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ABSTRACT

The energies and configurations of interstitials and vacancies in the B2 ordered
compounds NTTi and FeTi were calculated using atomistic simulation. The stable
configuration of a vacancy after the removal of an NKatom was a vacant Ni site; simi-
larly, the removal of an Fe atom in FeTi resulted in a vacant Fe site, Removal of a Ti
atom in both compounds, however, resulted in a vacant Ni or Fe site and an adjacent
antisite defect. The effective vacancy formation energies in N_Ti and FeTi were calcu-
lated to be 1.48 and 1.07 eV, respectively. Interstitials in NiTi formed split <111>
configurations consisting of a Ni-Ni dumbbell oriented in the <111> direction with
one or two adjacent antisite defects. The Fe interstitial in FeTi had a similar
configuration, except the dumbbell contained Fe atoms. The Ti interstitial in FeTi
formed an <110> Fe-Fe dumbbell.

INTRODUCTION

A recent computer simulation study of the crystalline-to-amorphous (C-A) transi-

tion of CumTin compounds under electron irradiation indicated that point defects were
a critical factor in the transition [1,2]. In an accompanying stud)' of point defects in
CuTi and CuTi 2, ii was found that the stable interstitial configurations consist of Cu
atoms in a split <111> interstitial, surrounded by one or more antisite defects [3].
From the observation that these configurations were rather complicated, it was
presumed that interstitials in the compounds were less mobile than their pure metal
counterparts. This could explain how point defect concentrations can increase
sufficiently during electron irradiation to induce amorphization [3].

The purpose of the present work was to calculate the point-defect properties of
N]Ti and FeTi. These properties are compared with those calculated for the CumTin
compounds, and the implications regarding amorphization are discussed. ]n computer
simulation studies of the amorphization of NiTi and FeTi, it has found that point-

" defect introduction is necessary to trigger the C-A transition [4,5]. The findings for
FeTi were similar to those for the CumTin compounds; the chemically-disordered state
had a lower energy than the amorphous state [4]. In NiTi, however, chemical disorder
alone was capable of storing enough energy to favor the transition, although, us in the
other compounds, the transition was not observed without point defect introduction [5]. _"
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METHOD
C_

The computational methods employed in the present work were molecular statics,
molecular dynamics and Monte Carlo, using a modified version of the code _A
DYNAMO [6]. The simulations used a fixed cubic volume containing AT- 1.024 atoms

and having periodic boundaries. .<

_"To whom correspondenceshould be addressed.



The interatomic potential functions were determined using a modification of the
method of Oh and Johnson [7]. The potentials for pure Fe, Ni and Ti were fitted to
the b_nding energy, lattice constants, elastic constants and vacancy formation energy of
the pure elements. The potentials for F e-Ti and lX_-Ti were then fitted to the structure,
lattice constants and heat of formation of the compound. The fitting procedure was
identical to that described in [2]; the details for NITi and FeTi are discussed else-

[51.
All of the defect properties were calculated using molecular statics, i.e., by minim,

izlng the energy of various trial configurations. As is the case in pure metals, the
minimum-energy configurations of interstitials were more difScult to determine than
those of vacancies. In compounds, this is also complicated by the fact that these
configurations may contain one or more antisite defects [3]. To allow these antisite
defects to form, the systems were heated to 500-700I( in Monte Carlo runs, and atoms
of different types were allowed to switch positions.

VACANCY PROPERTIES

The energy of the 1024-atom perfect lattices were calculated to be U0 = -5120.861
and -5008.453 eV in NiTi and FeTi, respectively. The simplest defect in a substitu-
tional alloy is an antisite defect, where an atom is on a lattice site but is of the wrong
type. The calculated energies of these systems are given in Table 1. The formation
energy of an antisite pair was calculated to be 1.015 and 0.726 e\ r in NITi and FeTi,
respectively.

For the purpose of discussion, let us consider a B2 compound consisting of X and
Y atoms. The B2 structure is a bcc lattice with an X atom in the center of the unit cell
and Y atoms at the corners. An X vacancy is created by removing un X atom; let us

define a type-A configuration for an X vacancy as simply a vacant X site. A type-B
configuration is created when an adjacent Y atom moves into the vacant X site, and
thus consists of a vacant Y site and an antisite defect at, a first-nearest-neighbor X site.
For a Y vacancy, of course, one interchanges X and Y in these definitions.

In INITi, the lowest energy configuration of the Ni vacancy was found to be type-A;
the energy of this and other stable configurations are listed in Table 1. Tlte lowest-
energy configuration of the Ti vacancy, however, was found to be type-B. The
difference in energy between the type-A and type-B configurations was found to be
0.205 eV; the migra.tion barrier from type-A to type-B was calculated to be 0.134 eV.
The antisite defect and vacant Ni site in the type-B configuration were found to be
weakly bound with a binding energy of 0.094 e\_.

The vacancy configurations in FeTi were found to be essentially identical to those
in NiTi. The stable Fe vacancy was found to have a type-A configuration. The stable
Ti vr cancy configuration was type-B, with an energy difference of 1.028 eV between the
type-A and type-B configuration. The migration energy barrier from the type-A *o the
type-B configuration was calculated to be 0.341 eV. As with the Ti vacancy in NiTi,
the vacant Fe site and the antisite defect in the type-B configuration were found to be 7
weakly bound with a binding energy of 0.055 eV.

The formation energies of defects are more difficult calculate in compounds than _
they are in pure systems, because the removal or addition of an atom changes the _
stoichiometry. Foiles and Daw [8], however, proposed a method which was used here to :
calculate the vacancy concentrations over a wide range of temperatures. If the concen-
trations have an Arrhenius behavior, effective formation energies may be calculated [3]. _1
Such was the case, and the effective vacancy formation energy was calculated to be 1.48
and 1.07 eV in NiTi and FeTi, respectively.
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Table 1. Stable Defect Configuration Energies.
- Energies are with respect to a 1024-atom perfect lattice.

E' = u - u0
Number

System of Atoms NiTi FeTi

Ni or Fe on Ti site 1024 0.762 0.491
Ti on Ni or Fe site 1024 0.253 0.235

Ni or Fe Vacancy 1023 6.356 5.900
Ti Vacancy 1023 7.024 6.336
Ni or Fe Interstitial 1025 -2.395 -1.558
Ti Interstitial 1025 -2.602 -1.945

The migration of an Ni and Fe vacancy consists of a six-jump ring mecharrism,
translating the vacant Ni or Fe site to another Ni or Fe site at a second-nearest neigh-
bor location. The migration energies through this mechanism were calculated to be
1.272 and 1.738 eV in NiTi and FeTi, respectively. These values are relatively large
compared to typical vacancy mig-ation energies in pure metals because the intermediate
configurations contain antisite d_.fects and/or a vacant Ti site.

INTERSTITIAL PROPERTIES

Interstitials in NiTi and FeTi were found to occur in one of two possible
configurations. The first was found to be the lowest energy configuration of the N7 and
Ti interstitials in NiTi (differing only in the number of neighboring antisite defects),
and the Fe interstitial in FeTi. This configuration consisted of an R_-]Xrior Fe-Fe
dumbbell, oriented in the <111> direction and centered on a Ti site, which had one or
two adjacent antisite defects (TJ atoms on Ni or Fe sites). We term this configuration
a <111> split interstitial, as there was found to be considerable displacement of atoms
along the < 111 > direction.

The Ti interstitial in FeTi was found to be most stable in the second interstitial

configuration, which was similar to the first except that the Fe-Fe dumbbell was
oriented along a <110> direction. The displacement of nearby atoms was also consid-
erably less in this configuration. Two antisite defects (Ti atoms on Fe sites) were adja-
cent to the dumbbell.

DISCUSSION

A summary of the calculated defect properties of NiTi, FeTi, CuTi and CuTi 2 is
given in Table 2. NiTi has the largest antisite-pair energy--more than 0.6 eV higher
than the correponding values in CuTi and CuTi 2. This explains the why chemical
dis_ordering can store a large amount of energy in NiTi as was found in the study of the

C-A transition of this compound [5]. r-s I

The vacancy configurations found here for NiTi and FeTi are similar to those _l
found in CuTi and CuTi 2. In the latter compounds, a Cu vacancy was type-A, and a _
Ti vacancy was type-B [3]. However, the calculated vacancy migration energies were
considerably larger than the corresponding energies in CuTi and CuTi 2. This is par-
tially explained by the fact that antisite defects are formed during the various jump
mechanisms, and the antisite defect energy is larger in NiTi and FeTi than it is in CuTi_

and CuTi 2. ,_.
-.r.



Table 2. Calculated Point Defect Energies.

Energy [eV]

NiTi FeTi CuTi a) CuTi2 a)

Antisite pair 1.015 0.726 0.385 0.460
Ni, Fe, or Cu Frenkel pair 3.961 4.341 2.769 2.776
Vacancy Migration 1.272 1.738 0.19/1.32 0.92
Vacancy Formation 1.480 1.070 1.09 0.90

a) Ref. 3.

Except for the Ti interstitial in FeTi, the interstitial configurations oi' NiTi and
FeTi are similar to those found for CuTi and CuTi_. In the latter compounds, the
interstitial consisted of a Cu-Cu dumbbell roughly centered on a Ti site, oriented in the
<:111> direction, and surrounded by one or more antisite defects [3]. The Ti intersti-
tial in FeTi is apparently unique since it was found to contain a <110> dumbbell. All
interstitial configurations, however, contained antisite defects, which probably results in
relatively large migration energies.

CONCLUSIONS

The point defect properties of NiTi and FeTi were calculated using atomistic simu-
lation. Many parallels were found between the point defects in these compounds and
those in CuTi and CuTio, such ms similar vacancy and interstitial configurations. The
fact that the interstitial configurations were found' to be relatively complicated suggests
that these point defects are less mobile in compounds than in pure elements. The
antisite-pair energy was found to much higher in NiTi than in CuTi and CuTi2,
explaining the large chemical-disordering energy recently found in simulations of the
C-A transition in NiTi.
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