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Threshold displacement energies for atomic displacements along (110), (100), and (111)
directions, and formation enthalpies of several symmetric interstitial atom configurations
were calculated for NizAl by computer simulation using “embedded atom method”
potentials. The Ni-Ni (100) dumbbell in the plane containing only Ni atoms has the
lowest interstitial-atom enthalpy although the enthalpies of other configurations are
similar. Interstitial configurations involving Al atoms all have much higher enthalpies.
The anisotropy of the threshold energies in Ni;Al is similar to pure metals and no
significant difference in threshold energy was observed for (110) replacement chains in
rows containing all Ni atoms or alternating Ni—Al atoms. Various metastable interstitial
atom configurations were observed, including crowd-ions. In addition, the spontaneous
recombination volume for some configurations can be much smaller than in pure metals.
The consequences of these results for radiation induced segregation and amorphization

are discussed.

I. INTRODUCTION

Computer simulation has been found to be a pow-
erful method for investigating the mechanisms of de-
fect production™ and for calculating point defect
properties.’ Although these studies have been per-
formed mostly on pure metals, advances in computing
capabilities and the development of realistic, yet
tractable, interatomic potentials now make it possible
to study a number of alloy systems as well. We have
begun such studies and present here calculations of the
threshold energy for Frenkel pair production and the
formation enthalpy of interstitial-type defects in the or-
dered alloy, NizAl. Ni;Al is of interest for several rea-
sons. First, NizAl provides an interesting ordered
structure (L1,) for threshold energy investigations since
along some close packed directions (110) the atoms are
all Ni whereas along others, they are alternating Ni and
Al. The effect of the mass mismatch for the propagation
of RCSs is not known although it was considered briefly
by Vineyard and co-workers years ago.” Replacement
sequences along other close packed directions, (100),
contain pure Al and pure Ni chains. The point defect
properties in NizAl are also of interest since the high
ordering energy may influence point defect configura-
tions, the spontaneous recombination volume, and
point defect diffusion mechanisms. Finally, reliable
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“embedded atom method” (EAM) potentials are avail-
able for the Ni-Al system.® Vacancy properties in Ni;Al
were studied previously,® so we restrict our investiga-
tion here to the interstitial-atom properties. One of the
motivations for undertaking this investigation was the
finding that radiation-induced segregation’ in this alloy
is very small. This result is interesting, since radiation-
induced segregation has been observed in terminal-
phase (y) solutions of Ni-Al alloys,® suggesting that
atomic ordering plays an important role in segregation
effects. We will show that this is indeed the case.

il. RESULTS

Numerical simulations were made using code
pynN52,” with the input function for the Ni-Al alloys
reported in Ref. 5. A cubic cluster containing 11° ele-
mentary cells, or 5324 atoms, with fixed, periodic
boundary conditions is used for the displacement
events, while constant pressure is used for static
relaxations.

A. Interstitial atom formation enthalpies

We begin our investigation of the properties of
Ni;Al under irradiation with calculations of the forma-
tion enthalpies of interstitial type point defects. Vacancy
and anti-site defect enthalpies were reported in Ref. 6
but are included in our Table I for convenience. The
stacking of the L1, structure along the (100) direction is
ABAB. ., where A is a plane containing 50% of Ni and

© 1990 Materials Research Society 1409

Downloaded from https:/www.cambridge.org/core. University of Basel Library, on 11 Jul 2017 at 14:17:41, subject to the Cambridge Core terms of use, available at
https:/www.cambridge.org/core/terms. https://doi.org/10.1557/JMR.1990.1409


https:/www.cambridge.org/core/terms
https://doi.org/10.1557/JMR.1990.1409
https:/www.cambridge.org/core

A. Caro, M. Victoria, and R. S. Averback: Threshold displacement

TABLE 1. Formation energies and volumes of the relevant intrin-
sic point defects in NisAl.

Type of defect AE; (eV) AV; (Q0)
Al Vacancy 1.91 0.83
Ni Vacancy 1.47 0.96
Al Anti-site 0.54 0.35
Ni Anti-site 0.58 0.35
Dumbbell Ni-Ni (B) 3.63 0.67
Dumbbell Ni-Ni (A) 4.67 0.85
Dumbbell Al-Al (A) 6.22 1.38
Dumbbell Ni-Al* (B) 4.45 1.00
Dumbbell Ni-Al* (A) 6.21 1.59
Dumbbell Ni*-Al (A) 4.89 1.11
Octahedral Ni (A) 4.97 1.11
Octahedral Ni (B) 3.77 0.47
Octahedral Al (A) 6.53 1.53
Octahedral Al (B) 4.54 0.87
Crowd-ion Ni (A) 5.14 1.08
Crowd-ion Ni (B) 3.74 2.27
Crowd-ion Al (A) 6.19 1.85
Crowd-ion Al (B) 4.54 0.98

(A) and (B) indicate the type of plane where the defect atom or
atoms are located. The symbol (*) indicates the extra atom in the
dumbbell. Schematic representations of the defects are shown in
Figs. 1 and 2. Q¢ is the average atomic volume 1/4-a’.

50% of Al, and B contains 100% Ni. Besides the two
types of vacancies and the two types of anti-site defects
in this structure (the latter represented by “a” and “b”
in Fig. 1), several types of interstitials are possible. In
fact, there are six possible dumbbell configurations,
four octahedrals, and four proper crowd-ions. Since
some of them are relevant in the displacement events,
we have calculated their formation enthalpies.

1. Dumbbells

In the Al sublattice, an extra Al or Ni atom gener-
ates a dumbbell which has eight Ni atoms as nearest
neighbors (nn), independently of its orientation along
any one of the three major crystallographic axes. The
neighbor list is different in the Ni sublattice. A Ni atom
can belong to an A or to a B plane, depending on the
direction of stacking. An additional Al or Ni atom will
create a different defect, depending on whether the
dumbbell axis lies in an A or B plane. This asymmetry
is illustrated in Fig. 2, where it can be seen that the
Ni-Al (B) or Ni-Ni (B) dumbbells have eight atoms nn,
while the Ni-Al (A) or Ni-Ni (A) dumbbells have four
Ni and four Al atoms as nn. Due to the large difference
in atomic size between Ni and Al, these configurations
have quite different formation enthalpies. The intersti-
tial with lowest enthalpy is the Ni-Ni (B), whereas the
highest is the Al-Al (A).

The three possible configurations of an Al intersti-
tial [Figs. 1(c), 2(a), and 2(b)] are unstable with respect
to the formation of a Ni anti-site defect plus a Ni-Ni

‘b

a

FIG. 1. Schematic representation of the point defects in the L1,
structure. Large (small) circles represent Al (Ni) atoms. (a) Al-
anti-site; (b) Ni-anti-site; (¢) Al-Al interstitial; and (d) Ni*-Al
interstitial, with Ni the extra atom. Cases (c) and (d) are indepen-
dent of the orientation with respect to the cubic axis.

(B) interstitial; therefore an Al interstitial is immobile
since it converts into an anti-site defect. For the three
possible configurations of a Ni interstitial, that in the
Al sublattice is the most energetic. This, and the Ni-
Ni (A), will convert into the Ni-Ni (B). We point out
that since interstitial migration involves rotation of the
dumbbell axis, the Ni-Ni (100) interstitial can perform
three-dimensional migration without changing its nature
(that is, the dumbbell axis can remain on a B plane).
The Ni-Ni (B), therefore, appears to be the only mobile
species in this structure.

2. Octahedrals

Two types of octahedrals are possible. In one case,
(A), the interstitial site is contained in the intersection
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FIG. 2. Schematic representation of the Ni-Al* interstitial with Al the extra atom. (a) (A) plane; in this case four Ni and four Al atoms are
nn to the interstitial. (b) (B) plane; in this case eight Ni atoms are nn. Ni-Ni interstitials are similar.

of two A and one B plane. In the other, (B), it is con-
tained in the intersection of three B planes. When
these sites are occupied by Al or Ni atoms, four cases
appear. As expected from simple size arguments, the
Ni (B) has the lowest formation enthalpy among the
octahedrals.

3. Crowd-ions

Four crowd-ion configurations in the L1, structure
are determined by whether the defect axis is contained
in the A or B plane and on the identity of the extra
atom. These “proper” crowd-ions are not the ones
which appear in the displacement events shown in the
next section. There, the crowd-ions are located at the

end of replacement collision sequences, RCSs, and are
composed of linear arrays of anti-site defects plus an
extra atom. These are complex defects which cannot be
classified into any one of the four proper categories.

As usual, the differences in enthalpy between cor-
responding dumbbell, octahedral, and crowd-ion con-
figurations are small, typically 0.1 to 0.2 eV. Dumbbells,
however, are favored.

B. Displacement energies

For each crystallographic direction, replacement
collision sequences can propagate along two nonequiva-
lent rows of atoms. The (110) RCS can be contained in
an A or B plane. In the first case, Ni atoms collide with

J. Mater. Res., Vol. 5, No. 7, Jul 1990 1411

Downloaded from https:/www.cambridge.org/core. University of Basel Library, on 11 Jul 2017 at 14:17:41, subject to the Cambridge Core terms of use, available at
https:/www.cambridge.org/core/terms. https://doi.org/10.1557/JMR.1990.1409


https:/www.cambridge.org/core/terms
https://doi.org/10.1557/JMR.1990.1409
https:/www.cambridge.org/core

A. Caro, M. Victoria, and R. S. Averback: Threshold displacement

Al atoms and vice versa; in the second case, only Ni
atoms participate. Replacements in the (100) direction
can propagate on either A or B planes, but they contain
only a single type of atom, Al atoms if they cross the
center of the cubic cell, and Ni atoms if they cross the
center of a cube face.

We have analyzed several possibilities. First we
tested the adequacy of the EAM potentials to describe
the threshold energy. Table II shows the results of those
simulations. The behavior of (110) RCSs in an A plane is
similar for Al and Ni primary knock-on atoms (PKAs):
the threshold energy is between 20 and 30 V. It is note-
worthy that the empirical functions used in the EAM
are not adjusted to threshold energies; therefore, the
correct values are to be considered as a somewhat for-
tuitous coincidence.”’ We find that the displacement en-
ergy in the (110) directions on B planes is about the
same as on A planes, even though these events involve
only Ni atoms, indicating that the mass mismatch for
RCSs along (110) B planes is not an important factor in
replacement sequences in this case.

A striking result of these simulations, and which
differentiates defect production in pure metals from
that in NizAl, is the prediction of crowd-ion formation
at the end of the RCSs along (110) A planes. For
B planes, the usual (100) dumbbell is obtained. The
complex crowd-ions found here contain lines of anti-
site defects. The crowd-ion is not the lowest energy de-

TABLE II. Results of the dynamic simulations of low energy colli-
sion events.

PKA  Direction Energy (V) Type of defect RCS
Al (110)’ (A) 50 Crowd-ion 15
Ni {110)" (A) 50 Crowd-ion 15
Al (110}f (A) 30 Crowd-ion 5
Ni (110)' (A) 30 Crowd-ion 5
Al (110)" (A) 20 No defect 0
Ni 110y’ (A) 20 No defect 0
Ni (110)° (A) 35 No defect 0
Ni 110)° (A) 50 Crowd-ion 13
Ni (110)° (B) 20 No defect 0
Ni {(110)° (B) 25 No defect 0
Ni (110)° (B) 30 Dumbbell Ni-Ni (B) 6
Al (100)° (A) 50 Octahedral Al (B) 1
Ni (100)° (B) 50 Dumbbell Ni-Ni (B) 3
Ni (100)° (A) 50 Crowd-ion Ni (A) 2
Al 11n° 200 Octahedral Al (B) 1
Al (111y° 100 No defect 0
Ni {111)° 50 2-ring exchange 0

(2 anti-site defects)

First column indicates the PKA. Second column shows the direc-
tion of the PKA. These are always a few degrees off the crystal-
lographic directions. “i” and “0” indicate if this direction is
contained in the z = 0 plane (i), or not (0). Types of defects and

number of replacements along a RCS are also indicated.

fect in this structure, but apparently a high energy
barrier prevents direct conversion into a dumbbell. This
behavior is not seen for (110) RCSs on B planes. We
performed an annealing at 600 K on one of the crowd-
ion configurations to check whether it recovers by one-
dimensional migration along the anti-site defect trail to
its vacancy, or by converting into a dumbbell and then
migrating 3-dimensionally. At that temperature, the de-
fect converted into a dumbbell in less than 1 ps and
without migration.

We have also simulated displacements along the
three nonequivalent (100} chains at 50 €V. The result for
Al as the PKA is a vacancy at the PKA site, a perfect
replacement in the Al site located at (1,0,0)ao, and an
octahedral Al interstitial in (,1,3)ao. The octahedral
defect, Al (B), with enthalpy 4.54 €V, is energetically
favored over all other Al interstitial positions in an
A plane. However, in the perfect lattice, the enthalpy
of this configuration is 0.09 eV higher than that of
Ni-Al* (B) (see Table I). Whether a barrier prevents
this conversion, or whether its interaction with its own
vacancy (which is located between the 5th and 6th
neighboring shell) inverts the relative enthalpies, has not
yet been determined. The close proximity of interstitial
and vacancy, however, illustrates that spontaneous re-
combination volumes in NisAl can be much smaller
than in pure metals.

For Ni as the PKA in a (100) event in the A plane,
the extra Ni atom adopts the proper crowd-ion Ni (A)
configuration with 5.14 €V, instead of the dumbbell Ni—
Ni (A) with 4.67 €V. This again can be due either to an
interaction with the vacancy or a barrier to rotation.
The Ni (100) PKA event in the B plane shows normal
behavior, three replacements terminating with a (100)
(B) dumbbell,

The (111) direction is extremely hard for defect pro-
duction in Ni;Al, perhaps even harder than for pure fcc
metals. The threshold energy for events along Al chains
is found between 100 and 200 eV with one replacement
along the cube diagonal and an octahedral Al (B) inter-
stitial. For the (111) containing Ni atoms, a 50 eV event
produced a two-ring exchange with the production of
two anti-site defects; i.e., the PKA Ni acquired a nn Al
site and this Al atom took the original PKA Ni site; no
Frenkel pairs, however, were produced.

Ill. CONCLUSIONS

The results of these initial studies of defect produc-
tion and defect properties in NisAl help to elucidate
radiation effects in intermetallic compounds. We first
note that defect production in Ni3;Al has distinct differ-
ences from that in pure fcc metals. First, the crowd-ion,
rather than the (100) dumbbell, is produced in low en-
ergy events along some (110) events. Moreover, other
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configurations of interstitials also seem possible. Until
the entire threshold surface is mapped out, however,
the relative fraction of each of the configurations in an
irradiation experiment cannot be predicted. The simu-
lations also show that the spontaneous recombination
volume for some defect configurations in this structure
can be much smaller than in pure metals. This may
have important implications for radiation-induced
amorphization of intermetallic compounds, since each
Frenkel pair makes a large contribution to the total en-
thalpy of the crystalline phase. Lastly, we note that the
mass mismatch in the (110) direction (A planes) has
only minor influence, if any, on the length of RCS
chains, although the plane containing the (110 replace-
ment chain does influence the defect configuration at
the end of the chain.

The current simulations of defect enthalpies, to-
gether with those for vacancies reported by Foiles,
provide a reasonable explanation for the lack of segre-
gation in NizAl. It was shown that the interstitial with
lowest enthalpy is the Ni-Ni (B) dumbbell and that
other possibilities would energetically convert to this
defect even when it requires the creation of an anti-site
defect. Since the Ni—Ni (B) interstitial can migrate on
the Ni sublattice in three dimensions, it is the only mo-
bile interstitial atom. Similarly, a vacancy can migrate
on the Ni sublattice whereas a vacancy on the Al sublat-
tice must switch sublattices and create anti-site defects,
which is energetically unfavorable. Thus, most defect
motion is restricted to Ni-Ni dumbbells and vacancies
migrating on the Ni sublattice. This constrained motion
of defects cannot lead to segregation.
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