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dynamics during glass transition of Mg;Zn; alloy
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Abstract: The rapid solidification process of Mg;Zn; alloy was simulated by the molecular dynamics method. The relationship
between the local structure and the dynamics during the liquid-glass transition was deeply investigated. It was found that the
Mg-centered FK polyhedron and the Zn-centered icosahedron play a critical role in the formation of Mg;Zn; metallic glass. The
self-diffusion coefficients of Mg and Zn atoms deviate from the Arrhenius law near the melting temperature and then satisfy the
power law. According to the time correlation functions of mean-square displacement, incoherent intermediate scattering function and
non-Gaussian parameter, it was found that the f-relaxation in Mg,;Zn; supercooled liquid becomes more and more evident with
decreasing temperature, and the a-relaxation time rapidly increases in the VFT law. Moreover, the smaller Zn atom has a faster
relaxation behavior than the Mg atom. Some local atomic structures with short-range order have lower mobility, and they play a
critical role in the appearance of cage effect in the f-relaxation regime. The dynamics deviates from the Arrhenius law just at the
temperature as the number of local atomic structures begins to rapidly increase. The dynamic glass transition temperature (7;) is close

to the glass transition point in structure (7, gS“).
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1 Introduction

Liquid-glass transition has been extensively studied
by experiments and theories [1], since the first metallic
glass AuysSiys was obtained by rapidly quenching the
liquid [2]. During the liquid-glass transition, the
structural and thermodynamic quantities show a very
gentle temperature dependence. While the dynamic
quantities, such as the self-diffusion coefficient and
relaxation time, usually have a much more pronounced
temperature dependence changing by as much as 13
orders of magnitude [3]. Therefore, the studies on the
dynamic essence of the liquid—glass transition have
always been the focus in the metallic glasses researches.

Since the dynamic quantities change sharply during
the liquid—glass transition and the supercooled liquid is
metastable, it is difficult to accurately acquire the
dynamic quantities in experiments. And many reported
experimental results are obtained by the direct
observations of colloidal and polymer systems [4,5]. To

understand the dynamic mechanism of glass transition,
some theoretical models such as the free volume theory,
configuration entropy theory, and mode-coupling theory
have been developed [6]. Thereinto, the mode-coupling
theory (MCT) [7] makes very detailed descriptions on
the time and temperature dependences of the dynamics in
the supercooled liquid, based on the nonlinear coupling
of density fluctuation. It predicts a dynamical singularity
temperature 7, above which the temperature dependence
of diffusivity satisfies the power law. Then a transition
from ergodic to nonergodic occurs since most atoms are
localized within the cages formed by their neighbors.
Since many of the predictions of MCT have been
confirmed in experiments and computer simulations, it is
currently regarded as one successful theory on the
dynamics of glass transition [3].

The dynamic liquid—glass transition usually
accompanies the change of local atomic structures.
DZUGUTOV et al [8] found that the dynamic
heterogeneity of supercooled Lennard-Jones liquid was
associated with the icosahedral order. The researches by
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LI et al [9] indicated that the dynamic heterogeneities in
both liquid and glass states aroused from the cooperative
motion of immobile atoms. However, the studies by
KAWASAKI and TANAKA [10] showed that the
structural origin of dynamic heterogeneity in the
colloidal glass was the medium-range crystalline bond
orientational order. All of these previous studies
indicated that the knowledge about the relationship
between the local structure and the dynamics during the
liquid—glass transition is still rather limited, and it is
important to deeply understand the nature of liquid—glass
transition.

Mg;Zn; metallic glass is one of few laboratory glass
alloy composed of only two simple metallic elements,
and it has attracted many researches [11—15]. SUCK et al
[12] measured its dynamical structure factor and
vibrational density of states using neutron inelastic
scattering  techniques. ALTOUNIAN et al [13]
investigated its crystallization characteristics through
differential scanning calorimetry, X-ray photography and
measurement of electrical resistance and magnetic
susceptibility. Recently, the medium-range order in
Mg,Zn; metallic glass has been deeply investigated [14].
On the basis of the pervious works [14—17], in this work
the rapid solidification process of Mg;Zn; alloy will be
simulated, and the relationship between the local
structure and the dynamics during the liquid-glass
transition will be further studied.

2 Simulation methods

The rapid solidification process of Mg;Zn; alloy is
simulated by the constant-pressure molecular dynamics
(MD) techniques. The MD simulations are performed for
a system containing 10000 atoms (n(Mg):n(Zn)=7:3) in a
cubic box with the periodic boundary condition. The
interatomic potential is the effective pair potential
derived from the generalized non-local model
pseudopotential (GNMP), which is based upon the
first-principle interaction force in the second order
perturbation theory [18,19]. For simple metals and their
alloys, the accuracy and reliability of this potential have
been extensively demonstrated by its computations of
structural, dynamic, and thermodynamics properties
[16—19]. The potential is cut off at 20 atomic unit (a.u.).
The motion equations are integrated through the
leap-frog algorithm with a time step of 2.5 fs.

The simulation calculations start at 973 K (the
melting point 7, of Mg;Zn; alloy is about 610 K). First
of all, let the system run 50000 time steps at 973 K to
obtain an equilibrium liquid determined by the energy
change of system. Then, the Gaussian thermostat is
adopted to decrease the system temperature to 273 K at a
cooling rate of 1x10'? K/s. In the cooling process, the

system totally runs 280000 time steps. At the selected
temperatures: 973 K, 923 K, -+, 273 K (every 50 K
from 973 K to 273 K), the systems are isothermally
relaxed 500 ps respectively. Finally, the structural
quantities of pair distribution function (PDF) and local
atomic clusters, the dynamic quantities of mean-square
displacement (MSD), incoherent intermediate scattering
function Fy(g,t), and non-Gaussian parameter (NGP) are
detected.

3 Results and discussion

3.1 Local atomic structures

Since the PDF is a Fourier transformation of the
structure factor obtained from diffraction experiments, it
is widely used to detect the structural characteristics of
liquids and glass solids. Figure 1 shows the temperature
dependence of the total PDF during the solidification
process of Mg;Zn; alloy, together with the experimental
data at the liquid (673 K) and glass solid (293 K)
temperature measured by the neutron diffraction [20].
With the decrease of temperature, the increase in height
and the decrease in width of the first peak indicate the
enhancement of short-rang order (SRO) during the rapid
quenching process. The second peak gradually splits into
two sub-peaks and the first sub-peak grows higher than
the second one, which indicates the formation of Mg;Zn;
metallic glass. The glass transition temperature 7, gWA is
about 430 K obtained from the temperature dependence
of Wendt—Abraham ratio R=gin/€max (Emin and gn.x are
the minimum and the first maximum of RDF,
respectively) [21], as shown in Fig. 2. Furthermore, the
simulated PDFs for the liquid and glass structures both
agree well with the experimental results (see Fig. 1). This
indicates that the present simulation is rather successful
in presenting the solidification process of Mg;Zn; alloy.

The RDF reflects the atomic distribution in one-
dimension statistical average and is incapable to describe
the local atomic structures. Based on the work of QI and
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Fig. 1 Temperature dependence of total pair distribution
function during solidification process of Mg,Zn; alloy
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Fig. 2 Temperature dependence of Wendt—Abraham ratio R
during glass formation process of Mg;Zn; alloy

WANG [22], a new cluster structure description method
of cluster-type index method (CTIM) has been proposed
[14-17]. And some cluster structures have been
confirmed in the experiment of HIRATA et al [23]. The
CTIM adopts four indices (N, n;, ny, n3) to designate
different types of basic clusters, where N is the number
of the nearest-neighbor atoms, namely the coordination
number (CN), and n;, n,, n3 are the numbers of 1441,
1551 and 1661 bond-types formed by the surrounding
atoms with the central atom in the basic cluster,
respectively. For example, the (9 3 6 0) and (10 2 8 0)
stand for the Bernal polyhedrons of tri-capped trigonal
prism and bi-capped square Archimedean antiprism,
respectively; the icosahedron (ICO) can be expressed as
(12 0 12 0); the CN14, CN15, and CN16 Frank-Kasper
(FK) polyhedrons can be expressed as (14 0 12 2), (150
12 3), and (16 0 12 4), respectively. The schematic
configurations of these basic clusters are shown in Ref.
[14]. According to the CTIM, the main basic clusters in
Mg,Zn; metallic glass (273K) and their changes with
temperature can be obtained, as shown in Fig. 3. From
Fig. 3(a), it can be clearly seen that the Mg-centered
basic clusters are mostly FK polyhedrons and their
distorted cases of (14 1 10 3), (142 8 4), and (151 10 4)
which possess larger CN; while the Zn-centered basic
clusters are mostly icosahedron and their distorted cases
(11 2 8 0), (12 2 8 2), and (12 3 6 3) which possess
smaller CN. From Fig. 3(b), it can be found that the
number of atomic clusters is very few at high
temperature, and they begin to grow rapidly near 7;,,. But
the growth slows down around 423 K which is near the
glass transition temperature 7, gWA(:430 K) obtained by
the Wendt-Abraham ratio. According to the analysis
above, it can be found that the Mg-centered FK
polyhedron and the Zn-centered icosahedron play a
critical role in the formation of Mg,;Zn; metallic glass.
The glass transition temperature determined by the
evolution of microstructures 7, is about 430 K.
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Fig. 3 Number distribution of main basic clusters in Mg;Zn;
metallic glass (273 K) (a) and their changes with temperature.
Mg (b): ICO, Def-ICO, FK and Def-FK denote (b)
Mg-centered icosahedron, defective icosahedron, Frank-Kasper
polyhedron, and defective Frank-Kasper polyhedron,
respectively; Zn: 1CO, Def-ICO, Bernal denote Zn-centered
icosahedron, defective icosahedron and Bernal polyhedron,

respectively)

3.2 Dynamics
The MSD is usually used to study the dynamic
motion of atoms, which is defined as

N
(P@) =52 (50 -rof ) (1)
i=1
where N is the number of atoms in a system; 7{0) and r(¢)
are the position vectors of the ith atom at the initial
moment and the time ¢, respectively. Since the time
dependences of MSD for Mg and Zn atoms are very
similar, for clarity, only the MSD for Zn is displayed at
different temperatures in Fig. 4. At a short time (#<0.2 ps),
an increment in MSD proportional to # is observed
which is due to the ballistic of atoms. For a longer time
(=20 ps), MSD increases proportionally to ¢ at
temperatures higher than 573 K, indicating the
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long-range diffusion of atoms. At an intermediate time
(0.2 ps<t<20 ps) a plateau appears and becomes
pronounced when the temperature is lower than 573 K.
The occurrence of this plateau results from the so-called
“cage effect” of tagged atom. The tagged atom needs
some time to escape from the cage formed by its
neighboring atoms, and the cage becomes more and more
rigid with decreasing temperature. So the time needed to
escape from the cage increases correspondingly. In the
MCT, the time window correlated with the cage effect is
usually called the f-relaxation regime and the following
time window is the a-relaxation regime [7].
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Fig. 4 Time dependence of MSD for Zn in Mg;Zn; alloy on
adouble logarithmic scale at different temperatures which vary
from 973 K (top) to 273 K (bottom) at interval of 100 K

The MSD can be used to calculate the self-diffusion
coefficient D according to the Einstein relation as
follows:

.
D=1lim—(r(¢ 2
tgg 6t <r ( )> )
The temperature dependences of D for Mg and Zn
atoms are shown in Fig. 5, together with the fits by the
Arrhenius law (Eq. (3)) and MCT power law (Eq. (4)),
respectively, in different temperature regions.

D(T) = Dy exp[-Q (k7] A3)
D) ~|T-T|" “4)

The fitting parameters in Eqgs. (3) and (4) are listed
in Table 1. In the high-temperature liquid, the
dependence of self-diffusion coefficient follows the
Arrhenius law (Eq. (3)). The activation energy of Zn
atom is smaller than that of Mg atom, which indicates
that the smaller Zn atom diffuses faster than the bigger
Mg. The size dependence of the activation energy is
believed to reflect essential features of the actual
diffusion mechanism. Upon cooling from T7p,, D drops
faster deviating from the Arrhenius law while it is well

fitted by the MCT power law (Eq. (4)) till down to 523 K.

It is found that for Mg, T,M¢= 449 K, yme=1.83, and for
Zn, T,”"=421 K and y,,=1.85. The critical temperature
T.”" is smaller than that of Mg, indicating that smaller Zn
atom has a faster relaxation. This will be further
confirmed in the following calculation of relaxation time.
The T for the entire system can be evaluated according
to the expression as follows:

T, = Cy I, +C, T (5)
where Cy,and Cz, are the concentration of Mg and Zn

atoms, respectively. It is 7,=440.6 K, being close to
T,>"=430 K.
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Fig. 5 Temperature dependence of diffusion coefficient D for
Mg and Zn atoms during glass formation process of Mg;Zn;
alloy (Arrhenius and MCT fittings are shown as dashed and
solid lines, respectively)

Table 1 Fitting parameters for diffusion coefficients

Fitting law Parameter Mg Zn
Arrhenius (T>523 K)  Dp/(cm*s™") 1.57x107° 1.35x107°
Arrhenius (T>523 K) Q/(eV-mol ") 0.29 0.28

MCT (T >373 K) T/K 449 421
MCT (T >373 K) y 1.83 1.85

The incoherent intermediate scattering function is
the Fourier transform of the self-part of the van Hove
function [3] as follows:

N
(0.0 = {exa (01, O))) (©)
i=1
The wave vector ¢ is normally selected to be the
location of the first maximum in the static structure
factor. This function is usually used to descript the
relaxation dynamics of supercooled liquids and glasses.
Since the time dependences of Fy(gq,f) for Mg and Zn
atoms are very similar, for clarity, only the correlation
function Fyq,f) for Zn is displayed at different
temperatures in Fig. 6. At high temperatures, the Fy(g,f)
shows the relaxation behavior of simple liquid, i.e., a
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Fig. 6 Time dependence of incoherent intermediate scattering
function Fy(g,f) for Zn in Mg;Zn; alloy at different
temperatures which vary from 973 K (bottom) to 273 K (top) at
an interval of 100 K

quadratic dependence on short time due to the ballistic
motion of atoms, and an exponential decay to zero in the
following stage. At low temperatures below 573 K, the
Fy(q,t) shows different relaxation behavior. A plateau
with slow decay rate appears in the intermediate time and
its length increases rapidly with decreasing temperature.
The time windows of the plateau and the following
exponential decay are consistent with that of S-relaxation
and a-relaxation, respectively, comparing with the time
dependence of MSD curves in Fig. 4. The reason for the
existence of this plateau is the same as the cage effect.
The a-relaxation time (z,) is defined as the time when the
correlation function Fy(g,f) decays to e ' [3]. Its
temperature dependence usually can be described well by
the empirical Vogel-Fulcher—Tammann (VFT) law as
follows [24—26]:

to(T)=taoexp[B/(T~T0)] (7

Figure 7 shows the time dependence of a-relaxation
time for Mg and Zn atoms during the glass formation
process, together with the VFT fitting. The fitting
parameters are listed in Table 2. With the decrease of
temperature, the cage effect enhances and the time of
cage-breaking rearrangement increases. Thus the
o-relaxation time increases rapidly in the VFT
exponential law. At 373 K, the a-relaxation time for Mg
and Zn atoms are 7,"'%=3.11x10°ps and 7,”"=3.04x10’ps,
respectively, which are far beyond the computing power.
Furthermore, it can be found that the a-relaxation time
for Zn atom is shorter than that for Mg atom at the same
temperature, indicating that the smaller Zn atom has a
faster relaxation.

The non-Gaussian parameter (NGP) [27] is
frequently used to quantify the dynamic heterogeneity of
supercooled liquid, and is defined as

10°
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TIK
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Fig. 7 Temperature dependence of a-relaxation time (z,) for Mg
and Zn atoms during glass formation process of Mg;Zn; alloy

(VFT fitting is shown as solid line)

Table 2 Fitting parameters of VFT law for a-relaxation time

Material Too/PS B/K To/K
Mg 9.32x102 1.19x10° 294
Zn 1.44x107" 1.33x10° 282
4 2,:\2
0, =3(r0)/5(r () -1 (8)

where (#!(¢)) is the mean quartic displacement. The time
dependences of NGP for Zn in the Mg,;Zn; alloy at
different temperatures are shown in Fig. 8. For short time
(¢ <0.2 ps), all NGPs at different temperatures are zero,
which indicates that the vibration of atoms follows the
Gaussian distribution. During the S-relaxation regime, all
the NGP curves rise monotonically to a maximum due to
the cooperative motion of cage atoms. The positions of
maximum NGP shift towards longer time with the
decrease of temperature. This suggests that the dynamic
heterogeneity increases with the enhancement of cage

107! 10° 10! 10? 103
t/ps

Fig. 8 Time dependence of non-Gaussian parameter (NGP) for

Zn in Mg,Zn; alloy at different temperatures which vary from

973 K (bottom) to 273 K (top) at an interval of 100 K
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effect. During the a-relaxation regime, the NGP curves
drop down with the cage-breaking rearrangement, and
their descending rates vary with the temperature. For the
supercooled liquid above T;,, the NGP curves finally
drop to zero due to the diffusion motion of atoms. Below
T., the glassy solid is incapable of relaxing because the
relaxation times are much longer than the scale of
simulation time, thus the motion of atoms presents
non-ergodic and the NGP curves cannot drop to zero.

3.3 Relationship between local atomic clusters and

dynamics

According to the analyses above, it can be found
that the dynamics gradually deviates from the Arrhenius
law with the abundant emergence of local atomic clusters,
and the glass transition temperatures determined by the
change of microstructures 7,>" is close to the dynamic
transition temperature 7. To further elucidate the
relationship between the local atomic structures and
dynamics during the glass transition, Fig. 9 shows the
time dependence of MSD for several main clusters in
the supercooled liquid of Mg;Zn; alloy (473 K). It can be
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Fig. 9 Time dependence of MSD for several main clusters in
supercooled liquid of Mg;Zn; alloy (473 K): (a) All Mg-
centered atoms and Mg-centered (12 0 12 0), (13 1 10 2),
(151 10 4) clusters; (b) All Zn-centered atoms and Zn-centered
(120120), (1128 1), (12 2 8 2) clusters

seen that these cluster atoms have smaller MSD than the
average of Mg or Zn atom. And the plateaus in the MSD
curves of these cluster atoms are more evident and their
lengths are longer, especially for icosahedron atoms.
Furthermore, from the time dependence of NGP for these
atomic clusters, as shown in Fig. 10, it can be seen that
the NGP curves of these cluster atoms have higher
maximum than that of the average for Mg or Zn atom.
And their positions all shift towards longer time,
especially for icosahedron atoms. This suggests that the
Mg-centered FK polyhedron and the Zn-centered
icosahedron have lower mobility, and they play a critical
role in the appearance of cage effect in the f-relaxation
regime.
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Fig. 10 Time dependence of NGP for several main clusters in
supercooled liquid of Mg;Zn; alloy (473 K): (a) All Mg-
centered atoms and Mg-centered (12 0 12 0), (13 1 10 2),
(151 10 4) clusters; (b) All Zn-centered atoms and Zn-centered
(120120), (1128 1), (12 2 8 2) clusters

To clearly display the cage effect of local atomic
cluster, Fig. 11 gives the behavior of Zn-centered
icosahedron atom (12 0 12 0) during the relaxation
process (473 K). It can be clearly seen that in the initial
relaxation stage (¢ <300 ps), the atom has been vibrating
around their original positions due to the cage effect
formed by its neighbors, as shown in the left region of
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Fig. 11(a). Thus the MSD curve shows a plateau with
slight growth on the whole during this relaxation stage.
After escaping from the initial cage, the tagged atom is
localized within a new cage, as shown in the right region
of Fig. 11(a). Correspondingly, the MSD curve increases
remarkably in a short period near 300 ps, and then enters
into a new plateau.
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Fig. 11 Behavior of icosahedron atom during relaxation process
of Mg,Zn; alloy (473 K): (a) Trajectory of atom over 500 ps
projected onto XY plane; (b) Corresponding time dependence of
MSD for tagged atom

4 Conclusions

1) The Mg-centered FK polyhedron and the
Zn-centered icosahedron increase rapidly during the
supercooled region, and play a critical role in the
formation of Mg;Zn; metallic glass. The glass transition
temperature (7, gs“) determined by the evolution of
microstructures is about 430 K.

2) For the high-temperature liquid, the dynamics
satisfies the Arrhenius law, and two stages appear during
the relaxation process: the vibration motion on short time
and the following diffusive motion. Upon cooling from
Ty, the dynamics begins to deviate from the Arrhenius
law due to the cage effect formed by the neighboring
atoms of tagged atoms, and satisfies the MCT power law

till down to 7.. During the relaxation process, the
f-relaxation regime begins to appear near T, and
becomes more and more evident with the decrease of
temperature. Simultaneously, the a-relaxation time
rapidly increases in the exponential law.

3) The dynamics deviates from the Arrhenius law
just at the temperature as the local atomic structures
begin to rapidly increase. The dynamic glass transition
temperature (7;) is close to the glass transition point in
structure  (7,>"). Moreover, the Mg-centered FK
polyhedron and the Zn-centered icosahedron have lower
mobility, and they play a critical role in the appearance
of cage effect in the f-relaxation regime.
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