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Abstract: The non-linear effects of different initial melt temperatures on the microstructure evolution during the solidification
process of liquid Mg;Zn; alloys were investigated by molecular dynamics simulation. The microstructure transformation mechanisms
were analyzed by several methods. The system was found to be solidified into amorphous structures from different initial melt
temperatures at the same cooling rate of 1x10'? K/s, and the 1551 bond-type and the icosahedron basic cluster (12 0 12 0 ) played a
key role in the microstructure transition. Different initial melt temperatures had significant effects on the final microstructures. These
effects only can be clearly observed below the glass transition temperature T,; and these effects are non-linearly related to the initial
melt temperatures, and fluctuated in a certain range. However, the changes of the average atomic energy of the systems are still
linearly related with the initial melt temperatures, namely, the higher the initial melt temperature is, the more stable the amorphous
structure is and the stronger the glass forming ability will be.
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1 Introduction

For the solidification of liquid metals, many studies
are available on the effect of such thermal history
conditions with initial melt temperature on the
solidification structure and property of metals [1-7].
GUIMBARD and GOBIN [1] examined the effect of the
initial melt temperature on the hardness of the
solidification structure of liquid metal Al. MANOV et al
[2] studied the effect of the initial temperature on such
physical properties as density, thermal expansion
coefficient and resistance of amorphous alloys of Fe—B
and Pd—Si. WEN et al [3] investigated the effect of melt
quenching temperature on the recovery stress of shape
memory alloy Fe=Mn—Si—Cr—Ni. TAKAYAMA and OI
[4] studied the effect of different quenching temperatures
on the magnetic performance of Fe—Ni—B alloys. BIAN
et al [5] explored the effect of different melt casting
temperatures on the amorphous critical thickness of

Al-Ni—Ce alloy by thermal rate treatment. CAO et al [6]
studied the free-volume evolution and its temperature
dependence during rolling of Cu60Zr20Ti20 bulk
metallic glass. ZHAO et al [7] researched the effect of
thermal history on the crystal structures of fine Co
particles of different sizes obtained by laser pyrolysis.
However, a deep understanding in the microscopic
mechanisms for above experimental results is still
necessary for giving a more reasonable explanation. At
present, the effect of the thermal history conditions such
as initial melt temperatures on the solidification
processes and microstructures of liquid metals will be
investigated in depth at atomic level.

With rapid development of computer technology, it
is now possible to employ molecular dynamics (MD)
method with explicit physical concepts and images to
study the solidification process and microstructure
evolution mechanism of liquid metals. WANG et al [8]
examined the change of medium-range order structure
during the solidification process of liquid Cu;Au alloy
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quenched from two different initial temperatures by MD
method, and believed that the ordering degree of
solidification microstructure increased with decrease in
the initial temperature. LIU et al [9,10] also studied the
effects of different initial temperatures and different heat
preservation times on the microstructure evolution
during the rapid solidification process of liquid metals
Na and Al, and found that thermal history had a
significant effect on the microstructure transition, and the
effects were fully demonstrated below the glass
transition temperature T,.

On the basis of our previous works [9,10], in this
study, a deep investigation on the solidification process
of liquid Mg,Zn; alloy was made for 6 different initial
melt temperatures (with the same cooling rate of 1x10"
K/s) by MD simulation. The effect of the initial melt
temperature on the microstructure evolution and its
mechanism during the solidification process were
analyzed by adopting the Honeycutt-Andersen (HA) [11]
bond-type index method, cluster-type index method
(CTIM) [12—-14] and average coordination numbers.
Some new results were obtained that the effects of initial
melt temperatures on the microstructure evolution were
non-linearly related, and fluctuated in a certain range.

2 Simulation conditions and methods

The MD simulations were performed with a system
containing 10000 atoms (7000 Mg atoms and 3000 Zn
atoms) in a cubic box with periodic boundary conditions
in NVT ensemble (in the NVT ensemble, the number of
atoms, the volume of the space, and the average kinetic
energy (temperature) remain constant). Interactions
among atoms were calculated using the effective pair
potential function of the generalized nonlocal
model-pesudopotential (GNMP) theory developed by
WANG et al [15,16], which can be defined as

v(r) =<23ff/r>{1—[5ﬁ ”qu(q)sin(rq)/q} (1)
n 0

where Z.ris the effective ionic valence and F(q) is the
normalized energy wave number characteristic. Both of
them are defined in detail in Refs. [15,16]. The pair
potential is cut off at 20 a.u. (atomic unit). The time step
is 107,

The initial melt temperatures of the simulation
calculations were 1273, 1173, 1073, 973, 873 and 773 K,
respectively (the melting point of Mg,Zn; alloy is around
670 K[17,18]), with the cooling rate of 1x10'*K/s. The
systems run 20000 time steps at the same temperature to
obtain an equilibrium state. In order to detect the
microstructure evolution in the systems during the
cooling processes, the systems run isothermally for 400

time steps after each decrease of 50 K, and the space
coordinates of each atom in the systems and other
relevant data were recorded. The pair distribution
function g(r), HA bond-type index method, cluster-type
index method, average coordination number and average
atomic energy were used to analyze these data, so as to
explore the microstructure transition and evolution in the
system at the atomic level.

3 Simulation results and analysis

3.1 Pair distribution function analysis

It is well known that the pair distribution function
(PDF) g(r) is an important method to describe the
statistical distributions of atoms in the system. Since
PDF g(r) can be obtained by Fourier transformation of
the structure factor S(q) of X-ray diffraction in a system,
it is widely used to verify the validity of simulation by
comparing the theoretical results with the experimental
ones of the same system.

At present, the g(r) curves at 273 K obtained by
calculation were transformed to S(q) and compared with
the X-ray diffraction experimental results of RUDIN et al
[18], as shown in Fig. 1.
simulation result is in good agreement with the
experimental result both for the position of peaks and the

It can be seen that the

change tendency, especially the splitting of the second
peaks. This reveals that the effective pair potential
function adopted here is rather successful for reflecting
the objective physical nature of microstructure of this
system.
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Fig. 1 Comparison of structure factor of S(q) calculated at 273
K with experimental result of Ref. [18]

For better understanding of the PDF g(r) curves of
this simulation of Mg—Zn alloy system, the curves of the
three partial PDFs gz, 74(1), Omg-zn(r) and gaeme(r) and
the total PDF g,,(r) at different temperatures during the
solidification process from the initial melt temperature of
1273 K are shown in Fig. 2. It can be seen that the two
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Fig. 2 Whole pair distribution function g(r) curves at different temperatures during solidification process from initial melt

temperature of 1273 K

secondary peaks at the second peak of the total PDF g(1)
curve do not appear as the same as those in three partial
PDFs. This is exactly an important characteristic of the
alloy system in the amorphous state, and it is
significantly different from the single metal system
[19-21].

For the evolution of other three partial PDFs in the
alloy system, Fig. 2 shows that, with the decrease of
temperature, the first peaks of gzy za(l), Omg-za(r) and
OmeMe(r) become sharp and high, indicating an
increasing probability of forming bonds between
neighboring atoms in the systems, and an increasing
short-range order (SRO). The first peaks of gz, za(I)
curves are the highest and sharpest, suggesting that the
probability of forming Zn—Zn bonds is the highest
because the atomic radius of Zn is smaller than that of
Mg. At 273 K, all the second peaks of gpan(r) are split to
two obvious secondary peaks, which is just an important
characteristic of amorphous structure. However, for the
total PDF g(r), with the decrease of temperature, the
first peak becomes higher, and the second peak becomes
wider, shifts closer to the first peak, becomes more
asymmetric, and begins to split at 523 K, finally two
secondary peaks form, but far less significant than those

of gpar(1). The reason for this, just according to Ref. [22],
is that the 3-dimentional information of all gp.(r) of
atoms is averaged in the g,(r) demonstrated by
TANAKA [23] through comparison of the triple
distribution function g(ry, r,, r3) with the gy(r). A further
analysis of the Q,(r) with Wendt-Abraham ratio
R=0(Nmin/9(Nmax[24] the glass transition
temperature T, being around 523 K, as shown in Fig. 3.

reveals
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Fig. 3 Relation of Wendt-Abraham ratio R with temperature
during rapid solidification from initial melt temperature of

1273 K
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Figure 4 shows the g(r) curves of the system cooled
to 273 K from six different initial temperatures, in which
all the second peaks are split, implying that the
amorphous transition occurs in all cases. There are no
significant differences in g(r) curves with different initial
conditions, which, nevertheless, do not necessarily
indicate that different initial conditions have no effect on
the whole solidification process. A further analysis by
HA bond-type index method and cluster-type index
method is required to obtain a better understanding.
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Fig. 4 PDF g(r) curves of alloy cooled to 273 K from six
different initial melt temperatures

3.2 Bond-type index analysis

Although the pair distribution function g(r) can
reflect qualitatively the microstructure characteristic of
the system, for a deep understanding of the relationship
of an atom with its neighbors, it is necessary to
quantitatively describe the local configurations of the
system. At present, the HA bond-type index method is
important and widely used to describe and analyze the
microstructure transitions in liquid and amorphous
systems as well as some crystallization systems. When
the local configurations are described by the HA
bond-type index method, it is well known that the 1551,
1541 and 1431 bond-types are the -characteristic
bond-types of typical liquid and amorphous states,
whereas for various crystal structures, 1661 and 1441
(6:8) are the characteristic bond-types of BCC structure,
and 1421 and 1422 are the characteristic bond-types of
FCC (12:0) and HCP (6:6) structures.

For convenience, first of all we only give the
relations of the relative numbers of the main bond-types
with the temperature for the system solidified from the
initial temperature of 1273 K, as shown in Fig. 5. It can
be seen that the bond-types of 1551, 1541 and 1431
related to the icosahedron or defective icosahedron
structures are the dominant ones in the system. These
three bond-types account for more than 45% at 1273 K,
and increase to above 75% at 273 K. The other

bond-types only change a little and decline, except that
1661 bond-type increases slightly.
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Fig. 5 Relations of relative numbers of main bond-types with

temperature for initial melt temperature of 1273 K

It is found that only the 1551 bond-type increases
gradually during the whole solidification process and is
regarded as the characteristic bond-type in the system. It
changes abruptly around 523-573 K, close to the glass
transition temperature T, as above-mentioned. In some of
our previous works on pure metals Al [13], Cu [25], Pb
[26,27] and alloys Al-Mg [28], Ca—Mg [21], similar
results were obtained. All these indicate that the abrupt
change point of the characteristic bond-type may be a
new way to determine the glass transition temperature T,.

Figure 6 shows the changes of the 1551 bond-types
with the temperature for six different initial melt
temperatures. It can be seen that, with the decrease of
temperature, all the 1551 bond-types increase greatly,
and change abruptly around the glass transition
temperature T,. All the 1551 bond-type curves are
intersected at a point around 573 K, which is close to the
T, of 523 K, during the solidification processes
from various initial temperatures. The reason for the
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Fig. 6 Relations of 1551 bond-type with temperature for

different initial melt temperatures
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intersected point of 573 K will be studied in depth in the
future. However, all the final numbers of 1551
bond-types are not linearly corresponded to the initial
melt temperatures, and fluctuated in a certain range,
namely, the final numbers of 1551 bond-types are
nonlinearly related to the initial melt temperatures.

3.3 Cluster-type index analysis

However, the HA bond-type indices cannot describe
and discern the different atomic clusters formed by an
atom with its nearest neighbors. In order to describe
various atomic clusters in the system, the cluster-type
index method (CTIM) based on the work of QI and
WANG [29] was proposed by LIU et al [12—14].

In the CTIM, four integers were used to describe a
basic cluster. The first integer denotes the total number
of surrounding atoms (i.e. the coordination number)
which form a cluster along with the central atom. The
second, third and fourth integers represent, respectively,
the numbers of 1441, 1551 and 1661 bond-types by
which the surrounding atoms are connected with the
central atom. For example, the icosahedron basic cluster
can be expressed by (12 0 12 0), Frank-Kasper
polyhedron cluster can be expressed by (14 0 12 2),
Bernal polyhedron cluster can be expressed by (10 2 8 0),
and BCC basic cluster can be expressed by (14 6 0 8).
Three basic clusters are selected in this simulation
system, as shown in Fig. 7.

The CTIM used to analyze the relations of the
number of main basic clusters in the system with
temperature during the cooling process from different
initial melt temperatures. The results for the initial
temperature of 1273 K are shown in Fig. 8. It can be
clearly seen that, at the higher initial temperature, a few
clusters are still in the system. With the decrease of the
temperature, the numbers of various clusters have
different changes during the whole solidification process,
of which the icosahedron basic cluster (12 0 12 0)
increase most rapidly, followed by the basic clusters of
(131102),(151104),(11251).

The number of the icosahedron cluster (12 0 12 0)
also has an abrupt change around 523-573 K,
corresponding to the change of the 1551 bond-type in the
bond-type index analysis and close to the glass transition
temperature T, mentioned above.

Similar results also can be found for the changes of
the number of basic clusters with temperature under
other initial conditions. For convenience only the change
of the number of icosahedron clusters (12 0 12 0) for six
different initial temperatures is shown in Fig. 9.

Figure 9 shows that all the number of icosahedron
clusters (12 0 12 0) increases slowly at a higher
temperature, with very close increase rates. However, at

Fig. 7 Three basic clusters in system: (a) Icosahedron basic
cluster (12 0 12 0) with central atom of 7550; (b) Frank-Kasper
polyhedron cluster (14 0 12 2) with central atom of 5296;
(c) Bernal polyhedron cluster (10 2 8 0) with central atom of
9912 (the light colored balls indicate Mg atoms, and the dark
colored balls indicate Zn atoms.)

the glass transition temperature T, of 523 K, the increase
rates are quite different from each other. The
icosahedron clusters (12 0 12 0) curves with different
initial conditions are also almost intersected in a point
about 573 K, close to T, The last number of
icosahedron clusters (12 0 12 0) is also fluctuated in a
certain range and they are nonlinearly related to the
initial melt temperature as mentioned above for
bond-type analysis.
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3.4 Average coordination number analysis

Average coordination number (ACN) is originally
defined as the average number of neighboring atoms
surrounding any atom in crystal structure. It is one of the
most essential parameters to characterize the structure.
The temperature at which an abrupt change of the ACN
occurs usually corresponds to the structure transition
temperature of crystals. For the liquid and amorphous
structures, the ACN can also reflect the microstructure
evolution in the system during the solidification process,
providing a new method for research on the transition
process of liquid and amorphous structures. The changes
of the ACNs with temperature during the solidification
process from different initial temperatures are given in
Fig. 10.

Figure 10 shows that the ACNs of all systems
increased with the decrease of temperature, ultimately
approaching 12. This suggests that a dominant number of
icosahedron basic clusters with the coordination number
of 12 are formed during the formation of amorphous
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Fig. 10 Relations of average coordination number with
temperature during solidification processes from different

initial temperatures

structures, which is in agreement with the previous
discussion. However, the coordination numbers for
different initial melt temperatures is all less than 12,
which exactly demonstrates that a considerable number
of atoms were in basic clusters with the coordination
number less than 12. The curves of the ACNs for
different initial temperatures almost intersect at the same
point of 573 K, after which the ACNs increase or
decrease at different rates. The last values are different
and also nonlinearly related to the initial melt
temperatures. This is consistent with previous analyses.
The change of the ACN with the temperature for
different initial temperatures in this study is significant.
The relation of the initial ACN with different initial
temperatures is plotted as shown in Fig. 11, it can be
seen that this relation curve is consistent with the change
tendency of the coordination number with the
temperature for AI-Ni—Ce alloy under different casting
temperatures as shown in Fig. 10 in Ref. [5].

3.5 Average atomic energy analysis

The relations between the average atomic energies
(AAE) and the temperature during the solidification
processes from different initial temperatures are given in
Fig. 12. It can be found that the AAE for different initial
conditions all decrease with the decrease of the
temperature. No abrupt decline is observed, indicating
that no crystallization occurs during the solidification
from these initial conditions, and amorphous structures
are formed in all systems, which agrees well with the
previous analyses [27,30].

Figure 12 shows that the temperatures
corresponding to the maximum slopes on the change
curves of the AAE, namely, the turning points of slopes,
are around 523—-573K, close to the glass transition
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temperature T, as mentioned above. It can also be found
that, the higher the initial temperature is, the lower the
AAE is, so that the higher the SRO of the system is, and
the more stable the amorphous structure formed is,
namely, the higher the initial temperature is, the stronger
the amorphous forming ability of the system is, thus the
thicker the amorphous band is at the same cooling rate.
This is in good agreement with the experimental result
obtained in Ref. [5].

From what mentioned above, it is found that the
final values of the main bond-types, main basic clusters
and average coordination numbers are all nonlinearly
related to the initial melt temperatures. This is different
from the results in Ref. [8] that the ordering degree of
solidification structure increases linearly with the
decrease of the initial temperature. The reason for this
may be because only two different initial temperatures
were considered in Ref. [8], and the nonlinear relation
was not observed. A further analysis of the above
nonlinear relations reveals that this nonlinear relation
fluctuates in a certain range and the fluctuation range
becomes narrower with the decrease of the initial

temperature. Although it is impossible to determine the
minimum fluctuation range because the initial
temperatures studied are limited. It is apparent that the
fluctuation has upper and lower limits. The existence of
upper and lower limits of the nonlinear relations
concerning the effect of the initial temperature on the
solidification microstructures makes it more difficult to
find the optimum initial temperature to obtain the
optimized solidification structure. However, it indicates
that the solidification microstructure can be controlled by
changing the initial temperature.

Reason for the nonlinear relation between the
thermal history and the solidification microstructure, and
for the existence of the upper and lower limits for the
degree of effect. No one does not find reasonable
explanation available yet. The authors of this study
believe that the whole one especially the rapid
solidification = process, is a typical nonlinear,
non-equilibrium thermodynamic process. The various
microstructures and clusters of different types formed
during the solidification process are just the “dissipative
structures” in the theory of the dissipative structures
proposed by NICOLIS and PRIGOGINE [31], which are
formed under the “nonlinear” interaction among various
atoms and microstructures in the system when the system
is far from equilibrium. The “nonlinear” characteristic of
the interaction  between atoms and
microstructures in the system is mainly a result of the
combined effect of the contingency of thermal
fluctuation in system and the randomness of dynamics
during interaction. The action mechanism is very
complicated with no linear correlation. However, from
the view point of thermodynamic fluctuation, the extents
of thermal fluctuations are different for melts with
different initial temperatures. Generally, the higher the
initial melt temperature is, the wider the variation range
of the thermal fluctuation is, and the greater the energy
change induced by thermal fluctuation is. Because of the
randomness of dynamics during interaction, the system is
actually in any random state in the change range caused
by the thermal fluctuation, namely, with the upper and
lower limits, but not in the statistically averaged state
that the system may have. Accordingly, the upper and
lower limits of the degree of effect of the thermal history
on the structural state can be explained qualitatively. As
for the specific action mechanism of this effect, a further
in-depth investigation is required in the future.

various

4 Conclusions

1) When liquid Mg—Zn alloys are cooled rapidly
from six initial melt temperatures with the same rate of
1x10"?K/s, the systems are all solidified into amorphous
structures. The icosahedron cluster (12 0 12 0) and the
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1551 bond-type play a key role in the microstructure
transition during the whole solidification process.

2) During the solidification process of liquid
Mg—Zn alloys, the important effects of different initial
temperatures on the microstructures can be fully
demonstrated only below the amorphous transition
temperature T.

3) Different initial melt temperatures have different
degrees of effects on the amorphous characteristics of the
solidification structures, such as the 1551 bond-type,
icosahedron cluster (12 0 12 0) and average coordination
number. The degrees of effects are nonlinearly related to
the initial melt temperatures and fluctuated in a certain
range, and the fluctuation range decreases gradually with
the decline of the initial temperature, and can be
controlled.

4) The change of average atomic energy (AAE) is
linearly related to the initial melt temperature. The higher
the initial temperature is, the lower the AAE of the
amorphous structure finally formed is, that is, the more
stable the amorphous structure is, and the stronger the
amorphous forming ability is. This is conducive to a
deeper investigation on the microstructure transition
mechanism during the solidification process of liquid
metals.
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