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Abstract

Primary cascade damage production in iron has been extensively investigated by molecular dynamics, and the
average defect production as a function of cascade energy and temperature is well characterized. However, preliminary
results indicate several factors alter ‘normal’ cascade evolution, leading to quite different defect production behavior.
Further investigation of three such factors has been carried out: (1) primary knock-on atom (PKA) direction, (2) nearby
free surfaces, and (3) pre-existing effects. Results of the investigation confirm these factors significantly impact damage
production. Effects include: enhanced defect survival for PKA directions lying in close-packed {110} planes, increased
point defect clustering and larger defect clusters in cascades initiated near a surface, and reduced defect survival in
material containing defects. The origin and implications of these effects are discussed relative to the interpretation of
certain experimental observations and parameters used in other modeling studies.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

A detailed understanding of primary damage for-
mation in irradiated materials has been obtained
from molecular dynamics (MD) simulations of atomic
displacement cascades [1-10], with increased computa-
tional capability allowing the development of a statisti-
cally meaningful cascade database for iron [1,5]. Mean
values have been derived for the number of stable point
defects (interstitials and vacancies) created, the number
of defects that cluster during the cascade event, and the
size distribution of in-cascade defect clusters. Stable
defects are those remaining after in-cascade recombi-
nation is complete. The NRT number of displacements
[11,12] is often used as a normalizing factor for the MD
results; this convention is followed here.

Ongoing research indicates several factors can cause
cascade evolution (hence defect production) to deviate
from the average behavior. Three of these factors are:
PKA direction [3,13], presence of a nearby surface
[8,9,14], and pre-existing defects in the material [15,16].
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In some cases, simulations exhibited substantial differ-
ences from typical MD cascades that are carried out in
an atomic simulation cell containing perfectly crystalline
material. However, in other cases the results were
ambiguous, limited in their parameter range, or an
insufficient number of simulations were done to establish
statistical significance. The quantitative impact of any
cascade variable can only be determined by a systematic
study with ‘enough’ events to capture inherent statistical
variations [1,5]. The objective of the current investiga-
tion is to establish the degree to which these three factors
influence cascade evolution and defect formation by
carrying out additional simulations and extending the
range of the previous work to higher PKA energies and
temperatures.

2. Application of MD simulation method

The methods and models used are detailed in previ-
ous publications [1-5,13,14]. Briefly, the MD simula-
tions employed the code MOLDY [17] and a modified
version of the Finnis—Sinclair potential [3,18]. Periodic
boundary conditions were imposed on a constant pres-
sure ensemble of atoms, with the simulation cell size
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containing from 16000 atoms for the low-energy inves-
tigations of PKA direction effects, up to 250000 atoms
for the 10 and 20 keV simulations employed to evaluate
the impact of free surfaces and pre-existing damage. The
iron cascade database mentioned above served as the
basis for comparison with the new simulations [1,5].

3. Results of MD simulations

Only a brief summary of the new results can be in-
cluded here; additional details will be published else-
where.

3.1. Influence of PKA direction

A dramatic effect of PKA direction at low cascade
energies was reported previously [1,13]. In order to
avoid lattice effects such as channeling, MD cascade
simulations are typically carried out using a high index
PKA direction. For example, most of the simulations
discussed in Ref. [1] were generated using a [1 3 5] PKA
direction. A preliminary evaluation of PKA direction
effects using 1 keV cascades indicated that mean values
obtained with [135] PKA should be representative of
the average behavior at this energy [4]. However, anal-
ysis of 300 eV simulations found that stable defect
production was significantly increased for PKA direc-
tions lying in close-packed {110} planes. Some cascades
initiated using a [1 14] direction developed completely
within a single {110} plane. This planar channeling
resulted in increased separation of vacancies and inter-
stitials and therefore less in-cascade recombination.

This effect was not expected to persist for higher
PKA energies because the higher energy recoils would be
more likely to break out of the {110} plane. However, it
was surprisingly observed that increased defect survival
was detected at energies as high as 2 keV for [1 1 4] PKA
at 100 K. The ratio of defect survival using [1 14] to that
using [135] was 1.59, 1.12, 1.28, 1.15, and 0.995 for
cascade energies of 0.3, 0.5, 1.0, 2.0, and 5.0 keV,
respectively [13]. In order to obtain further information
on the potential for this phenomenon to influence defect
production, additional simulations have been carried
out at 600 and 900 K to see if increased atomic thermal
motion would act to minimize the planar channeling.

Some of the results of 600 and 900 K simulations are
shown in Fig. 1(a) and (b), respectively. This figure
compares stable defect formation as a function of energy
for the [114] and [13 5] PKA directions. The error bars
shown are the standard error of the mean. The error
bars are somewhat larger than for the 100 K results
[1,13] because the number of cascades at each condition
is smaller. However, it appears that there is no system-
atic deviation between the two PKA directions at either
temperature. Even at 300 eV, where the effect was

600K [114] PKA direction —s— ]
[135] PKA direction —+—

o
nk!
06 | ﬂ

05 %}

Surviving MD defects (per NRT)

04} % 1
03
[\ — L L L L L
0.30.5 1 2 3 4 5
(a) Cascade energy (keV)
09 900K, [114] PKA direction —s—
0.8

l@ { [135] PKA direction ——

7
LR

04

Surviving MD defects (per NRT)

03 b

(b) Cascade energy (keV)

Fig. 1. Energy dependence of the PKA direction effect on stable
point defect formation at (a) 600 and (b) 900 K.

strongest in 100 K cascades, the impact is small at 600
and 900 K.

3.2. Influence of free surfaces

The rationale for investigating the impact of free
surfaces on cascade evolution was described previously,
and results obtained from 10 keV cascades were pre-
sented [14]. The goal is understanding the reduced yield
of visible defects from MD cascades simulations com-
pared to thin foil ion irradiation experiments carried
out in a transmission electron microscope [19-21]. The
10 keV simulations exhibited a significant effect of the
free surface on both total stable defect production and
in-cascade clustering [14]. However, the largest vacancy
and interstitial clusters formed were too small to be
observed by TEM.

Additional simulations have been carried out using
20 keV PKA, an energy where point defect clustering is
increased and larger clusters have been observed in the
database. The new simulations employed the method
discussed in Ref. [14], with a free surface created by
removing five layers of atoms from one face of a 250 000
atom cell. Periodic boundary conditions are otherwise



1240 R.E. Stoller, S.G. Guiriec | Journal of Nuclear Materials 329-333 (2004) 1238-1242

0.5 T T T

04 E

Surviving MD defects per NRT

ol ] _

0.25 . . .
Bulk PKA Interstitial Vacancy
-- Surface PKA --

Fig. 2. Average stable defect production (per NRT) in 20 keV
cascades at 100 K for cascades initiated by a PKA near the
center (bulk) and at the free surface of the simulation cell.

imposed. Eight simulations were carried out at 100 K in
which all the PKAs were surface atoms. Several PKA
directions were used, with each of these directions
slightly more than 10° off the [0 0 1] surface normal. The
results of these simulations can be compared with 10
‘bulk’ cascades (PKA initiated near the simulation cell
center) conducted previously.

The number of surviving point defects (normalized to
NRT displacements) is shown in Fig. 2 for both bulk
and surface cascades, with error bars indicating the
standard error of the mean. The results are similar to
those observed at 10 keV. Stable interstitial production
in surface cascades is not significantly different than in
bulk cascades; the mean value was slightly higher for the
20 keV surface cascades, whereas it was slightly lower
for the 10 keV case. However, there is a substantial in-
crease in the number of stable vacancies produced, and
the change is clearly significant. The number of surviv-
ing interstitials and vacancies is no longer equal for
cascades initiated at the surface because interstitials can
be lost by sputtering or the diffusion of interstitials and
small glissile interstitial clusters to the surface. Reducing
the number of interstitials leads to a greater number of
vacancies surviving since less recombination can occur.

In-cascade clustering at 20 keV was also similar to
the 10 keV simulations, i.e. no significant change in
the fraction of interstitials in clusters (~ 0.18/NRT)
while the in-cascade vacancy fraction (based on a
fourth-nearest-neighbor criterion [4]) increased from
~ 0.06/NRT to 0.25/NRT. Moreover, the vacancy
cluster size distribution changed dramatically, with lar-
ger clusters produced at 20 keV. The size distributions
obtained from 20 keV bulk and surface cascades are
shown in Fig. 3. The largest vacancy cluster observed in
the bulk cascades contained only six vacancies, while the
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Fig. 3. Comparison of in-cascade vacancy cluster size distri-
bution in 20 keV, 100 K cascades initiated by a PKA near the
center (bulk) and at the free surface of the simulation cell.

surface cascades had clusters as large as 21 vacancies.
This latter size is near the limit of visibility in TEM, with
a diameter of almost 15 nm.

3.3. Influence of pre-existing damage

Cascade simulations were carried out at 10 keV and
100 K to expand the range of previous work carried out
using 1 keV simulations in copper [15] and 0.40, 2.0, and
5.0 keV simulations in iron [16]. A 10 keV cascade en-
ergy is high enough to initiate in-cascade clustering, is
near the plateau region of the defect survival curve, and
involves a limited degree of subcascade formation. For
these conditions, the database contains two independent
sets of cascades, 7 in a 128k atom cell and 8 in a 250k
atom cell that provide a basis of comparison. A cell size
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Fig. 4. Comparison of defect survival values for cascades in
perfect crystal and material with pre-existing defects.
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Table 1
Summary of defect production results from cascades with pre-existing damage
Survival fraction Standard Interstitial cluster Standard
(per NRT) error fraction (per NRT) error
Perfect crystal (128k and 250k atoms) 0.336 0.0137 0.170 0.0155
Defective crystal
30 i,v: cascade debris, with 1 di- and 0.260 0.0214 0.179 0.0119
1 7-interstitial cluster
30 i,v: cascade debris with 4 di-, 0.279 0.0258 0.110 0.0191
1 tri-, and 1 8-interstitial cluster;
6-vacancy void, 9-vacancy loop
30-vacancy void only 0.370 0.0288 0.190 0.0188

of 250k atoms was used for the cascade simulations with
pre-existing damage.

Three types of pre-existing damage were investigated.
The first was the as-quenched debris from a 10 keV
cascade in perfect crystal. A total of 30 vacancies and
interstitials were present, including one di-interstitial
and one 7-interstitial cluster. The second case was sim-
ilar, but the 30 vacancies included a 6-vacancy void and
a 9-vacancy loop, and the interstitial clusters included
four di-, one tri-, and one 8-interstitial cluster. The third
configuration contained only a single 30-vacancy void.
Eight simulations were carried out with different initial
PKAs and a (135) PKA direction. The same set of
PKAs was used for all three defect configurations.

The influence of pre-existing damage on stable defect
formation in 10 keV cascades is shown in Fig. 4, where
results from the three defect configurations are com-
pared with those obtained in perfect crystal. The varia-
tion between two sets of perfect crystal simulations is
provided for comparison. Both defect survival and
interstitial clustering results are summarized in Table 1.
As expected, substantial variation was observed between
the different simulations for any given pre-existing defect
configuration, but a significant reduction in the average
defect formation was observed for the two configura-
tions most typical of cascade debris. A slight increase
(that may not be statistically significant) in defect pro-
duction was observed when the cell contained only a
small void. Only the second defect configuration lead to
a significant change in interstitial clustering.

4. Discussion and conclusions

A fairly complete picture of displacement cascade
evolution in iron has been obtained through extensive
simulation studies. The work reported here illustrates
the impact of three cascade conditions that lead to
deviations from the average defect production behavior.
These are: PKA direction effects, the influence of free
surfaces, and the impact of pre-existing defects or cas-

cade debris. In each case, the results reported here ex-
tend the range of previous work by the current authors
and others.

A planar channeling effect was observed to influence
low energy cascades (up to 2 keV) at 100 K for PKA
directions that lie in the close-packed {110} planes in
bee iron. This phenomenon has now been investigated in
MD simulations up to 5 keV at temperatures up to 900
K. Although dramatic differences are observed between
cascades that exhibit planar channeling and ‘normal,’
more isotropic cascades, the overall effect of PKA
direction on average defect formation in any practical
sense appears to be limited within the range of cascade
parameters examined. The maximum energy where an
effect was seen at 100 K was 2 keV, and at 600 and 900 K
essentially no effect was observed for any PKA energy.

In the case of surface-influenced defect formation, a
sufficient number of 20 keV iron cascades were com-
pleted to statistically evaluate variations between these
and bulk cascades. Relative to cascades initiated far
from the free surface, stable vacancy defect production
increased for surface-influenced cascades, while the
number of surviving interstitials was nearly unchanged.
The difference between the number of surviving vacan-
cies and interstitials arises from sputtering and surface
absorption of mobile interstitial defects. The fraction of
vacancies contained in clusters increased substantially
for cascades initiated at the surface, and larger vacancy
clusters were formed. The impact on defect clustering
increases with cascade energy, with the largest vacancy
clusters from the 20 keV cascades approaching TEM
visibility. These results imply that cascade defect pro-
duction in bulk material is different from that observed
in situ using transmission electron microscopy.

Although the approach in this investigation of pre-
existing damage was slightly different, the results are
consistent with the previous studies by English and
coworkers [15] and Gao et al. [16]. They observed sub-
stantial reductions in defect production when a cascade
was initiated in material containing defects. The reduc-
tions in defect production observed in this study (Fig. 4
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and Table 1) are somewhat smaller. This difference may
partially be due to the higher cascade energy employed
here (10 keV vs. 0.4-5 keV); but the statistical nature of
cascade evolution is also a factor. Gao et al. analyzed
the results of several simulations as a function of dis-
tance between the center of mass (COM) of the new
cascade and that of the pre-existing damage. A good
correlation was found between this spacing and the
number of defects produced. In this work, the distance
between PKA location and the pre-existing damage was
nearly constant. Since the morphology of each cascade
was quite different, the COM spacings varied. The
average behavior for a fixed initial separation can not be
directly compared to Gao’s results. Because of the re-
duced defect survival observed in defective material,
these results and the earlier work suggest that it may be
appropriate to develop a fluence-dependent cascade
survival efficiency for use in kinetic radiation damage
models.
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