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ABSTRACT

Amorphization of the B2 intermetallic compound NiTi under electron irradiation

has been investigated using molecular dynamics. The effect of irradiation was simu-
lated using two processes: 1) Ni and Ti atoms were exchanged, resulting in chemiea!
disorder, and 2) Frenkel pairs were introduced, leading to the formation of stable point
defects and also chemical disorder upon mutual recombination of interstitials and
vacancies. After ~0.4 exchanges per atom, the first process resulted in an energy
increase of approximately 0.11 €V /atom and a volume increase of 1.91%. On the other
hand, after introducing ~0.5 Frenkel pairs per atom, the second process led to smaller
increases of 0.092 eV /atom in energy and 1.43% in volume. The calculated radial dis-
tribution functions (RDFs) were essentially identical to each other and to the calculated
RDF of a quenched liquid. The structure factor, however, showed that long-range order
was still present after atom exchanges, while the introduction of Frenkel pairs resulted
in the loss of long-range order. It was concluded that point defects are necessary for
amorphization to occur in NiTi, although chemical disorder alone is capable of storing
enough energy to make the transition possible.

INTRODUCTION

Computer simulation studies of amorphization induced by electron irradiation
have concentrated on the question of what key factors are essential to induce the
crystalline-to-amorphous (C-A) transition. In the earliest investigation, all of which
were of pure systems, the introduction of point defects (either as single interstitials or
as Frenkel pairs) resulted in amorphization [1-3). Similar results were obtained upon
the introduction of interstitials into a binary Lennard-Jones system [4]. Although few
pure metals have been made amorphous experimentally, these simulations supported
the importance of point defects in the amorphization process, in general agreement with
point-defect theories of amorphization [5-7]. In the first study of the amorphization of
an intermetallic compound using realistic potentials, on the other hand, simply
exchanging Ni and Zr atoms in simulated NiZr, was sufficient to induce amorphiza-
tion [8,9], supporting the theory of amorphization based on chemical disorder [10]. In
recent work on Cu,Ti, compounds, the effects of chemical disorder and point defect
introduction were studied in the same material. It was found that chemical disorder
alone was insufficient to drive the crystalline-to-amorphous (C-A) transition, which
occurred only after point defects were introduced [11,12].

We report here the results of the simulation of NiTi, a B2 compound which has
been amorphized in experiments under electron irradiation. The purpose of this work
was to further pursue the question of the relative importance of point defects versus
chemical disorder with regard to amorphization through the study of another com-
pound. In particular, we wish to shed light on the apparently contradictory conclusions
found in the simulations of NiZr, and Cu,Ti, compounds. Interatomic potential
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- functions were derived for NiTi, and the effects of both chemical disorder and Frenkel

pair introduction were investigated using simulation methods similar to those of
Cu, Ti, study [11,12].

METHOD

‘The computational methods employed in the present work were molecular statics
and molecular dynamics, using a modified version of the code DYNAMO ([13]. The
simulations used a rectangular volume containing N = 1024 atoms, the edge lengths of
which were free to vary with external pressure.

The interatomic potential functions for Ni, Ti and Ni-Ti were determined using a
modification of the method of Oh and Johnson {14]. The potentials for Ni and Ti were
fitted to the binding energy, lattice constants, elastic constants and vacancy formation
energy of the pure metals. The potential for Ni-Ti1 was then determined by fitting the
structure, lattice constants and heat of formation of the compound. The fitting pro-
cedure was identical to that described in [12]; the details for NiTi are discussed else-
where [15].

Chemical disorder was introduced by exchanging randomly-selected pairs of Ni and
Ti atoms, as in [12]. Various system properties were then calculated as a function of
the number of exchanges, i.e., increasing chemical disorder. Similarly, the effects of
point defects were determined in a separate set of computer runs by calculating system
properties as a function of the number of Frenkel pairs (FPs) introduced. In all cases,
after a given number of atom exchanges or FP introductions, the systems were equili-
brated at 160K for 5000 time steps and properties calculated during an additional 1000
time steps. These properties were compared against those of the perfect crystal at the
same temperature, and against those of a system that was quenched to 160K from the
liquid at 4000K.

RESULTS

The two most straightforward properties to calculate in simulations are the energy
and volume. In Figures 1a and 1b, these properties are shown as a function of "dose"
D. Here, D is defined as either 1) the number of Ni-Ti pairs exchanged per atom, or 2)
the number of FPs introduced per atom. As in the previous studies of Cu,Ti, com-
pounds [11,12], exchanging atoms and ictroducing Frenkel pairs were both found to
increase the system energy and volume. In NiTi, however, it was found that exchang-
ing atoms led to a larger energy and volume increase than did FP introduction; in fact,
the system energy and volume were larger than those of the quench.

The finding that the energies and volumes of the systers subjected to atom
exchanges and to FP introduction are respectively larger and smaller than the quench
values suggests that chemical disordering has induced the C-A transition, while FP
introduction did not. The definition of "amorphous” however, is based on structure
and not on energy or volume. Structure was investigated first by calculating the radial
distribution function (RDF), which is shown for some of the systems in Fig. 2. Curves
B and E, showing the RDF after 1000 exchanges (D = 0.977) and of the quench, are
rather similar, suggesting that atom exchanges lead to amorphization. Curves C and D
show two stages during the introduction of FPs, after 100 (D = 0.0977) and 500
(D = 0.488) FPs. The RDF ‘after 500 FP is essentially indistinguishable from that of
the quench.

A quantitative comparison of the RDFs of the treated systems with those of the
perfect crystal and the quench was made possible by calculating a correlation coefficient
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Fig. 1. Energy, volume and correlation
coeflicient G as a function of dose D.

0.00

G. For a given RDF, G has a value of 1 or 0 if the RDF is identical to that of the
perfect crystal or the quench, respectively {12]. The calculated correlation coeficient is
plotted as a function of D in Fig. lc. As was evident {rom a visual comparison of
curves D and E in Fig. 2, G is essentially zero after 500 FPs (D = 0.488). Atom
exchanges led to G = 0.1 for D =0.977. For comparison, G = 0.5 was obtained after
atom exchanges in CuyTi, compounds [12]. Evidently, atom exchanges resulted in
larger lattice distortions in NiTi than they did in CuyTi, compounds.

The results of the energy, volume and RDF calculations suggest that exchanging
atoms (i.e., chemical disorder) may be sufficient to amorphize NiTi. Although the RDF

after atom exchanges is very similar to that of the quench (particularly in a visual com-

parison), they are not identical based on the correlation coefficient G. A more rigorous
comparison of structure can be made by calculating the structure factor S(k) given by

N 2
(1)

2 exp(ikr;)

J=1
where NV is the number of atoms and r; is the position of atom j. The structure factor
is shown for various systems and orientations of k in Fig. 3. A comparison of curves
C and D in this Figure shows that the introduction of FPs led to a structure factor vir-
tually identical to those of the quench, and a clear loss of long-range order. The struc-
ture factor after atom exchanges, however, clearly shows evidence of residual long-range
order as many of the same peaks found in the perfect crystal remain after the
exchanges.
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Fig. 2. Radial distribution {unction at
160K, after the following treatments:
A) perfect crystal; B) 1000 exchanges
[D =0.977]; C)100 FPs [D =0.0077];
D) 500 FPs |D = 0.488]; and E) quench
from 4000K.

Fig. 3. Structure factor after the following
treatments: A) perfect crystal; B) 1000 ex-
changes [D =0.977); C)500 FPs
[D =0.488]; and D) quench from 4000K.
The curves correspond to the following
orientations of k: dashed=<100>; dot-
ted=<110>; dash-dot=<111>.

DISCUSSION
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The results of the present work differ from the previous study of CujTi, [11,12]
compounds in significant ways. In the Cuy Ti, compounds, point defects were found to

be necessary to induce the C-A transformation.

Chemical disorder alone could not

increase the energy of the system sufficiently to trigger the transition, because the
energy of the chemically disordered state was intermediate between the crystalline and
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. - amorphous states. In NiTi, however, the chemically disordered state has been found to

have a higher energy than the amorphous state, as shown in Fig. 1. Thus, chemical
disorder alone can store enough energy to drive the C-A transformation. Nevertheless,
the chemically disordered state was apparently melastuble since it was not observed to
transform into the amorphous state.

The observation that chemical disorder leads to a fairly large energy increase in
NiTi and a smalier increase in CuTi is explained by the antisite-pair energies of CuTi
and NiTi, which have been calculated to be 0.384 eV and 1.015 €V, respectively [16-18].
The fact that the introduction of FPs leads to a lower system energy than does the
exchange of Ni-Ti pairs suggests that point defects actually reduce the energy of the
chemically disordered state in NiTi.

The results of the present work on NiTi are similar in some ways to those found in
the study of NiZr, by Massobrio et al. [9], in which it was concluded that chemic:l
disorder alone was sufficient to amorphize this compound. If that is true, chemical
disorder alone must be able to increase the system energy such that the C-A transition
is possible, as we have found in NiTi. This transition may occur in NiZr, because it
has a complicated C16-type structure, as opposed to the simple B2 structure of NiTi.

The fact that the RDFs of chemically-disordered NiTi and amorphous NiTi are
very similar, yet the structure factors are so different, indicates that the RDF is not
very discriminating among various disordered states. In light of this finding, it would
be interesting to calculate the structure factor for the chemically-disordered NiZr, stu-
died by Massobrio et al. [9]. It is possible that they may have observed a chemically-
disordered state that was not actually amorphous.

CONCLUSION

The amorphization of the intermetallic compound NiTi has been investigated using
computer simulation. As in the previous study of CuyTi, compounds, both atom
exchanges and FP introduction resulted in energy and volume increases. In contrast to
the Cu,Ti, compounds, however, atom exchanges led to larger increases than did FP
introduction. Based on structure factor calculations, it was concluded that the
chemically-disordered state was not amorphous but rather a higher-energy metastable
state; FP introduction, on the other hand, did induce the C-A transition.

The results of the present work suggest that the importance of chemical disorder
as a driving force for amorphization depends on the compound in question. In the case
of the Cu,Ti, compounds, point defects were required to introduce enough energy to
drive the C-A transition, but chemical disorder alone was found to be sufficient in NiTi
and probably in NiZr,. In either case, it is evident that a complete study on the com-
puter, including the calculation of point defect and antisite properties as well as the
simulation of the C-A transition, is essential to understand the key factors for amorphi-
zation in a given compound.
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