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Crystal to glass transitions are simulated using molecular dynamics for an fcc binary random solid
solution with varying atomic size ratios and concentrations. The transition occurs at a critical supersa-
turated solute concentration with a sufficiently large solute-solvent atomic size difference. Close to the
amorphization, the shear elastic moduli become dramatically softened, accompanied by a martensite-like
structural change. Large strain fluctuations and small enthalpy and volume changes at the transition in-
dicate that it is triggered by a mechanical instability reached in the metastable crystal.

PACS numbers: 61.43.Fs, 64.70.Pf, 65.50.+m, 82.20.Wt

Metastable metallic glasses are conventionally pre-
pared by rapid quenching of melts at cooling rates from
104-107 K/s. In the last two decades, it has been found
that glassy or amorphous phases can also form from crys-
talline solids [1]. Such crystal to glass transformations
(CGT) occur when the crystal is driven far from equilib-
rium into a metastable state while subjected to certain ki-
netic constraints. The CGT has been observed during ir-
radiation of solids with high-energy particles [2], hydro-
gen absorption by crystalline intermetallics [3], severe
mechanical deformation of crystals [4], and solid-state
interdiffusion reactions of elemental metals [5]. In addi-
tion to its technological interests, the CGT has been stud-
ied in relation to ordinary melting [1,6]. Further, it
raises interesting questions in relation to the glass transi-
tion of undercooled liquids [7]. Although progress has
been made recently [8], present understanding of the
thermodynamics and microscopic mechanisms underlying
this transformation is rather incomplete. As in the case
of liquid to glass transitions, there are problems in
defining a suitable order parameter for the transforma-
tion. It is difficult to characterize this transition thermo-
dynamically since the system is typically not in equilibri-
um. The crystal is frequently driven to evolve along com-
peting pathways. For example, chemical segregation
and/or formation of more stable crystalline phases are
frequently observed in experiments [1,9]. Furthermore,
in real crystals, defects and imperfections, surfaces and
interfaces, etc., may serve as preferred nucleation sites for
new phases and thereby complicate experimental observa-
tions. Computer simulation provides an alternative
method which eliminates some of the problems encoun-
tered in experiments. With this method, it is possible to
study the atomic structure, thermodynamic, and dynamic
properties of metastable systems at the CGT.

In the present work we ask the following questions:
What thermodynamic stability limit does the metastable
crystalline system reach when the CGT occurs and under
what conditions? How is the CGT related to melting and
liquid to glass transitions if both liquids and crystals are
made metastable? In this Letter, we present results from
molecular dynamics (MD) simulations of metastable
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binary solid solutions to address the first question. This is
one of a series of theoretical and experimental attempts
to understand solid-state amorphization and melting
[1,10].

Binary solid solutions are chosen because they are sim-
ple to characterize and have been extensively studied both
theoretically and experimentally. The results from mod-
eling thermodynamic properties of liquid and solid mix-
tures [11], rationalizing solute solubilities [12], and pre-
dicting glass-forming tendencies by rapid quenching [13]
all provide useful background for the present work. The
instability determining the limit of the equilibrium misci-
bility of the solid solution is the chemical instability. An
equilibrium two-phase separation would occur if the
solute concentration exceeds the limit. The equilibrium
miscibility can be obtained from Gibbs free energies of
the equilibrium terminal solid solutions. However, exten-
sive computations are required to obtain them. By using
the results of the hard-sphere binary mixture [12], we es-
timated the equilibrium miscibility of the solid solution,
which has roughly the same atomic size ratio between
solute and solvent atoms with Lennard-Jones interactions,
to be less than 5 at.%. The actual solute concentrations
obtained in our calculations are far greater. The meta-
stable supersaturated solid solutions are obtained by re-
stricting long-range diffusion and formation of clusters
and short-range ordering. This is achieved by simply im-
posing certain constraints in simulations, that is, keeping
the system at low temperature, using a finite sample with
a periodic boundary condition and assuming the same
Lennard-Jones (LJ) potential depth between all the sol-
vent and solute atoms. Moreover, thermodynamic prop-
erties of such homogeneous metastable solid solutions are
well defined, because the relaxation time of the metasta-
ble system is much greater than the simulation time.

To obtain desired structural variations and elas-
tic properties at the CGT, a modified [14] rather than
the original Parrinello-Rahman molecular dynamics
(PRMD) [15] is used. This is because the original
PRMD has been found to produce artificial structural
distortions and free rotations of the MD cells as a whole,
and thus results in incorrect lattice parameters and slow
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convergence or nonconvergence of calculated elastic con-
stants and other thermodynamic properties. These non-
physical results become more pronounced and thus
deleterious in simulations of systems with initial con-
figurations far from equilibrium. In the present case, the
lattice parameters of the solid solutions are unknown, so
their initial configurations at each solute composition
have to be assigned by assuming that the atoms are situ-
ated at the bottom of their potential wells and are com-
pletely randomly distributed on an initial lattice. Al-
though it is a reasonable approximation, the method be-
comes inadequate for original PRMD close to the CGT,
where large lattice relaxation and atom rearrangement
occur. With the modified PRMD in which the MD cell
kinetic energy is modified to take into account its invari-
ance with respect to translational symmetry, stable MD
cells free of artificial distortion and rotation can be ob-
tained in spite of the choices of initial lattice structures.
The calculations are made using 500 atoms for a constant
pressure and temperature, which are set to 0.0 and 0.3 (in
reduced LJ units), respectively. The corresponding glass
transition temperature in the LJ liquids 7, = 0.40. The
volume and the shape of the MD cell is allowed to fluctu-
ate and thus a constant (NPT) ensemble is achieved in
the MD simulations.

LJ potentials are used for the interactions between
solute and solvent atoms,
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where a,B denote the two types of atoms, 4 and B. It is
assumed that €44 =€,45 =¢pp =¢. The other LJ potential
parameters, 044 and opp, are proportional to the sizes of
atoms. For simplicity we assume o453 =% (644+0358)
and o44=o0. The only intrinsic “defects” which disrupt
the crystalline states are the atomic size differences be-
tween solute and solvent atoms. Therefore, only two pa-
rameters are needed to characterize the system at a given
pressure and temperature. They are the atomic size ratio
a=Rpp/R44=0p8/044, where R44 and Rpgp are the ra-
dii of A and B atoms, and the concentration of the solute
xg=Ng/N, where Ng and NNV are the number of B atoms
and the total number of atoms, respectively.

Metastable solid solutions at the given P and T are
simulated for different @ and xp, as indicated on the
phase diagram in Fig. 1. For each solid solution with a
given atomic size ratio and solute concentration, an fcc
crystalline structure with the small solute atoms random-
ly distributed on the lattice sites is taken as the initial
configuration. The equilibrium configuration is reached
after annealing. Average thermodynamic properties such
as enthalpies and elastic constants are obtained in the
equilibrated samples following the annealing.

Figure 1 shows that the CGT occurs only when the
atomic size difference is sufficiently large. For a=0.85
the solid solutions remain crystalline for the entire solute
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FIG. 1. Schematic metastable phase diagram in parameter
space (a,xp) at constant T and P for the LJ binary solid solu-
tion. X marks the phases calculated from MD. The areas at
the two upper corners are the equilibrium terminal LJ solid
solutions.

concentrations. At large solute concentration, a marten-
site-like structural distortion, where the fcc lattice trans-
forms to a fct lattice, is observed. In this Letter, we will
present results of the CGT obtained for a smaller atomic
size ratio than the critical one, a., which is close to 0.83
in the LJ solid solutions at the given P and 7.

Figure 2 shows the total and partial pair correlation
functions (PCF) obtained after annealing as the solute
concentration increases at fixed atomic size ratio ¢ =0.80,
or 20% size difference. Below xg =0.20, the PCF clearly
shows a fcc structure. The partial PCF of AA4, AB, and
BB atoms and their first and second nearest-neighbor
coordination numbers suggest no local clustering or
short-range chemical ordering. The peaks in the PCF are
broadened with increasing solute concentration, but the
crystallinity is still retained, indicating the crystals are
progressively disordered. Beyond xz=0.20, the PCF
shows a qualitatively different form which resembles that
commonly found in liquids and amorphous metals. The
split second peaks in the PCF which are usually used as a
signature for the formation of glassy structures are readi-
ly seen, especially in the partial PCF.

Figures 3(a) and 3(b) show the tetragonal shear mod-
ulus C'=(Cy;—C)32)/2 and rhombohedral shear modulus
C44 versus composition at fixed atomic size ratio (a
=0.80 < a.). Both shear moduli decrease with increas-
ing solute concentration. The magnitude of the shear
moduli softening as the CGT is approached is remark-
able. At xg=0.2, just prior to amorphization, the tetrag-
onal shear modulus drops nearly 70% from its initial
value at xg=0.0 and shows a deep cusp. The rhom-
bohedral shear modulus, however, is less sensitive to
solute concentration. It decreases slowly at low concen-
trations and much more rapidly close to or at the critical
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FIG. 2. Partial and total pair correlation functions of fcc
crystalline solid solutions at different solute concentrations.
The solid line is for piotal; the dashed line is for p4g; the dotted
line is for p44; and the dot-dashed line is for pgs.

concentration x.. The crystalline state persists even into
the region where Cas shows relatively large softening.
The two shear moduli approach the same isotropic value
(==25.0NkgT/V) when the amorphous phase forms.

Figure 3(c) shows the molar enthalpy and molar
volume versus composition. The changes of both the mo-
lar volume and molar enthalpy are extremely small
(< 1%) across the CGT boundary. However, their slopes
are different on both sides of the transition. The molar
enthalpy on the amorphous side also shows a very slow in-
crease with increasing composition.

The tremendous softening of the shear elastic responses
indicates that the metastable crystal loses its shear rigidi-
ty against large shear strain fluctuations. When this hap-
pens, it is expected that a structural distortion along the
shear-softened direction would occur. Indeed, a marten-
site-like structural distortion close to the critical composi-
tion x. has been observed where the fcc structure trans-
forms to a fct structure. Additional skewing of the MD
cell occurs in the amorphous phase region, and upon fur-
ther increasing x, it becomes cubic again. We did not ob-
tain near-zero shear elastic constants near x.; this may be
due to large structural fluctuations and the finite sample
size used. Nevertheless, our results do show extremely
large shear strain fluctuations and very small enthalpy
and volume change at the CGT and thus suggest that the
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FIG. 3. (a) Isothermal tetragonal shear modulus; (b) iso-
thermal rhombohedral shear modulus; (c) the molar enthalpy
(dots) and volume (triangles) vs compositions at the fixed atom-
ic size ratio. The solid lines are drawn to guide the eyes.
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CGT s likely continuous or weakly first order (even
though it may not be reversible). The metastable crystal-
line solid solution seems to have reached a mechanical
instability characterized by a vanishing elastic shear
stiffness C', or a diverging elastic compliance 1/C’ at x,.
In the past, thermodynamic instabilities characterized by
vanishing elastic moduli have been referred to as mechan-
ical instabilities [1,6,16]. Although phase transitions
triggered by this type of instability are not as often ob-
served as those due to thermal or chemical instabilities,
thermal martensite transitions and displacive structural
phase transitions characterized by one type of vanishing
shear elastic modulus or another [17] are among those
few frequently encountered. Elastic shear modulus
softening has been observed by Brillouin scattering [18]
from the intermetallic compound Zr;Al during irradia-
tion. The average shear wave velocity decreases continu-
ously in the progressively disordered crystal under irradi-
ation. When the CGT occurs, it drops to nearly 40% of
its value in the ordered crystal. Since averaged sound ve-
locity is measured, the particular shear instability respon-
sible for the CGT has not been identified.

These results lead us to speculate that the CGT is
caused by frustration of local shear deformations within
the crystal. The large elastic anisotropy Cas4/C' close to
the CGT indicates that the transition involves changes of
crystalline orientations mainly through tetragonal shear-
ing and gradual reduction of the orientation correlations
caused by introduction of quenched-in atomic defects. In
the metastable random binary solid solution, the atomic
size mismatch creates local random stress fields which lo-
cally favor a particular variant (three variants in the case
of tetragonal distortion and four in the case of rhom-
bohedral distortion) in much the same manner that a ran-
dom field locally favors a specific spin orientation in local
domains of random field spin systems [19]. In the case of
the spin system, above a critical strength, the random
field leads to the formation of a spin glass. When the
random shear stress field created by atomic size mis-
match is not strong enough, the long-ranged crystalline
orientational and translational order are still present.
The tetragonal shear softening in the lattice leads to
martensite-like structural distortion to a fct structure
with long-range tetragonal symmetry. Experiments on
real supersaturated metastable solid solutions have
confirmed this finding. It was found that prior to the
CGT, tetragonal structural distortions are observed in the
form of distorted metastable crystalline phases with local
tweeded structures [9,20]. Further increase of solute con-
centration towards x. will lead to destruction of the
orientational order and translational order as well [21].
In the present case, the effects of local random shear
stress fields frustrate the local shear deformations of the

atoms and result in a structural glass. Further results on
this subject will be presented elsewhere.
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