have added the value of

NF reported for 25 keV cascades in Cu at 10 K [5].

Very recently, Almazouzi et al. [20] have simulated

cascades in Al and Ni at 10 K, with Ep up to 15 and 30

keV, respectively, and their data for NF are included in

Fig. 1.

The functional form of the power law (Eq. (2)) can be

seen to provide an excellent ®t to the data over a wide

energy range. We include in Fig. 1 a line showing the

NRT estimate for NF assuming an �Ed value of 40 eV. It

clearly demonstrates the reduced e�ciency with which

simulated cascades produce Frenkel defects in compar-

ison with the NRT prediction. This reduction occurs

because most SIAs are produced at the periphery of the

disordered core, rather than at the end of focused col-

lision chains, and their close proximity to the vacancies

and the high kinetic energy of the core during the ther-

mal spike assist SIA-vacancy recombination. The MD

data are consistent with experiments that imply that

defect production e�ciency in pure metals and alloys

under cascade-producing irradiation with ions and

neutrons is approximately one quarter of the NRT value

[21±23].

Two other features are clear. First, the value of NF

has no obvious dependence on the crystal structure. Al,

Cu and Ni are fcc, a-Fe is bcc, a-Ti and a-Zr are hcp

and Ni3Al has the ordered L12 structure. This is an

important result because it implies that any generic

di�erences observed experimentally between the damage

microstructure in metals are not due to di�erences in

defect production e�ciency in the cascade process itself.

Second, the di�erences in NF that do exist between the

metals appear to be due solely to the atomic mass, for

NF is highest in Al, followed by Ti and Fe. It can be seen

from the table inserted in Fig. 1, that as the atomic mass

increases, parameter A in Eq. (2) decreases, suggesting

either an enhancement of recombination due to thermal

spike e�ects or a scaling law arising from an increase in

Ed. Furthermore, the exponent m in the power-law

relationship also re¯ects a dependence on the atomic

mass of the metal. It is approximately 0.8 for Al, Ti and

Fe, and nearer 0.75 for the others metals. As suggested

by Stoller [19] and Almazouzi et al. [20], for example, the

higher value for the lighter elements may re¯ect the

attempt to ®t Eq. (1) across the whole range of Ep,

because as cascade energy increases, there is an increased

tendency for cascades to become more di�use and break

up into sub-cascades. Since one cascade produces fewer

defects on average than two separate cascades of the

same total energy, sub-cascade formation would lead to

an increase in the gradient of the plots in Fig. 1. This

transition occurs at lower energy in the lighter metals,

and can be discerned in the data for Al and Fe plotted in

Fig. 1.

3. Defect production in alloys

Although most simulations of displacement cas-

cades in metals have modelled pure elements, there

has been some investigation of cascade e�ects in alloys

and we touch on this brie¯y. The widest study reported

on the e�ects of alloying elements in solution on

cascades was by Deng and Bacon [24], who

modelled cascades of up to 2 keV in energy in copper

containing up to 15 at.% gold in solution. The atomic

mass of Au is about three times that of Cu, and its

presence decreased the length of focused displacement

events in the ballistic phase and thereby enhanced the

intensity and lifetime of the disorder and temperature

during the thermal spike. However, despite this marked

e�ect, the principal result was that NF did not depend on

the alloy composition, at least for the Ep range consid-

ered.

Calder and Bacon [25] carried out a similar study of

cascades of 1, 2, 5 and 20 keV energy in Fe±Cu alloys

containing 1% copper in solution. Six events at each

energy were generated in order to provide adequate

statistics. The aim was to see if NF is a�ected by the

presence of copper in solution and if cascades change

either the cluster distribution of copper or produce

clusters of copper atoms in association with point de-

fects. The number of Frenkel pairs formed in the alloy

was similar to that in pure iron, as may be expected in

view of the results in [24] and the similar atomic mass

and size of copper and iron. Furthermore, no evidence

was found for signi®cant Cu±Cu clustering during the

cascade process itself, as would have been expected if

cascade-assisted nucleation of copper precipitates oc-

curs. The Cu±Cu binding energy is too small and the

cascade lifetime too short.

Displacement cascades in ordered alloys pro-

duce numbers of Frenkel pairs, which, as seen in Fig. 1

for Ni3Al, are comparable with those formed in

pure metals. In addition, disorder occurs when either

sites in the sub-lattices become occupied by atoms of the

wrong type (known as antisite defects) or crystalline

order is not restored and an amorphous structure is

formed, and zones of either disordered crystal or

amorphous structure are the dominant product of cas-

cade damage in such materials [26±30]. Computer sim-

ulations have been used to investigate both aspects, e.g.

[17,29±31] and [32±34]. Studies [17,29] of cascades in

Ni3Al show that instead of a declining production e�-

ciency with increasing cascade energy, as discussed

above for Frenkel pairs, the number of antisite defects

per cascade, NAS, actually increases with increasing Ep.

A power law applies, but with an exponent of 1.25, in

contrast to the value of approximately 0.75 found for

NF. The zone of antisites largely corresponds with the

ÔmoltenÕ core [29,30], demonstrating the importance of

the thermal spike.
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4. The formation of interstitial clusters in cascades

4.1. The fraction of interstitials formed in clusters

If point defects form clusters, rather than remain

single, in the cascade process, their behaviour and role

in subsequent evolution of the microstructure are af-

fected (e.g. [35±40]). It is therefore of interest that MD

simulations indicate that a signi®cant fraction of the

interstitial population created in cascades is produced

in clusters. This is consistent with the experimental

measurement of di�use X-ray scattering in copper ir-

radiated with neutrons at 4.6 K [41]. The grouping of

SIAs into clusters is signi®cant because these defects

are thermally stable and, if they can migrate away from

their parent cascades, should be absorbed preferentially

at sinks such as dislocations and boundaries. Further-

more, the form of this migration depends on the cluster

size (see Section 4.3). Vacancy clusters, in contrast, are

not stable and dissociate into individual point defects at

high enough temperature. These features a�ect the

form and temperature-dependence of the accumulation

of damage microstructure and have been formulated

within the Ôproduction bias modelÕ of damage evolution

[35±40].

As far as interstitials are concerned, computer sim-

ulation shows that some clusters are created quite early

on in the cascade process during the transition from the

collision to thermal-spike phases, whereas others arise

during the thermal spike by short-range di�usion.

Cluster formation in the former circumstance seems to

occur when groups of atoms being displaced outwards

from the cascade centre in the initial shock wave are

pushed into interstitial sites from which they cannot

escape; clustering by the latter mechanism occurs as a

result of reorganisation driven by the large elastic in-

teraction among neighbouring interstitials. We shall not

distinguish between the two processes in the following.

The probability of clustering and the size of the largest

clusters tend to increase with increasing PKA energy,

and a higher proportion of SIAs than vacancies form

clusters. These features hold true for all the metals

studied to date and are demonstrated by the histograms

in Fig. 2(a) and (b) for the cluster statistics of cascades

of up to 20 keV in energy in a-Zr [16] and 40 keV in

energy in a-Fe [18], respectively. For these data, an SIA

or a vacancy is a member of a cluster if it has at least one

partner in a nearest-neighbour position. The data for

vacancies will be considered further in the Discussion

(Section 6).

Although the conclusion of the preceding paragraph

holds generally, the results of MD simulations indicate

that di�erences may exist between di�erent metals. For

example, it is seen in Fig. 2 that the clusters formed by

interstitials tend to be larger than those formed by

vacancies in iron, but not in zirconium. Furthermore,

the clustered fraction of interstitials created in the

cascade process appears to have some dependence on

the metal, as shown in Fig. 3 by the fraction, f cl
i , of

Fig. 2. Data for the number of SIAs and vacancies in clusters

per cascade as a function of cascade energy in: (a) a-zirconium

and (b) a-iron at 100 K. The data were obtained by averaging

over all cascades at each energy.

Fig. 3. The fraction, f cl
i , of SIAs that survive in clusters of two

or more in Cu, a-Fe, a-Ti, a-Zr and Ni3Al at 100 K.
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interstitials that exist in clusters of size two or larger in

the metals Cu [15], a-Fe [18], a-Ti, a-Zr [16] and Ni3Al

[17] at 100 K. The clustered fraction increases strongly at

low energy in the transition from single displacement

events to true cascade phenomena, and above this there

is a smaller variation with PKA energy. The increase

with increasing energy probably re¯ects the increasing

importance of the two mechanisms mentioned in the

preceding paragraph.

It can be seen that f cl
i varies from metal to metal,

being highest in copper and lowest in iron, and does not

seem to be related to the di�erences in the total number

of Frenkel pairs produced (Fig. 1). Although only ®ve

metals are considered, the data of Fig. 3 suggest that the

di�erence in clustering behaviour among the metals may

be in¯uenced by the crystal structure. For example, f cl
i

values are similar in the two hcp metals Ti and Zr, de-

spite the signi®cant di�erences in NF, possibly because

SIAs in the hcp metals have high mobility within the

basal planes relative to that for motion between these

planes [16,42,43], and this may a�ect their ability to

cluster during the thermal spike. Similarly, the presence

of the large number of antisite defects in the disordered

core of cascades in ordered alloys may restrict SIA

movement and reduce the probability of cluster forma-

tion [17]. The di�erence between iron and copper may

arise from the larger number of close-packed directions

in the latter (six compared with four): these are the di-

rections along which interstitial atoms migrate easily

during and immediately after the thermal spike. How-

ever, con®rmation of these ideas must await studies of a

wider range of metals.

4.2. The glissile±sessile nature of interstitial clusters

Many of the clustered SIAs formed in cascades sim-

ulated by MD have high mobility in the context of the

time-scale of the simulations, i.e. they can migrate over

sizeable distances (on the atomic scale) in times of the

order of tens of ps. The high jump rate of single inter-

stitials had been expected because of the low value of

their migration energy deduced from the temperature of

stage I in recovery experiments, but an appreciation of

the mobility of SIA clusters has arisen from the MD

simulations. We shall return to this point in the fol-

lowing section, and remark for the moment that the SIA

clusters found to be mobile exhibit a morphology akin

to that of perfect dislocation loops and are therefore

ÔglissileÕ.
Not all interstitial clusters seen in MD simulations of

cascades have a glissile form, however. ÔSessileÕ clusters

have been reported in both titanium [42] and zirconium

[16,44], and recent work has revealed the extent to which

they occur in iron [18]. Some are formed early on in the

cascade by ballistic events and others arise later due to

SIA interaction in the thermal spike. They are not

restricted in size. In the case of zirconium, for example,

the largest interstitial cluster found in all the simulations

for Ep up to 20 keV consisted of 25 defects and had a

sessile form [16].

We must distinguish here between clusters which are

stable and intrinsically sessile, such as those based on

faulted Frank loops in the fcc metals, and those formed

by metastable arrangements of SIAs that do not re-

organise into a stable, glissile form by the end of the

thermal spike. The latter are the topic of this section.

Their possible signi®cance lies in the fact that in a

damage ¯ux, they do not migrate away from their parent

cascade at the end of the thermal spike and may actually

behave as sinks for mobile defects in their own right,

thereby allowing extended defects to grow in their place

of birth. Hence, a clear understanding of the properties

of these defects is required, such as their lifetime for

conversion to a glissile form at di�erent temperatures

and their stability in relation to interaction with mobile

defects.

To illustrate the extent of metastable, sessile cluster

formation, we consider data for interstitials created by

cascades with energy between 5 and 40 keV in a-iron at

100 and 600 K [18]. At least four simulations were car-

ried out at each energy and temperature, and were

stopped when the cascade zone had cooled to the am-

bient temperature (after about 20±30 ps). The glissile

and sessile components of the clustered fraction of SIAs

were then identi®ed from their morphology. The mean

values of the fraction of interstitials in sessile clusters are

plotted as a function of cascade energy in Fig. 4, where

the bars denote the standard error. It is seen that across

the energy range, between 30% and 50% of the clustered

population have sessile character at the irradiation

Fig. 4. The fraction of SIA clusters formed in a metastable

sessile con®guration by the end of the thermal spike phase as a

function of PKA energy and irradiation temperature for cas-

cades in a-iron [18].
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temperature of 100 K. To illustrate the numbers in-

volved at, say, 40 keV, 57% of the SIAs were in clusters

of size two or more at 100 K and each cascade generated

24 such clusters on average. Of these, 17 were glissile and

seven sessile, with sizes ranging from 2 up to 24 and 9,

respectively, and average size of 2.9 and 3.2. Thus, over

30% of the clustered interstitials were found to be in a

sessile form at this energy and irradiation temperature.

We shall return to the data for 600 K in the next section.

The form of the metastable sessile clusters is very

varied and depends on the crystal structure. In zirconi-

um and titanium [16], for instance, small sessile clusters

can be formed as a triangular arrangement of closely-

packed atoms within one basal plane occupying a

smaller number of lattice sites, e.g. six atoms and three

sites, 10 atoms and six sites, 15 atoms and 10 sites, etc.

Another, larger sessile arrangement of 25 SIAs was

formed in a 20 keV cascade in zirconium and consisted

of interstitial atoms spread over several basal and prism

planes: it was stable over a simulation time of 120 ps. In

iron, some sessile clusters arise from the attraction of

mobile species that impinge on each other in positions

that prevent instantaneous organisation into a stable,

glissile loop. Others, possibly with the same number of

defects, adopt a more open, three-dimensional structure.

This is illustrated by two di�erent versions of sessile di-

interstitials reported in [45] and reproduced in Fig. 5. In

Fig. 5(a), three atoms, shown as large circles, share one

lattice site, shown by a smaller circle. The plane of the

atoms is {1 1 1}, but is displaced slightly from the {1 1 1}

plane that passes through the vacant site. This cluster

can form either directly in the early stages of a cascade

or by the interaction and combination of two single

defects during the thermal spike. The cluster in Fig. 5(b)

arises from 12 atoms sharing 10 lattice sites, the latter

consisting of four of the eight nearest neighbours and all

six second-nearest neighbours of an atom in the bcc

structure, as indicated by the dashed lines outlining a

bcc cell. (The smallest circles in Fig. 5(b) represent sites

in this cell that are occupied by atoms.) This symmetric,

three-dimensional cluster was created in about half the

cascades simulated and was formed well before the end

of the thermal spike phase. Higher-order SIA clusters in

a-iron exhibit more complicated variants of defects such

as these [45].

4.3. The mobility of glissile interstitial clusters

As has been seen, MD simulations have demon-

strated that the majority of interstitial clusters formed

during the cascade process, and those that arise soon

afterwards by the transformation of metastable clusters,

are glissile, a property that is intimately related to their

atomic structure. Detailed investigation of structure and

mobility has been carried out for copper and iron in [46±

50] using several di�erent interatomic potentials, and a

preliminary study for zirconium has been reported in

[43]. A comprehensive review is presented elsewhere in

this volume [50]. In qualitative terms, the properties do

not depend on the type of interatomic potential used.

The glissile clusters in all the metals studied to date

have the form of densely-packed, parallel crowdions,

with the crowdion axis along a close-packed direction,

i.e.h1 10i in fcc, h111i in bcc and h11�20i in hcp. This

form persists even in metals where the stable, single self-

interstitial is a dumbbell rather than a crowdion. Some

static visualisations of SIA clusters are plotted in earlier

reviews of MD simulations of cascades [2,3,7,9] and the

original papers [16,51]. Clusters of more than three SIAs

exhibit thermally-activated, one-dimensional glide along

the crowdion direction and only smaller clusters can

change their glide direction. The larger clusters are akin

to perfect dislocation loops with a Burgers vector b

along the crowdion axis, so that their movement can be

considered as thermally-assisted glide. During this mo-

tion they produce displacements of the atoms in the

model crystallite, but analysis of this process has shown

that it cannot be described as classical di�usion [49,50].

Nevertheless, some dynamical characteristics have been

estimated by using MD to study the movement of the

centre of gravity of the SIAs in moving clusters over

periods of the order of nanoseconds. An important

feature of motion is that the e�ective correlation factor

is greater than one, i.e. a cluster that has moved by one

step has a high probability of making the next step in the

same direction. This e�ect increases at low temperature

and is not yet understood, but is probably related to the

response of crowdion clusters to speci®c phonons [49].

If the jump frequency for clusters containing from 2

to 91 h111i crowdions in a-Fe at di�erent temperatures

Fig. 5. Two versions of metastable di-interstitials created in

cascade simulations of a-iron: (a) the large spheres represent

atoms displaced to interstices and the smaller spheres represent

vacant lattice sites and (b) the smallest spheres represent the

sites of a bcc unit cell occupied by atoms. The defect in (a) is

three atoms in a {1 1 1} plane sharing one lattice site, whereas

the one in (b) is 12 atoms sharing 10 sites.
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is analysed via an Arrhenius-like plot, the estimated

Ôactivation energyÕ is within the range 0.022±0.026 eV for

all clusters and is close to the migration energy of 0.023

eV estimated for the low-temperature h111i crowdion

mechanism [47]. Clusters of more than about 15±20

h100i crowdions are also stable in this metal and des-

cribe small, perfect loops with b � h100i [48,49]. They

show the same glissile behaviour as the h111i clusters,

but with a slightly higher activation energy of 0.028 eV.

Two types of SIA cluster based on sets of h100i
dumbbells and h110i crowdions can be stable in copper

[48]. The former create Frank loops with b � 1=3h111i,
which are intrinsically sessile. The latter create glissile

perfect loops and an Arrhenius treatment of MD data

for their jump frequency at di�erent temperatures gives

an activation energy within the range 0.024±0.030 eV

[48,50].

The data for a-Fe have been analysed by Barashev

et al. [52] in order to compare the average jump frequency

of the individual crowdions in a cluster with that of the

cluster as a whole. The jump frequency of a cluster is

found to be approximately equal to the average jump

frequency of individual crowdions divided by their

number. This is consistent with the interpretation that

the movement of the centre of mass of an SIA cluster is

the result of near-independent jumps of the individual

crowdions. 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 ex-

ample, when perfect loops with b � 1=2h110i in Cu

grow beyond about 60±70 interstitials, they dissociate on

their glide prism and this restricts thermally-activated

motion, whereas the larger h111i loops in Fe remain

mobile [50,58].

5. The e�ect of irradiation temperature on defect produc-

tion in cascades

Irradiation temperature has a signi®cant e�ect on the

evolution of radiation damage in metals because the

motion of defects and the dissociation of their clusters

are thermally-activated processes. In this section, how-

ever, we only consider the role of temperature on the

production of damage in the cascade process itself. In

most MD simulations reported in the literature, the

PKA was generated in a lattice equilibrated at 100 K or

less, and, although an early study of the e�ect of ambient

bulk temperature, Tirr, on the number and distribution

of defects in cascade damage in both copper and iron

was reported in [15,51], the MD block in these simula-

tions was treated as an adiabatic system. A more rig-

orous method to allow for heat to be extracted from the

atoms at the outer layers of the MD block to match the

temperature predicted for that region in a continuum

with the same thermal characteristics as the atomic

system has been developed in [53] and applied to defect

generation in a-iron [18,53] and Ni3Al [54].

The results for NF as a function of irradiation tem-

perature, Tirr, in a-Fe are plotted in Fig. 6, where each

point is the mean for four cascades for Ep � 2, 10, 20

and 40 keV and eight cascades for 5 keV, and the bars

represent the standard error. The e�ect on NF of in-

creasing Tirr is small but clear: the number of defects

produced decreases. A similar result holds for the e�ects

of temperature on cascades in Ni3Al [54], suggesting that

the reduction in NF with increasing Tirr does not depend

on the metal. This e�ect is believed to be due to the

increase in the lifetime of the thermal spike as Tirr in-

creases (see plots in [53,54]), which allows more defect

motion to take place before cooling and hence leads to

more interstitial±vacancy recombination. Another con-

tributory factor may be the reduction in the interstitial±

vacancy separation because cascades tend to have a

more compact form at higher temperature due to the

shorter length of focused collision sequences.

The simulations reviewed in Section 3 show that the

®nal number, NAS, of antisite defects created by cascades

in Ni3Al at 100 K greatly exceeds the number of va-

cancies and interstitial atoms. This result holds at all

temperatures and increasing Tirr actually enhances the

production of antisite defects, particularly in the higher

part of the temperature range [54].

The fraction, f cl
i , of SIAs formed in clusters of size

two or more during the cascade process was discussed as

a function of metal and PKA energy in Section 4.1. Data

obtained in [18,53] for cascades of between 5 and 40 keV

in a-Fe are plotted together as a function of the irradi-

ation temperature in Fig. 7. The points represent the

mean values and the bars indicate the standard error. An

increasing fraction of the decreasing population of in-

terstitials forms clusters as temperature increases. A

similar result is found for f cl
i in Ni3Al [54]. This en-

hancement of SIA clustering under increasing Tirr is

Fig. 6. Data for the number of Frenkel pairs produced per

cascade as a function of PKA energy and irradiation temper-

ature in a-iron [18,53].
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believed to be due to the more compact form of a cas-

cade and the longer lifetime of the thermal spike at the

higher temperature. These e�ects result in smaller sep-

aration and greater mobility of the SIAs in this phase of

cascade evolution.

It was noted in Section 4.2 that a signi®cant fraction

of the SIA clusters formed by cascades in a-Fe at 100 K

has a metastable, sessile form. The fraction of such

clusters is temperature dependent, however, as can be

seen by comparing the data for Tirr � 600 K with that

for 100 K in Fig. 4 [18]. The fraction of interstitials in

clusters increases between 100 and 600 K, but the frac-

tion of them in sessile clusters decreases, due to the

higher probability of a transformation from sessile to

glissile form in the thermal spike at the higher temper-

ature. Nevertheless, the sessile fraction is still signi®cant,

and it may be remarked that the largest cluster (of 18

interstitials) generated in all of the cascades represented

in Fig. 4 was sessile in form.

6. Discussion

The data presented in Section 2 for NF lead to one of

the key results to have emerged from MD simulations:

there are only slight di�erences between di�erent metals

in terms of the e�ciency of SIA and vacancy production

in cascades. It may be concluded that di�erences ob-

served in the response of metals to radiation damage in

¯uxes that create cascades arise in most cases from the

properties of defects that a�ect the evolution of micro-

structure after the primary damage state. The empirical

power law (Eq. (2)) relating NF to the PKA energy Ep

provides an excellent ®t to the data generated by a large

number of MD simulations of cascades in metals,

thereby suggesting that it has wide applicability,

irrespective of the crystal structure, over energy levels

from a few hundred eV up to several tens of keV. (As

noted in Section 2, however, Eq. (2) may no longer be

strictly valid at high energies where sub-cascades form,

because the defect number is then simply the sum of NF

for lower energy events.)

Another clear result to have been established by MD

simulations of all metals is that SIA clusters form in the

cascade process itself. Although the average size of these

clusters is small ± about three SIAs per cluster for 40

keV cascades in a-Fe (Section 4.2) ± some individual

clusters are large, containing up to several tens of SIAs.

This is consistent with experimental evidence on average

size from di�use X-ray scattering [41] and the recent

identi®cation by transmission electron microscopy of

interstitial dislocation loops in ion-irradiated copper

[55].

In many of the MD simulations reported in the lit-

erature, the precise nature of the interstitial clusters has

not been determined. However, in the cases where it has,

many of the clusters are mobile and the recent MD

simulations provide considerable insight into the nature

of this mobility (Section 4.3). The ability to move arises

from the clustered crowdion form of these extended

defects. They have a form best described as small in-

terstitial dislocation loops with ÔperfectÕ Burgers vector b

equal to 1/2h11 0i in fcc, 1/2h111i and h100i in bcc and

1/3h11�20i in hcp. Although we have seen that their

mobility decreases with increasing size, it should be

noted that such perfect dislocation loops are intrinsically

glissile with regard to motion on their glide prism. In

contrast with this, if clusters form as faulted dislocation

loops, such as b � 1=3h111i in fcc, 1/2h110i in bcc and

1/2h10�10i or 1/2�0001� in hcp, they are intrinsically

sessile and cannot exhibit such motion. This essential

di�erence between di�erent clusters is summarised in

Table 1. The observation of faulted interstitial loops has

been reported in fcc metals and they have also been

studied by MD, e.g. [48,50], but we are not aware of

their observation in pure bcc metals, and in the hcp case

Table 1

The intrinsic glissile/sessile nature of defect clusters, both self-

interstitial and vacancy, that have dislocation character in

metals. A dislocation loop has a glide cylinder de®ned by the

surface that contains both b and the line, and is intrinsically

glissile on that surface if b is a lattice translation vector [56]

Bcc (e.g. a-Fe) b � 1=2h111i Glissile

b � h100i Glissile

Fcc (e.g. Cu) b � 1=2h110i Glissile

b � 1=3h111i Sessile

SFT (vac only) Sessile

Hcp (e.g. a-Zr) b � 1=3h11�20i Glissile

b � 1=2h10�10i Sessile

Other b Probably sessile

Fig. 7. Variation of the interstitial clustering fraction, f cl
i , as a

function of initial lattice temperature for cascades in a-iron

[18,53].
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they only form on the basal planes when c/a is large [57].

This discussion demonstrates that stacking fault energy

and crystal structure must be taken into account in as-

sessing whether interstitial clusters are likely to be mo-

bile or not.

It was shown in Section 4.2 (Fig. 4) that a signi®cant

fraction of the primary interstitial clusters created in

cascade simulations of a-iron is found to have a sessile

form, even at high irradiation temperature. These im-

mobile defects do not have the intrinsically sessile nature

of imperfect dislocations, but, were they to persist over

long time-scales, could have important consequences for

damage evolution. Their stability has therefore been

investigated [45] by annealing a representative selection

of them individually in an MD block for long periods

(>1 ns) in order to study the temperature-dependence of

their lifetime before transformation to the more stable,

glissile form of h111i crowdions. The lifetime, s, of

sessile clusters consisting of two, four or 13 SIAs is

plotted against the reciprocal of the annealing temper-

ature in Fig. 8. These defects transformed in well under

1 ns at temperatures in the range 500±900 K, with an ac-

tivation energy for the transformation (given by the

gradient of the line drawn on the plot) of about 0.35±

0.55 eV. This implies that they should mainly a�ect the

annealing of cascades rather than microstructure evo-

lution in the long term. However, an eight-interstitial

cluster based on the defect shown in Fig. 5(b) did not

transform in the 1 ns simulations, even at 1500 K [45]. In

view of this, the stability of this defect is currently under

investigation using di�erent interatomic potentials.

Although the lifetime of most sessile SIA clusters

may be short, they can interact with glissile clusters

formed in the same cascade. In fact, simulations re-

ported in [45] provide an example where such an inter-

action leads to a change in the glide direction, i.e. b, of a

moving cluster. E�ects such as this may o�er a way for

SIA clusters which glide one-dimensionally to change

the direction of their motion.

One ®nal point needs to be made before closing the

discussion on SIA clusters. The data presented in Fig. 3

of Section 4.1 for the clustered fraction, f cl
i , were derived

for a minimum cluster size of two interstitials. However,

this disguises the sensitivity of the relationship between

f cl
i and Ep to this minimum size, because low-energy

cascades do not produce large clusters (see Fig. 2). This

e�ect may have important consequences 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-dimensionally (Section 4.3), and this

controls the kinetics of their interaction with other

components of the microstructure [40]. To illustrate the

in¯uence of PKA energy on the fraction of SIAs in

three- or one-dimensional clusters, we present in Fig. 9

values for f cl
i versus Ep in copper and iron at 100 K for

the cases where the minimum cluster size is either two,

three or four SIAs. (The data were extracted from the

data sets generated by the cascade modelling reported in

[15,18].) The proportion of primary SIA clusters that

glide in one direction only is predicted to be smaller in

iron than copper, and it can be seen that f cl
i is very

sensitive to the choice of minimum cluster size in the

lower part of the energy spectrum in copper. These data

demonstrate the way in which atomic-scale modelling is

able to provide detailed information for use in models of

damage evolution.

In the context of a discussion of defect mobility, it

should also be noted that vacancy clusters that have the

form of dislocation loops with a perfect Burgers vector

are also intrinsically glissile, as summarised in Table 1.

In a clear demonstration of this, it has been found re-

cently by MD simulation that the mobility of perfect

vacancy loops with b � 1=2h110i and 1=2h111i in Cu

and a-Fe, respectively, is only slightly lower than that of

clusters of the same number of interstitial crowdions

[58]. This result is illustrated by the data for the jump

frequency of vacancy and SIA loops as a function of

temperature in Fe in Fig. 10. Hence, the motion of

perfect vacancy loops should not be neglected in the

modelling of damage evolution, irrespective of the

crystal structure. If, on the other hand, collapsed va-

cancy clusters have a partial Burgers vector or form

stacking fault tetrahedra, they are intrinsically sessile

(Table 1). Also, if vacancy clusters do not collapse to a

dislocation structure, as seen most commonly in MD

simulations of cascades, they cannot move by glide, only

by di�usion of individual members of the cluster.

In relation to the last point, we have not addressed in

any detail the clustering of vacancies in cascades, though

the form and stability of the vacancy component are

important elements in damage evolution. Clusters of
Fig. 8. The lifetime of several di�erent metastable SIA clusters

in a-iron as a function of annealing temperature [45].
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vacancies do occur within the core of cascades, as seen in

the data for iron and zirconium in Fig. 2. The extent of

vacancy clustering, like that of interstitials, varies from

metal to metal, and larger vacancy clusters are formed in

the hcp metal a-Zr than in bcc Fe at the same cascade

energy. However, it is not clear to what extent this de-

pends on the crystal structure, as opposed to atomic

mass.

One issue of concern for MD modelling of displace-

ment cascades is that the vacancy clusters observed in

most simulations are not collapsed into forms with dis-

location character, despite the fact that vacancy dislo-

cation loops and stacking fault tetrahedra a few nm in

size are formed by cascades in many metals and are

readily observed by transmission electron microscopy of

thin, ion-irradiated foils [59,60]. As discussed in [3,61],

there is evidence from MD modelling of cascades near a

surface that the mechanism involved in the formation of

some collapsed vacancy clusters in ion-irradiated thin

foils may not apply to conditions in the bulk, but this

cannot account for all the loops and tetrahedra ob-

served. This raises the question as to whether the short-

range, many-body interatomic potentials used for the

vast majority of cascade simulations provide a suitable

framework for describing atomic behaviour when a su-

per-saturation of vacancies exists. There has been little

progress in this area since [3], although very recent

simulations [50,58,62,63] of vacancy clusters in both

copper and iron using short-range, equilibrium poten-

tials of many-body form and long-range, non-equilibri-

um pair potentials have shown that some of the

properties of these clusters are sensitive to the nature of

the interatomic potential.

The development of potentials that would o�er an

improvement for all aspects of cascade and defect sim-

ulation in metals is undoubtedly a topic for future re-

search. The many-body interatomic potentials used in

the cascade simulations reviewed here are suitable for

the scale of modelling required, i.e. MD cells containing

�104±106 atoms and times of typically tens of ps, but

impose isotropy, i.e. absence of directionality, in the

atomic bonds. It is not known to what extent a more

accurate description of interatomic forces for, say, the

transition metals would a�ect the production of defects

by the cascade process. Most probably, the ballistic

phase and the early part of the thermal-spike phase

would not be in¯uenced to any signi®cant extent, but

angular forces could a�ect defect behaviour later on. It

seems unlikely that they would seriously alter the general

Fig. 9. The fraction, f cl
i , of SIAs that survive in clusters of two or more, three or more, and four or more in: (a) copper and (b) a-iron

at 100 K.

Fig. 10. Jump frequency of the centre of mass of clusters

consisting of either 37h110i crowdions or 37 vacancies in a-iron

at di�erent temperatures [58].
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trends for NF and f cl
i discussed here, but they could

in¯uence SIA mobility and clustering. This could come

about, for instance, if the single h110i-dumbbell inter-

stitial in the bcc metals does not actually adopt the

h111i crowdion form when in clusters of two or more,

which is the con®guration found with the potentials

currently in use.
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