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We present the first molecular-dynamics study of the amorphization of a crystalline alloy (NiZr;) in-
duced by chemical disorder. We used an n-body potential in conjunction with isobaric-isothermal molec-
ular dynamics. The behavior of the pair distribution function suggests that the instability leading to the

amorphous state is a first-order phase transformation.

PACS numbers: 64.70.Pf

Solid-state crystalline-to-amorphous transformations
recently received considerable attention' due to the pos-
sibility they offer to produce bulk amorphous materials
and the challenging questions that arise when trying to
understand the underlying mechanisms. Various physi-
cal processes such as irradiation,? interdiffusion? anneal-
ing,* or mechanical alloying® are able to transform a
crystalline material into an amorphous solid, provided
the temperature does not exceed the crystallization tem-
perature of the amorphous system at the same composi-
tion. A common feature of these processes is the inti-
mate intermixing of the constituents and the resulting
chemical disorder. For systems where important size
effects exist the chemical disorder leads to amorphiza-
tion® possibly related to an elastic instability as suggest-
ed by recent theoretical work.”® In the following we
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where r,-‘;ﬁ = |1, — 13| and the indices i, (jg) run over all
the particles. The parameters pug, qup, Aqp, and Eqp are
determined as follows'% (i) For a =g a fit is performed
on the cohesive energy, equilibrium condition, and bulk
modulus at zero temperature of the pure elements Ni
and Zr. Only nearest-neighbor (NN) contributions at
distances d,, are taken into account. (ii) Similarly for
a#f3 the corresponding parameters are fitted on the elas-
tic constants'? and the cohesive energy of the alloy and
d,p is taken equal to the Ni-Zr NN distance in NiZr,.
The value of the cohesive energy is obtained from that of
the ideal mixture, using the experimental cohesive ener-
gies of the pure metals Ni and Zr, modified by including
the experimental formation enthalpy of the NiZr; crys-
tal.'* To avoid disturbing artifacts of MD related to
short-cutoff distances,'® we empirically extended the
range of the potential by including in the fitting pro-
cedure interactions up to . =0.53 nm. Values of the po-
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present the results of a molecular-dynamics (MD) study
of the effects of the chemical disorder on the stability of
crystalline NiZr;. This alloy is chosen as a model system
since it is known to amorphize either by electron beam
irradiation® or by ball milling.>

The structure of the crystal is of the CuAl, (C16)
type, a body-centered tetragonal lattice with lattice cell
dimensions @ =0.6483 nm and ¢=0.5267 nm at room
temperature.'® Our system consisted of IV point particles
enclosed in a parallelepipedic box. We studied systems
of two different sizes: 3x3x3 (Ni 108 atoms and Zr
216 atoms) and 4x4x4 (Ni 256 atoms and Zr 512
atoms) lattice cells. The particles interact via an n-body
potential constructed in the framework of the second-
moment approximation of the tight-binding scheme, well
adapted to transition metals.!! Accordingly the total en-
ergy of the system is given by
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'« tential parameters, physical quantities we used for the

fit, and a comparison between the experimental and cal-
culated elastic constants of NiZr;, are reported in Table
I. A good agreement is obtained between predicted and
experimental elastic constants. As expected, our poten-
tial reproduces the violation of the Cauchy conditions ex-
hibited by the experimental data. Constant temperature
and pressure were obtained by the Nosé-Andersen MD
technique.?®?! The equations of motion were integrated
using periodic boundary conditions and a fifth-order
predictor-corrector algorithm with a time step &
=10""s.

The model is further tested by comparing an estimate
of its melting temperature with the experimental one
TP =1440 K. This is obtained by computing the atomic
mean-square displacement and the potential energy per
atom as functions of temperature. For the largest system
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TABLE I. Values of the tight-binding potential parameters
for NiZr,. The experimental values of cohesive energy E.,
bulk modulus B, and NN distances &, extrapolated at 7=0 K,
are used for the fit of the potential parameters pas, gap, Aas,
and £,5. The calculated elastic constants are compared with
the corresponding experimental values (in parentheses). E.,
Aqp, and &qp are expressed in eV/atom, elastic constants in
units of 10'2dyncm ~2, and distances in nm.

Ni Zr NiZr;
E. 4.44° 6.17° 6.0°¢
B 1.884 0.97¢ 1.19¢
5 0.2492 0.3179f 0.27618
Cn 2.57 (2.619) 1.53 (1.55) ¢ 1.61 (1.59°)
Ciz 1.65 (1.519) 0.74 (0.679) 1.05 (1.34°)
Cis e 0.55 (0.65 %) 0.95 (0.85°)
C3; e 1.68 (1.739) 1.58 (1.47°)
Cas 0.93 (1.329) 0.45 (0.36 ) 0.54 (0.24°)
Ces 0.61 (0.06 ©)
p 10.0 9.3 8.36
q 2.7 2.1 2.23
A 0.1368 0.1615 0.2166
3 1.756 2.34 2.139

®Reference 13.
Reference 19.
8Reference 10.

@Reference 16.
bReference 17.
°See text.

dReference 18.

we studied, the former (Fig. 1) reaches the value
(4?2 =6.26x10 ~* nm? at T =T®, which corresponds to
a Lindemann ratio 6§ =8%.'>?? It is therefore likely that
the actual melting temperature of the model is not very
different from the experimental one. This assumption is
strengthened by the potential energy per atom profile, U,
displayed in the same figure. An abrupt change of U is
observed at T'=1600 K followed by high diffusion
values, D == 10 73 cm? s ~!, for both constituents thus in-
dicating that melting occurred. Indeed, solid-state
diffusion cannot take place in our system since sinks and
sources of point defects, such as free surfaces, are absent
and the barrier of formation of Frenkel pairs is too high
to produce diffusion on the space and time scales of the
simulation. = Thus the model should melt at
Tmodel < 1600 K, some overheating being unavoidable
for an infinite-extension perfect crystal. The reasonable
(u?) value obtained at 7=T2* and the fact that melting
is observed only = 160 K above 7P suggest that the
dynamical properties of our model at T#0 K are not
dramatically different from those of NiZr,.

To simulate the chemical disorder induced by the
aforementioned physical processes leading to the solid-
state amorphization, a given number of Ni and Zr
atoms, randomly chosen, are instantaneously exchanged
in an equilibrated configuration of the system at 7"=300
K. The disorder is conveniently quantified by the long-
range-order parameter, S=(p—r)/(1 —r), where p and
r are, respectively, the probability of presence of an A-
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FIG. 1. Variation of the potential energy per molecule

(dots) and of the atomic mean-square displacements (squares,
N =1768; crosses, N =324) in crystalline NiZr, as functions of
temperature for the two different size systems we studied. The
lines are guides for the eye.

type atom (4= Ni or Zr) on an ordered lattice site and
the molar ratio of 4 atoms in the system. Values S=0
and 1 correspond, respectively, to the full chemical disor-
der or to the perfectly ordered crystal. Five values of
§=0.0, 0.2, 0.4, 0.6, and 0.9 were investigated and the
partial and total pair distribution functions of the sys-
tem, g(r), are computed for each. The immediate effect
of this perturbation is a volume increase illustrated in
Fig. 2 for different S values. Before the system volume
reaches a stationary value, a short relaxation occurs
which lasts up to 10* time steps for the largest possible
perturbation S =0. The atomic structures of the perfect
and the disordered system differ drastically. The total
and partial pair distribution functions, g(r), displayed in
Fig. 3 for §=0.0, provide a convenient tool to reveal
those differences. Many of the peaks characterizing the
crystalline structure disappear whereas others are
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FIG. 2. Average volume of the system at 7=300 K before
and after the chemical disorder is introduced for different val-
ues of the long-range-order parameter S. Solid line, $=0.9;
dashed line; S =0.6; dotted line, S=0.2; and short-dashed line,
S =0.0 (bottom to top).
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FIG. 3. Partial and global radial pair distribution functions
at T=300 K averaged over 40 ps. Solid line, after the chemi-
cal disorder is introduced into the system, S =0; dotted line,
crystalline NiZr,; dashed line, quenched liquid.

smeared out, thus suggesting that the system becomes
amorphous. This conclusion is qualitatively and to a
lesser extent quantitatively confirmed when comparing
the g(r) of the rapidly quenched liquid (quenching rate
g=10"3 K/s) at T=300 K (Fig. 3). The total g(r)
thereby obtained is identical to that of the disordered
solid while small differences persist between the corre-
sponding partial pair distribution functions. These
differences may be attributed to the different structural
relaxations occurring when quenching the liquid or dur-
ing the amorphization process of the disordered crystal.
The amorphous system we produced is stable against
recrystallization on annealing, at least on the time scale
of our simulations: No noticeable structural changes are
observed over a 4x10* time-steps equilibrium trajectory

at 7=300 K. For values of the long-range-order param-
eter S < 0.6 amorphization is always observed. Howev-
er, for $=0.9, despite the small volume increase (Fig.
3), the crystal is stable on the time scale of our simula-
tions. The narrow range of S values, 0.6 <S <0.9,
separating the stability and instability regions of the
crystalline state indicates first-order-like features for the
crystal-to-amorphous state transition in NiZr,. Rapid
diffusion of one of the components of the alloy, in our
case Ni atoms in a Zr crystal, has been invoked as being
a necessary condition to decide on whether or not a
solid-state amorphization reaction is possible.’ It is
worth noticing that in the present case the amorphization
occurs without long-range diffusion and is exclusively
due to local relaxations starting when the chemical disor-
der is introduced into the system.

A comparison of our results with experimental data is
possible due to recent work on amorphous NiZr, pre-
pared by rapidly quenching the liquid?*~% and to experi-
ments in which ion irradiation induces chemical disorder
and the subsequent amorphization of the alloy Zr;Al.° In
the former, partial pair distribution functions have been
determined by neutron scattering. Although a compar-
ison of the shapes of the experimental pair distribution
functions and ours cannot be made, due to the large un-
certainties of deconvoluted experimental data, the posi-
tions of first- and second-neighbor peaks compare favor-
ably well with our results as shown in Table II. Rehn et
al.® observed the amorphization of the Zr3;Al alloy to
occur when the irradiation dose results in a long-range-
order parameter value S =<0.2. The volume expansion
of their system at the value S =0.2 above which amorph-
ization does not occur, x =686V/V = 2%, is close to what
we found at the same S value, x =1.8%. However, in the
system we studied amorphization is observed up to
$=0.6 and x=§8V/V = 1%, this difference being prob-
ably related to the different stability regions of Zr;Al
and NiZr, crystals. In addition, Rehn et al.,® as well as
previous work,2® suggested that the solid-state amorphi-
zation may be a first-order phase transition monitored by
an elastic instability following the chemical disorder.
The results of the present study show similarly that
strains resulting from the chemical disorder induce
amorphization. However, more work is needed to clarify
the details of the amorphization mechanism.

We are deeply indebted to G. Evangelakis who made
available to us the minimization software MERLIN and

TABLE II. Partial pair distribution peak positions, expressed in nm, and number of nearest
neighbors in the amorphous NiZr; alloy. Comparison of present computations with experimen-
tal data (Refs. 24 and 25). Experimental values are given in parentheses.

First maximum First minimum Second maximum No. of NN
Ni-Ni 0.24 (0.25-0.27) 0.32 (0.33-0.34) 0.45 (0.42) 2.75 (2.3-3.3)
Zr-Zr 0.31 (0.32-0.33) 0.42 (0.40-0.43) 0.52 (0.52) 10.46 (9-11)
Ni-Zr 0.28 (0.27-0.29) 0.37 (0.4) 0.47 (0.45) 3.9 (2.9-4.8)
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for his help in elucidating the feature of this software.
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interest in this work.

(@present address: Institut de Physique expérimentale,
IPE-EPFL, PHB Ecublens, CH-1015 Lausanne, Switzerland.

(®)To whom correspondence should be addressed.

1 Proceedings of the Conference on Solid State Amorphizing
Transformations, Los Alamos, New Mexico, 1987, edited by
R. B. Schwartz and W. L. Johnson [J. Less-Common Met.
140, (1988)1.

ZK. C. Russell, Prog. Mater. Sci. 28, 229 (1985).

3M. Gerl and P. Guilmin, Solid State Phenom. 3&4, 215
(1988).

4A. Blatter and M. von Allmen, Phys. Rev. Lett. 54, 2103
(1985).

SH. Bakker, P. I. Loeff, and A. W. Weeber, in Proceedings
of the International Conference on Diffusion in Metals and Al-
loys, DIMETA-88, Balatonfiired, Hungary, 1988 (to be pub-
lished).

6. E. Rehn, P. R. Okamoto, J. Pearson, R. Bhadra, and M.
Grinsditch, Phys. Rev. Lett. 59, 2987 (1987).

7W. L. Johnson, Prog. Mater. Sci. 30, 81 (1986).

8R. W. Cahn and W. L. Johnson, J. Mat. Res. 1, 724
(1986).

9H. Mori, H. Fujita, M. Tendo, and M. Fujita, Scripta Met-
al. 18, 783 (1984).

I0E. E. Havinga, H. Damsa, and P. Hokkeling, J. Less-

Common Met. 27, 169 (1972).

IF, Ducastelle, J. Phys. (Paris) 31, 1055 (1970).

12C. Massobrio, V. Pontikis, and G. Martin (to be published).

3F. R. Eshelman and J. F. Smith, J. Appl. Phys. 46, 5080
(1975).

14M. P. Henaff, C. Colinet, A. Pasturel, and K. H. J.
Buschow, J. Appl. Phys. 56, 307 (1984).

15V, Rosato, M. Guillopé, and B. Legrand, Philos. Mag. (to
be published).

16C. Kittel, Introduction & la Physique de I'état Solide
(Dunod, Paris, 1972).

17G. B. Skinner, J. W. Edwards, and H. L. Johnston, J. Am.
Chem. Soc. 73, 174 (1951).

18G. Simmons and H. Wang, Single Crystal Elastic Con-
stants and Calculated Aggregates Properties (MIT Press,
Cambridge, 1971).

19A. R. Kauffmann and T. T. Magel, in Metallurgy of Zir-
conium, edited by B. Lustman and F. Kerze (McGraw-Hill,
New York, 1955), p. 377.

205, Nosé, J. Chem. Phys. 81, 511 (1984).

21H. C. Andersen, J. Chem. Phys. 72, 2384 (1980).

22F. A. Lindemann, Z. Phys. 11, 609 (1910).

23A. E. Lee, G. Etherington, and C. N. J. Wagner, J. Non-
Cryst. Solids 61 & 62, 349 (1984).

24A. E. Lee, S. Jost, C. N. J. Wagner, and L. E. Tanner, J.
Phys. Paris, Collog. 46, C8 (1985).

25T. Mizoguchi, S. Yoda, N. Akutsu, S. Yamada, J. Nishi-
oka, T. Suemasa, and N. Watanabe, in Proceedings of the
Fifth International Conference on Rapidly Quenched Metals,
Wrutzbourg, Germany, September 1984, edited by F. Steeb
and H. Warlimont (North-Holland, Amsterdam, 1985), p.
483.

26T, Egami and Y. Waseda, J. Non-Cryst. Solids 64, 113
(1984).

1145



