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Abstract

Molecular dynamics (MD) modelling has been employed to investigate the effect of lattice temperature on the
production of vacancies and interstitials in the primary damage process of displacement cascades with energy up to 20
keV in a-zirconium. The final number of Frenkel pairs decreases with increasing temperature due to the increase in
lifetime of the thermal spike at high temperature. The production efficiency behaves in a similar fashion to that sim-
ulated at 100 K, but it is reduced further and saturates at about 20% over the energy range considered at 600 K. The
number and size of clusters, both vacancy and interstitial, are increased by increasing PKA energy, and the fraction of
interstitials in clusters also increases with increasing lattice temperature. The interstitial clusters can glide back and
forth by one-dimensional migration along the crowdion direction at 100 K, but small clusters of less than four SIAs can
change their glide direction on and off basal-planes at 600 K. It is also observed that single interstitials and some small
clusters can migrate along both (1120) and (2203) directions at 600 K. Clusters containing up to 25 interstitials and 24
vacancies were formed by 20 keV cascades at 600 K, and almost all of the clusters have the form of a dislocation loop
with Burgers vector 1/3(1120). It was found that the 25-interstitial cluster is glissile and dissociates on the basal and
prism-planes that form its glide cylinder. Collapse of the 24-vacancy cluster to a perfect vacancy dislocation loop was
found to occur in the primary damage process due to the longer lifetime of the thermal spike at higher temperature. The
results are discussed in terms of experimental data and compared with those simulated at 100 K. © 2001 Published by
Elsevier Science B.V.

1. Introduction concerned mainly with metals and alloys of the cubic

crystal structure. HCP metals have received less atten-

Molecular dynamics (MD) computer modelling can
provide information on the number of defects created by
displacement cascades in metals and the clustering of
both interstitials and vacancies that occurs during the
lifetime of cascades [1-4]. Such knowledge is crucial for
the successful prediction and assessment of materials
performance in power reactor systems. A wide range of
metals has been simulated in recent years, but has been
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tion, although alpha-zirconium (o-Zr) is important be-
cause of its use in fuel cladding, calandria tubes and
pressure tubes in several current reactor systems [5,6].
One study of a-titanium [7] and two of a-zirconium [8§,9]
have been reported, but displacement cascades were
modelled only at 100 K, whereas the operating temper-
ature in real reactors is much higher, e.g. typically 300°C
in pressurised water reactors. It is therefore of interest to
extend the MD simulations to higher temperature to see
how defect production and clustering in the primary
damage state are affected by the ambient temperature. In
the present work, cascades of up to 20 keV in energy
have been simulated in a model of o-Zr at 600 K and the
results are compared with those from the earlier studies
for 100 K [8,9].
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The computational method used is summarised in
Section 2. In order to simulate constant temperature of
the bulk metal, a hybrid/MD model developed by Gao
et al. [10] was employed, where the temperature of the
boundary atoms is scaled based on the continuum de-
scription of the thermal conduction. The temperature
distribution in the core of cascades is analysed in Section
3, and defect production is described in Section 4. Data
on the clustering of interstitials and vacancies as a
function of temperature are presented in Section 5, and
the geometry of some large defect clusters is analysed in
Section 6. The results are discussed and compared with
experimental data in Section 7, and finally conclusions
are given.

2. Computational methods

The MD program was that used in previous work
[7,8]. Constant pressure and periodic boundary condi-
tions were employed. The many-body interatomic po-
tential for a-Zr derived by Ackland et al. [11] was used
for the simulations, but modified for displacement
damage modelling [8]. The point defect properties cal-
culated with this potential are in reasonable agreement
with other simulations, and the threshold displacement
energy, E4, computed by Wooding et al. [8] is close to
the experimental values. The same potential has been
used to simulate displacement cascades for primary-
knock-on atom (PKA) energy, E,, up to 20 keV at 100 K
[9].

In order to treat the heat dissipation from a cascade
into the surrounding material, the MD code was
adapted using a model developed by Gao et al. [10] in
which the MD crystal is embedded in a large continuum
block. The continuum and MD iterations run in parallel,
but at each time-step the velocity of atoms in the
boundary region of the MD block is scaled so that the
temperature distribution in this region matches the so-
lution for that of the continuum supercells it coincides
with. The continuum is divided into cubic cells of linear
dimension «a, and the temperature in each one at time
(t + A¢) is obtained from that at ¢ by solving the equa-
tion of heat conduction in an anisotropic medium in a
discretised form [10]. The material properties enter
through the parameter A? = (pa®/x), where p is the
density and x the thermal conductivity. For the HCP
structure there are two k constants, corresponding to
conduction parallel and perpendicular to the [000 1]-
axis.

We have simulated uniaxial heat flow in an elongated
MD block to determine the thermal conductivities to be
used in the continuum approximation of the real atomic
system. For conductivity along the [000 1]-axis the
block size was 6ay x 4v/3ay x 158¢y (= 15168 atoms),

where ay and ¢y are the HCP lattice parameters, and
for heat flow parallel to the basal-plane it was 252a, %
4v/3ay x 4cy (= 12096 atoms). Periodic boundary con-
ditions were imposed in all three directions. After the
crystal was equilibrated at 100 K for 5 ps, an approxi-
mate Gaussian profile of temperature was introduced
into the central region of the crystal via the atomic ve-
locities, and then the block was equilibrated for a further
3 ps to establish the phonon modes. At this time, the
block was notionally divided into supercells of size
6ay x 6ay x 6ay, each containing 360 atoms, and the
temperature in each supercell was calculated to give the
initial distribution of temperature for the continuum
model. The continuum and MD iterations were then run
in parallel for a period of 10-20 ps, and the value of A¢
was determined from the condition that the temperature
distribution calculated by the continuum model was
approximately the same as that simulated by MD. Good
agreement was found for A/ = 2.835 and 2.238 ps for
heat flow perpendicular and parallel to the [000 1]- (or
¢-) axis, respectively. The smaller value of A¢ for the
c-direction implies a higher value of x for the ionic
system. This reflects the fact that Cs; is bigger than Cy;.
These values for A compare with an average value of
0.315 ps using the experimental x and p values for me-
tallic zirconium. This order-of-magnitude difference is
expected because the electronic contribution to x is ne-
glected in the MD model. However, unless the coupling
between electrons and phonons is large, the electronic
contribution to coupling should be small over the life-
time of the thermal spike of a cascade.

To simulate a cascade, the MD model was first
equilibrated for at least 10 ps at the required irradiation
temperature, T, so that when the PKA event was ini-
tiated, the equilibrium phonon modes were already es-
tablished. A cascade was started by imparting a kinetic
energy E, to one atom, i.e. the PKA, following which the
crystal was allowed to evolve for at least 1000-2000
timesteps (~10-20 ps). The crystallographic directions
selected for the PKA were those used in the earlier
studies of titanium and zirconium [7-9]. The crystal size
was increased with increasing PKA energy so that
532,360 atoms were used for 20 keV cascades
(72ay % 41v/3ay x 45c¢)). Four to six simulations were
run at each E; in order to generate sufficient statistics to
indicate trends.

3. Temperature in the core of cascades

The analysis of temperature in the core of cascades,
particularly in the zone within which the effective tem-
perature exceeds the melting temperature, is useful for
understanding the dynamic behaviour of cascades cre-
ated at different temperature, and so we have analysed
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the temperature profile in the core of two cascades in
detail. The plots of Figs. 1(a) and (b) show the radial
temperature profiles at different times during the thermal
spike phase for a 20 keV cascade at each of the tem-
peratures T, = 100 and 600 K, where data for 100 K
has been obtained from the results of simulations in [9].
The temperature plotted is the mean value in spherical
shells of thickness either 0.232 or 0.267 nm for 100 and
600 K, respectively, which are centred on the ‘centre of
gravity’ of the displaced atoms at the time fye, defined
as the time near the end of the collision phase at which
the number of displaced atoms reaches a maximum. ( A
‘displaced’ atom at any instant is defined to be one
which does not lie within a distance of 0.32a, of a lattice
site.) In the early stage of the thermal spike, the core
region in both cascades attains a high effective temper-
ature well above the melting temperature (7, = 2120 K
for the present model) of o-Zr, but during the next few
picoseconds the core temperature decreases rapidly with
time and then gradually returns to the ambient tem-
perature. The maximum radius, Ry, of the spherical
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Fig. 1. The variation with time of the mean temperature in
spherical shells of thickness; (a) 0.232 nm for 100 K, and (b)
0.267 nm for 600 K as a function of radial distribution from the
cascade centre.
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Fig. 2. Data for Ry defined in the text as a function of time
for Ti;, = 100 and 600 K.

zone within the effective temperature exceeds 7, is
plotted as a function of time in Fig. 2. It can be seen that
this region is bigger by a factor of about 2 in size and 8
in volume for 600 K than for 100 K, and the time for it
to shrink to a given size is much longer. This demon-
strates that the thermal spike is likely to be more pro-
nounced at 600 K than at 100 K for the same PKA
energy. The extent of the difference is similar to that
found in a-Fe [10] and Ni; Al [12] using similar boundary
conditions.

4. Defect production

In simple terms, the defect distribution in the final
damage state of a cascade consists of the greater part of
the self-interstitial atoms (SIAs) around the outside of
the highly disordered core created in the thermal spike
and the vacancies within this region. The final defect
structure for typical cascades of 10-20 keV in a matrix at
600 K is plotted in Figs. 3(a) and (b), respectively. A
feature that is apparent from the defect arrangements in
Fig. 3 is that some large clusters of vacancies and of
interstitials can be formed for both 10 and 20 keV.
Simulations for iron [10] showed that the proportion of
defects in clusters in that metal increases with increasing
T, and a cursory assessment of the cascade damage
observed in the present work suggests that the same
effect occurs in zirconium.

Data for the final number of Frenkel pairs, Mg, at the
end of the cascade process in zirconium at 600 K are
plotted logarithmically as a function of energy in Fig. 4.
The line joining the points denotes the means, and the
bars indicate the standard error. Data obtained at 100 K
[9] are also included. The heat dissipation conditions
described in Section 2 were not applied in [9]: the MD
model was adiabatic. However, the simulations of tem-
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Fig. 3. Computer plots showing the final state of damage of; (a) a 10 keV cascade, and (b) a 20 keV cascade at 600 K, where white

spheres represent interstitials and dark spheres indicate vacancies.
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Fig. 4. Variation of Ng with E, at 100 and 600 K using loga-
rithmic scales, where the data points are the mean values over
all the cascades at each energy and the bars denote the standard
erTor.

perature effects in iron [10] demonstrated quantitatively
that the results investigated by MD without damping the
boundaries are acceptable so that the rise in temperature
associated with E,, is small. It is reasonable, therefore, to
compare the present results with those in [9]. Although
Nr increases with increasing energy, as expected, it de-
creases with increasing temperature at all energies con-
sidered here. This is due to the increase in the lifetime of
the thermal spike at high temperature (Fig. 2), which
results in more SIA-vacancy recombination before
cooling.

As reviewed elsewhere [3,4], the final number of de-
fects produced in cascades is an important parameter for
theories of radiation-damage evolution, and has long
been based on the NRT formula [13]

NnrT = O~8Edam/2Ed7 (1)

where Eq., is the energy of the primary recoil atom
dissipated elastically in collisions (= E, in our case)
and E, is the mean threshold displacement energy.
However, MD simulations have shown that the pro-
duction efficiency of Frenkel pairs is considerably
smaller than that predicted by the NRT standard. To
show this, we compare the values of Ng at 100 and 600
K with the NRT prediction by plotting Ng/NnrrT
against E, in Fig. 5. In the calculation of Nyrr, We
took E4 to be 40 eV, which is close to the spatial
means in the MD models [8] and the value specified in
the NRT standard (Standard E521-89, Annual Book
of ASTM Standards, ASTM, Philadephia, PA, USA).
It can be seen that Ng/Nyrr behaves in a similar
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Fig. 5. Variation of the ratio Ng/Nxrr with the primary recoil
energy E, for 100 and 600 K, where the data points are the
mean values over all the cascades and the bars denote the
standard deviation. E; was taken as 40 eV in calculating Nxgr-
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fashion to that reported for metals of other crystal
structures at 100 K. When the initial lattice tempera-
ture is increased to 600 K, the production efficiency
(relative to the NRT estimate) is reduced further and
saturates at about 20% over the energy range consid-
ered.

For all the metals simulated to date, including o-Zr,

it has been shown that Ng has a power-law dependence
on E, [2-4,7,9]:

Nr = A(Ey)", @)

where 4 and m lie in the ranges 4-8 (with E,, in keV) and
0.7-0.8, respectively. The value of m less than one re-
flects the decreasing efficiency of defect production as E,
increases. The new data for Zr reported here fit this re-
lationship well, as shown by the logarithmic plots in Fig.
4. The best-fit values of A are 4.57 and 3.61 keV™" at
100 and 600 K, respectively, and the corresponding
values of m are 0.741 and 0.757.

5. Defect clustering

The tendency of defects to cluster within their
parent cascade is important because it affects the way
they behave and contribute to microstructure evolution
[14]. Data for the final cluster distribution of intersti-
tial defects, averaged over all the cascades at 600 K,
are plotted in the form of histograms as a function of
the energy in Fig. 6, together with those at 100 K [9].
(We define an interstitial cluster such that within it,
every SIA has at least one nearest-neighbour SIA.) It is

100K

Number of Interstitials per Cascade

Fig. 6. Data for the number of single and clustered SIAs per
cascade as a function of cascade energy E, for 100 and 600 K.

The data were obtained by averaging over all cascades at each
energy.
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clear that the number and size of SIA clusters increase
with the energy, so that at 20 keV an appreciable
fraction of the SIAs are produced in cluster form, i.e.
125 out of 154 of the SIAs found on the average in the
cascades were in clusters of two or more interstitials.
The largest cluster at 600 K was 25 for 20 keV cas-
cades and 11 for 10 keV, which is very similar to the
size at 100 K.

The reduction in the number of single interstitials at
high temperature is clear from this plot, i.e. there is an
increase in the interstitial clustering fraction, £, de-
fined as the ratio of surviving interstitials that are
found in clusters of size two or larger to the total
number of interstitials produced in a cascade. This
parameter was calculated as a function of Tj, and E,
for a-Fe using the conventional MD model by Phy-
thian et al. [15] and the MD/continuum hybrid model
by Gao and Bacon [10]. For the present work, we have
gone further and determined f in zirconium for
clusters of minimum size 2, 3 or 4 SIAs. The results are
shown as a function of PKA energy for 600 K in Fig. 7,

1.0 T T

100 K

0.0 b ‘ :

0 5 10 15 20 25
(a) Ep (keV)
1.0
600 K
>2
>3
>4
00l - - ' -
0 5 10 15 20 25
(b) EP (keV)

Fig. 7. The fraction, £, of SIAs that survive in clusters of two

or more, three or more, and four or more for (a) 100 K and (b)
600 K.
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together with data extracted from the earlier simula-
tions at 100 K. The points represent the mean values
and the bars indicate the standard error. It is clear that
the interstitial clustering fraction increases steadily with
increasing E, for both temperatures, but £ for 600 K
is greater than that for 100 K over the whole energy
range considered. This trend is consistent with the re-
sults of simulations for o-Fe [10,15] and is believed to
be due to the larger lifetime of the thermal spike at the
higher temperature.

From Fig. 3 it is clear that small clusters of inter-
stitials have the form of parallel crowdions with their
axis along a (1120) direction, and large clusters are
akin to perfect dislocation loops with a Burgers vector
b = 1/3(1120) for both temperatures. In visualisations
of their behaviour in MD simulations, they can be seen
to glide back and forth by one-dimensional migration
along the crowdion direction. However, single inter-
stitials and small clusters of two or three interstitials
occasionally migrate along (2203) directions at 600 K,
the relative difficulty of these non-basal steps perhaps
reflecting the fact that the formation energy of the
basal (1120) crowdion and the (2203) pseudo-crow-
dion is 3.77 and 4.00 eV, respectively. Thus, small
clusters can change their glide direction on and off the
basal-planes and migrate three dimensionally at high
temperature. This is consistent with the MD study
using the same interatomic potential by Whiting and
Bacon [16], who investigated the migration of single
interstitials and small interstitial clusters in a-zirconium
at different temperatures (100-900 K) over much longer
times than those used here. The fraction of SIAs in
clusters of minimum size three and four is also plotted
as a function of PKA energy in Figs. 7(a) for 100 K
and (b) for 600 K. These plots reveal the importance of
the energy spectrum in determining the fraction of the
interstitials in clusters of a given minimum size, and
thus in determining the fraction of the clusters that are
able to migrate three dimensionally. The effect of the
increase in T, from 100 to 600 K is to suppress the
difference between the different cluster fractions for
E, > 10 keV.

Vacancy clusters can also form in the centre of cas-
cades. From a similar analysis to that for interstitials,
the final number and cluster distribution of vacancy
defects are plotted in the form of histograms as a
function of the primary recoil energy in Fig. §. Although
the number and size of vacancy clusters increases with
energy, the tendency for vacancy clustering is approxi-
mately the same for 100 and 600 K. The largest cluster
was 24 for 20 keV cascades and 15 for 10 keV at 600 K.
In a similar fashion to f¢, the vacancy clustering frac-
tion, f¢, is defined to be the fraction of surviving va-
cancies found in clusters of size two or larger, and is
shown as a function of PKA energy for 600 K in Fig. 9,
together with data extracted from the simulations at 100
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Fig. 8. Data for the number of single and clustered vacancies
per cascade as a function of cascade energy E, for 100 and 600
K. The data were obtained by averaging over all cascades at
each energy.
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Fig. 9. The fraction, f‘?l, of vacancies in clusters of size two or
more per cascade as a function of cascade energy E,, for 100 and
600 K. The data were obtained by averaging over all cascades at
each energy.

K. The points represent the mean values and the bars
indicate the standard error. The vacancy clustering
fraction increases steadily with increasing E, for both
temperatures and appears to saturate at about 0.5 for
E, =10 keV. Thus, although larger vacancy clusters are
found in the higher energy cascades, the fraction of
vacancies in clusters is approximately constant. Also, the
vacancy clustering fraction appears to be the same at
100 and 600 K. This is believed to be due to the fact that
the migration of vacancies and vacancy clusters does not
occur after the molten core has solidified, and so the
irradiation temperature does not have a significant in-
fluence on the vacancy clustering in the primary cascade
damage.
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6. Geometry of the large defect clusters
6.1. Interstitial clusters

In the earlier simulations of low energy (E, <5 keV)
cascades in both zirconium and titanium [7,8] at 100 K,
it was found that small clusters of interstitials in their
stable state consist of parallel crowdions in the basal-
plane with axis along one of the close-packed directions
(1120). They approximate to glissile dislocation loops
with Burgers vector b = 1/3(1120). Wooding et al. [9]
recently investigated high energy cascades (up to 20 keV)
at 100 K in Zr, and found that although most SIA
clusters had this form, the largest cluster, consisting of
25 interstitials, did not have a structure characteristic of
dislocations expected in the HCP lattice, and did not
achieve this stable state during annealing for 110 ps. It is
therefore of interest to consider the nature of the larger
clusters created in the present work.

In striking coincidence with the results for 100 K, the
largest cluster found in present work again consisted of
25 interstitials. It is shown near the top in Fig. 3(b). It
occupies sites in four adjacent basal-planes and, whereas
the cluster at 100 K was a metastable arrangement that
did not achieve the stable dislocation state, the 25-in-
terstitial defect at 600 K had established an identifiable
dislocation structure at the end of the thermal spike. To
demonstrate this, the MD block was quenched to 0 K,
and the atomic arrangement in either basal-plane or
prism-plane projections through the centre of the cluster
is plotted in Figs. 10(a) and (b). These plots show that
the dislocation core surrounding the cluster is extended
along the [1210] glide cylinder, as indicated by the
dislocation symbols which show where the difference in
displacement between atoms inside and outside the cyl-
inder is either b/4 or 3b/4. They indicate a tendency for
the core to dissociate on the basal-plane into two
Shockley partials bounding a ribbon of 7, fault (Fig.
10(a)) according to the reaction

l - 1. -

—[1210]==[11 ~[011

$[1210] = (1100 + 50110, ()
and to extend on the prism-plane (Fig. 10(b)) by the
reaction

| G - - 1 - -
—[1210]:8[121O]+g[1210]. (4)
However, in neither case is a true, stable stacking fault
formed. The difference in form for the clusters of the
same size at 100 and 600 K may reflect the importance of
temperature in allowing defects to attain their equilib-
rium state. In the present study, it is of interest to note
that the 25-interstitial cluster is mobile and can glide
back and forth along the [1210] direction during the
thermal spike phase.
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Fig. 10. (a) [1010] projections of the atomic positions in two
basal-planes, and (b) [00 0 1] projections of the atomic positions
in two prism-planes through the 25-interstitial cluster shown in
Fig. 3(b). The broken lines indicate the dissociation of the
cluster on the basal and prism-planes.

6.2. Vacancy clusters

In simulations of displacement cascades at 100 K [9],
none of the vacancy clusters formed dislocation loops by
cascade collapse. Since the lattice around the largest
cluster was considered to have the greatest chance of
collapsing to a dislocation configuration, the atomic
arrangement of a 30-vacancy cluster at the end of the
thermal spike was analysed and found to have a three-
dimensional, hybrid form consisting of a conventional
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prism-plane dislocation loop in its upper portion and a
(0001) stacking-fault at the bottom. Over the time of an
additional simulated anneal of 110 ps, it changed to
become a more-clearly defined faulted loop in the
(1100) prism-plane with a 1/2[1100] Burgers vector.
This is consistent with the crystallography of the ma-
jority of small vacancy loops observed by TEM in thin
foils of ion-irradiated HCP metals, including titanium
and zirconium [17]. Thus, it is of interest to consider the
nature of the largest cluster of 24 vacancies found in a 20
keV cascade and seen in the centre of Fig. 3(b).

The atomic positions in [0001] projection in two
adjacent basal-planes are plotted in Figs. 11(a) and (b),
where some near-neighbour bonds have been sketched
to attempt to provide an interpretation of the structure.
It can be seen that the six and five vacancies in Figs. 11(a)
and (b) have created a configuration consistent with
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Fig. 11. Projections of the atomic positions in two planes
through the 24-vacancy cluster shown in Fig. 3(b). The lines
sketched on the figures reveal the character of the vacancy
dislocation loop.

removal of part of a (1010)-plane and collapse of the
surrounding atoms into the hole. The projection shows
the standard vacancy dislocation loop form with a
partial Burgers vector b = 1/2[1010] as indicated. The
configuration in (b) exhibits some shear displacements
parallel to the loop-plane, corresponding to unfaulting
tob = 1/3[2110]. The collapse of the vacancy cluster to
a vacancy loop occurred during the thermal spike phase,
unlike that of the 30-vacancy cluster at 100 K. Again,
the reason is believed to be that the lifetime of the
thermal spike at 600 K is much longer than at 100 K,
thus increasing the chance of collapse.

7. Discussion

The purpose of the present simulations was to in-
vestigate the effect of lattice temperature on the defect
production and clustering in the primary damage pro-
cess associated with displacement cascades in a-Zr. The
emphasis was on the effects of the longer lifetime of the
thermal spike at high temperature. It has been shown
quantitatively in Figs. 1 and 2 how the size and lifetime
of the ‘molten’ zone is affected by the lattice tempera-
ture. As a result, the final number of Frenkel pairs
decreases as temperature increases, to a similar extent to
a-Fe [10], because the increasing lifetime of the thermal
spike allows more interstitials to recombine with va-
cancies. The data of Fig. 6 suggest that single interstitials
dominate the recombination. Furthermore, cascades at
high temperature are more compact because of a
shortening of focused collision sequences due to the in-
creasing amplitude of atomic vibrations, and this re-
duces the separation of interstitials and vacancies. The
size of interstitial clusters and the clustering fraction
increase with increasing temperature as shown in Figs. 6
and 7. It was found in [9] that the movement of small
interstitial clusters at 100 K is largely restricted to
(1120) paths in the basal-plane, and most of the large
interstitial clusters are glissile loops with perfect
1/3(1120) type Burgers vector. At 600 K, the large in-
terstitial clusters exhibit similar behaviour to those at
100 K, but the small clusters of less than four SIAs show
different migration paths. As described in Section 5,
small clusters can migrate along both (1120) and
(2203) directions at 600 K, and therefore change the
dimensionality of their motion. This may be important
in subsequent evolution of the microstructure because of
the different kinetics of their interaction with other
components of the microstructure [18]. Figs. 7(a) and (b)
also illustrate the influence of the PKA energy on the
fraction of SIA clusters of a given minimum size, and
hence on the fraction that exhibits three- or one-di-
mensional motion. For E, less than 5-10 keV, most of
the primary clusters are of size 2 or 3 and can migrate
three dimensionally, whereas at higher energy most are
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of size 4 or larger and are restricted to one-dimensional
motion. The increase in T, accentuates this effect be-
cause single interstitials and small clusters move to form
one-dimensional clusters in the longer thermal spike at
high temperature. The number and size of vacancy
clusters increases with the energy, but is similar for 100
and 600 K. Since the present study was concerned with
the primary damage state, the crystal was allowed to
evolve for only a few tens of ps, within which the mi-
gration of vacancies does not occur at the ambient
temperature. Vacancy clusters are mainly formed early
in the thermal spike phase and the ambient temperature
has no significant influence on the clustering, for the
probability of a vacancy jumping within a period of, say,
10 ps is effectively zero at 600K, whereas the jump fre-
quency of a self-interstitial is of the order of 0.5 ps~! at
the same temperature [16].

Despite the variability in cascade form and defect
production, the power-law dependence of the mean
value of Nr on E,, first found empirically in [2] from MD
data for cascades at low energy, holds for o-zirconium
for E, up to 20 keV for irradiation temperatures of 100
and 600 K. As a result, N in this metal is <25% of the
NRT estimate for cascade up to 20 keV at both tem-
peratures. In the present state of knowledge, it is not
possible to state what proportion of the Ng interstitials
actually leave the cascade region and become freely
migrating defects. This will depend upon the extent to
which intracascade SIA-vacancy recombination and
entrapment of migrating interstitial clusters actually
occur, and the simulation of this is beyond the MD
timescale. However, the fact that Ny is 25% of Nyrt and
the clustering fraction of SIAs is large (Fig. 7) suggests
that the number of freely migrating defects is less than
10% of the NRT value in zirconium.

Irrespective of the temperature, some interstitial
clusters do not have a simple structure and form meta-
stable configurations as decribed by Wooding et al. [7,8].
It is of interest to note that Gao et al. [19] found that
sessile, metastable clusters of interstitials are created in
MD simulations of cascades in o-iron at both 100 and
600 K. Their thermal stability was investigated, and
most transform to the glissile, stable state within a few
hundred ps at about 500 K, with an activation energy of
between 0.35 and 0.5 eV. This result and the present
observations suggest that metastable arrangements of
interstitial clusters can exist for a considerable time after
the cascade event in irradiated metals.

The largest interstitial cluster (25 interstitials) was
found to extend on the basal and prism-planes, and can
migrate along the [1210] glide cylinder. Osetsky et al.
[20] carried out extensive studies of the mobility of in-
terstitial clusters in fcc Cu, and found that the perfect
loops with the Burgers vetctor b = 1/2(110) containing
more than 64 interstitials dissociate on their glide prism.
This restricts their thermally-activated motion. Thus, it

would be interesting to investigate the behaviour and
mobility of the large interstitial clusters in hcp metals
and to compare them with those found in Cu.

Experiments on neutron-irradiated zirconium [21]
have shown that damage is a complex function of irra-
diation temperature and purity. For irradiation below
673 K, it consists of loops with Burgers vector of

= 1/3(1120), and for irradiation temperature between
673 and 773 K vacancy and interstitial loops with
b=1/3(1120) are the predominant defects, but
1/6(2023) vacancy loops and voids have been observed.
The interpretation of the microstructure developed
during irradiation in zirconium found that vacancy and
interstitial dislocation loops with Burgers vector
b = 1/3(1120) coexist during neutron and electron ir-
radiation [22,23]. The stability of large vacancy loops is
dependent on the temperature. They are unstable at
temperature above ~723 K because of vacancy thermal
emission and may not be produced at temperature below
~353 K. Between 573 and 723 K there are approxi-
mately equal numbers of both types in the centre of large
grains of annealed materials following neutron irradia-
tion. Vacancy loops with b = 1/6(2023) have been also
observed in zirconium and zirconium alloys following
neutron irradiation at 560 and 773 K. Their stability is
dependent to a large extent on the presence of solute
elements, which may have effects such as a lowering of
the stacking-fault energy or a change in the vibration
modes (and thus the cooling of the thermal spike) or the
formation of solute-defect complexes.

Although the PKA energy range for the present
simulations is below that used to create visible defects
in the experiments, the MD results presented here are
consistent qualitatively with general observations de-
scribed above. The interstitial clusters were found to be
predominantly prism-plane dislocation loops with
Burgers vector b= 1/3(1120) at both 100 and 600 K.
This is entirely consistent with the experimental find-
ings. Large vacancy clusters were observed in the MD
simulations for 100 and 600 K, but the number of
vacancy loops formed due to cascade collapse is small
because the PKA energy considered is too low in
comparison with ion energy used in experiments. At
100 K none of the vacancy clusters form vacancy loops
by cascade collapse, even for a 30-vacancy cluster, but
a 24-vacancy cluster was found to collapse to a va-
cancy loop on a {1010}-plane with b=1/2(1010)
during the thermal spike at 600 K. Again, this is con-
sistent with the experimental observations. The current
modelling of displacement cascades does provide a
quantitative description of defect production and
clustering in the primary damage state in zirconium,
and it would be of interest to extend it to higher energy
cascades.

The conclusion from the MD simulations that clus-
tering of both STAs and vacancies takes place in collision
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cascades in zirconium is also consistent with experi-
mental and computer studies of other metals. As dis-
cussed recently elsewhere, e.g. [14,18], the fact that the
proportion of the total defects retained in clusters and
their size distributions are different for the primary in-
terstitial and vacancy clusters, and that these differences
are temperature-dependent due to different thermal
stabilities, should be taken into account in the modelling
of radiation damage effects. The computer simulations
performed in this investigation have provided a quanti-
tative description of defect number and configuration in
the primary damage state and the dependence of these
features on cascade energy and irradiation temperature.
These MD results should aid in the understanding of the
experimental data for microstructural evolution and
property changes that occur during irradiation of o-Zr
and its alloys.

8. Conclusions

(a) An investigation using MD has been carried out
into the effect of lattice temperature on the production
of vacancies and interstitial atoms in the primary
damage process of displacement cascades with energy
up to 20 keV in a-zirconium. The effect of temperature
on the thermal spike has been studied quantitatively
and is believed to account for several of the effects
observed.

(b) The final number of interstitials and vacancies
decreases with increasing temperature for a given cas-
cade energy due to the increase in lifetime of the thermal
spike at high temperature. The decline in the production
efficiency (relative to the NRT estimate) with increasing
energy is similar to that found at 100 K, but it is reduced
further and saturates at about 20% over the energy
range considered.

(c) The power-law dependence of Nk on the energy,
E,, of the primary recoil atom Ny = A(E,)" is obeyed for
cascades in Zr at 100 and 600 K.

(d) The number and size of interstitial and vacancy
clusters increase with increasing energy. Clusters con-
taining up to 25 interstitials and 24 vacancies were
formed in zirconium by 20 keV cascades at 600 K. The
fraction of interstitials in clusters increases with in-
creasing temperature, as a result of the longer thermal
spike giving greater assistance to intracascade motion of
these defects and the enhanced loss of single interstitials
due to recombination.

(e) Most interstitial clusters have the form of a dis-
location loop with Burgers vector 1/3(1120) , and can
glide back and forth by one-dimensional migration
along the direction of the Burgers vector. The single
interstitials and small clusters of less than four SIAs can
occasionally migrate to another basal-plane at 600K.

This leads to the enhanced recombination referred to in
(b).

(f) The 25-interstitial cluster was also a perfect dis-
location loop and extended on the basal and prism-
planes that form its glide cylinder.

(g) Collapse of the 24-vacancy cluster to a vacancy
dislocation loop on the prism-plane was found to occur
during the thermal spike, in contrast to previous results
for a 30-vacancy cluster at 100 K. The chance of collapse
is increased by the longer lifetime of the thermal spike at
higher temperature.
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