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[ Abstract] By means of constant temperature and constant pressure molecular dynamic simulation technique, a series of

simulations of the glass transition and crystallization processes of AgspAuso were performed. The atoms interact via EAM

potential function. Pair correlation functions of liquid AgsoAusy during different cooling rates and temperatures were simu-

lated to reveal the structural features of liquid, super cooled liquid, glass state and crystal. The thermodynamics and kinet-

ics of structure transition of AgsoAusp during cooling processes were performed.
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1 INTRODUCTION

The study on the structure of liquid metals has
been receiving the attention experimentally and theo-
retically. The investigation of experiments indicate
that the macroscopic structure of metallic materials
depend on their microstructure, and the microstruc
ture is influenced by the structure of melt matrix be-
fore solidification. As a consequence, it is an instruc
tive significance for seeking the fine techniques of ma-
terial solidification and obtaining nice properties to in-
vestigate the structural change of liquid metals under
different temperatures. However, it is difficult to
make an extensive study of liquid with high tempera
ture under normal conditions. Several techniques to
obtain the disordered state have been proposed''.
The rapid solidification has been adopted widely to
obtain amorphous phase. However, the high cooling
rate restricts the use of the technique. Computer sim-
ulation as a method to investigate metallic liquid, su-
percooled liquid, glass and crystal certainly have a
much shorter history than any other methods since
the first work dates back only to the 1950 s'*'. How-
ever, it has already been shown that such simulations
can be an excellent tool for investigating the proper

ties of complex systemsm

, and it can be expected
that with the availability of faster and cheaper com-
puters, as well as improved algorithms, such simula-
tions will play an even more important role in the fu-
ture than they do now.

The interatomic potentials are very important in
the MDC ( molecular dynamics). Resent years have
witnessed considerable progresses in the development

of empirical and semiempirical many-body potentials

for accurately reproducing thermodynamic and struc
tural properties of most transition metals. The em-

bedded-atom method (EAM) by Daw and Baskes' *°!

(further developed by Johnson'®™ ®) has been success-
fully applied to a wide range of aspects in the solid,
such as in the point defects, dislocations and sur-

facel o~ 11,

However, few reports have involved the
liquid metal and their alloys. The microstructure of
AwAg alloys have attracted much attention over
years! "2 but a large number of difficulties have to be
met because of high price of AuAg alloys. It is well
known that gold and silver are typical complicated
metals. Some interesting structures may appear when
they are mixed together. However, the interatomic
potential about AurAg alloys is unknown. The pur
pose of this work is to develop the interatomic poten-
tial of Au-Ag alloys and explore glass transition and

crystallization of AgsoAuso.
2 POTENTIAL OF ATOM

Within density function and quasratom con-
cept!*!, the dominant energy of the metal is viewed as
the energy to embed an atom into the local electron
density due to the remaining atoms of the system.
The total energy of the system can be written as

Ew= 2Ei(0,i)+ 1/224 (R ;) (1)
0= T (r.,) (2)
where @ is total electron density at atom i due to

the rest of the atoms in the system, and E; is the em-
bedding energy of placing an atom into that electron
density. Finally, ¢ ; is short-range pair interaction
representing the core core repulsion, and R; ; is the
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separation of the atom ¢ and j.

In order to apply Eqn. 2, the electron density
@, pair potential ¢ ; and embedding function E;
must be known. Knowledge related in detail can be
found in Ref.[ 8]. It is necessary to make point that
for AB alloy, the twobody potential of ®s_ g( R; ;) is

obtained by

A
(IBAAB(r):_zL:;j_?(LrL))_qu (r)'l'f"L(LLj-qu B(r)
(3)
where ¢ *(r) and ¢ ®(r) are the monatomic

potentials. f*(r) and f®(r) are electronic density of
A and B respectively.

3 PROCESS OF MOLECULAR DYNAMICS SIM
ULATION

Since the EAM energy implicitly includes many-
body terms, the well developed theory of liquids in-
teracting with pair potentials cannot be used. Thus
molecular dynamics computer simulations have been
performed to determine the predictions of the EAM
for the liquid alloy structure and pressures. The MD
simulations are performed in a cubic box subject to
periodical boundary conditions for a system with 500
particles. It means that with repeating boundary con-
ditions, one typically conducts a simulation with a
box. Atoms that pass out one wall of the box pass
back into the box through the opposite wall, thus at
no time is an atom outside the box. This way there is
no free surface, and the system simulates the bulk.
The time step is 0. 4 fs, the decline force method was
We first run 2 X
10* time steps to keep the system in an balance state,
then the liquid was cooled to 200 K at the rate of 4 x
10" K/s and 4 x 10" K/ s respectively to examine the
processing of amorphization and crystallization forma-

used to decrease the temperature.

tion process. The configurations were recorded every
200 K. The atom volume and internal energy were re-
ported every 10 K to explore the thermodynamics
process during phase transition.

4 METHOD OF STRUCTURAL ANALYSES

4.1 Pair correlation function( PCF)

The pair correction function (PCF) g(r) can be
obtained by Fourier transformation of X-ray diffrac
tion factor S( Q) . The g(r) has been widely used
to describe the structure characterization of liquid and

amorphous states, it is defined as
3

gi(r)= 3yl Sno( 1))/ 40 00] (4)

where g; j(r) is the probability of finding an atom
L is the cell length of

the box in the simulation, N; and N; are the number

in the range from r to r+ dr,

of atoms i and j respectively in the system, and ng is

an averaged number of j-type atoms around I-type
atoms in the sphere shell ranging from r to r+ Ar,
where Ar is the step of calculation.

As far as AB alloys, there would be three partial
pair correction functions, namely ga-a (1), ga-3B

(r), gs-8(r), and one total PCF gu(r).

4.2 Internal energy and atom volume

The internal energy of the system is the sum of
potential and kinetic energy. The atom volume we re-
fer to is the volume of the cubic box. In the constant-
pressure simulations, the volume of the cubic box
changes with temperature. The dependence of volume
and the energy of the system on the temperature can
reflect the phase transition.

4. 3 Mean square displacement ( MSD)
The mean square displacement of the particle in

the MD can be described as
2= 13 - reo)l? ()

where ¢ is the physical time in the MD simulation,
N is the number of particle, r;(0) is the position
vector of the ith particle for the system in its initial
configuration, and r;(r) is the position vector of the

ith particle at time ¢.
5 RESULTS AND DISCUSSION

5.1 Thermodynamics
Fig. 1(a) shows the internal energy versus the
temperature. K, represents the cooling rate of 4 X

10" K/s.
straight in the high and low temperature region. The

The energy-temperature curve is nearly
change in energy is continuous. It is the typical fea
ture of glass formation. The glass transition tempera-
ture T, for a model system is defined by the tempera-
ture at the intersection of the extrapolations of the
liquid and glassy plots. From Fig. 2, T, is estimated
to be 800 K or so. K represents the cooling rate of 4
x10"* K/s. From the curve, a sudden change in en-
ergy at the temperature about 800 K takes place. It
shows that Agso Ausp of superliquid state becomes
crystal when the cooling rate is K,. We can conclude
that the melting temperature is about 700 K that are
well below the experimentally observed melting tem-
perature. This would be attributed to the high cooling
rate and to the finite size of our system. Obviously
the lower the cooling rate is, the higher the melting
temperature is during solidification.

5.2 Pair correlation function (PCF)

The structure of the system during rapid solidifi
cation is checked by examining physical parameter g
(r) of the atomic position. The partial PCF gau- au
(r), gau-Ag(T), gag- Ag( r) obtained at the rate of
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Fig. 1 Total energy (a) and volume (b) versus
quenching temperature, K| and K representing

quenching processing at cooling rate of
4x 10" K/s, and 4 x 10" K/s, respectively

4% 10" K/s are presented in Fig. 3. Obviously, & kpil
(r) has the maximum value among the three partial g
(r). This confirms that the heterogenic atom pairs have
stronger interaction than those of the same atom pairs in
AgsoAuso liquid metals. Although the numbers of Ag
particles is the same of Au particles in Agsy

Ausg alloy, the gaw-au(7), gag-ag( 1) are lower
than those of gawrag(r). This means that it is a pos-
sibility that Au atoms rather than Ag atoms occupy
the nearneighbour coordination shell around the Ag
atoms; and the Ag atoms occupy the nearneighbour
coordination shell of Au atoms. The fact that the first
peak becomes bigger and bigger with decreasing tem-
perature indicates that during the cooling process, the
ordering degree of liquid is strengthened. It is in ac
cordance with the thermodynamic rule. As the tem-
perature-quench becomes greater, the second peaks of
the three kinds of PCF split into two subpeaks when
the temperature is below 600 K, but they are not re-
markable. The formation temperature of amorphous
solid T, is about 800 K. This means that the spliting
temperature is lower than the glass transition temper-
ature. conclude
that the structure of disorder stack is not the only
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Fig. 2 Wendt-Abraham ratio guin/ gmax

versus quenching temperature for AgsoAuso
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Fig. 3 Partial pair correlation function g; j(r) versus r at different quenching temperatures during

rapid solidification at cooling rate of 4% 10" K/s
(a) 8 Au- Au( r); (b) 8 Au- Ag( r); (0) T8 Ag- Ag( r)
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configuration of amorphous solid. The partial PCF
obtained at the cooling rate of 4 x 10'* K/s is shown
in Fig. 4. The g(r) values for liquid and supercooled
liquid show similar behaviours as described above.
However, solid states have different features. From
Fig. 4, it can be seen that g(r) shows peak structure
characteristic of the crystal at low temperature. The g
(r) has a much higher peak than that in Fig. 3. Tt means
that the chemical short-order is more strong. There ap-
pears a small peak between the first and second peak, and
it becomes bigger and bigger with the decrease of temper-
ature. This shows that the structure change happens, and
a new structure forms in this temperature regions. From
the three partial g(r), we may say the liquid crystallize
completely into FCC crystal. A little difference with the
standard FCC crystal may be the reason why a small part
of disorder structure exists in the crystal.

The total g(r) of AgsoAuso at the cooling rate of
4x 10" K/s and 4 x 10" K/s are shown in Fig. 4.

The remarkable difference of the two solidification
production can be seen from Fig. 5 correctly. Fig. 5
(a) is the typical characteristics of glass state. The
second peak splits at low temperature. The glass
transition temperature can be determined using
WendtAbraham parameter. The ratio of first minr
mum gmin( r) and first maximum gma(r) of gi(r)
is shown in Fig. 2. The ratio is linear in both high
and low temperature regions with respective slops. It
is asserted the slop of the ratio as a function of tem-
perature T changes at the glass transition. This is
used to check the occurrence of the glass transition.
In Fig. 2, the ratio obtained at cooling rate of 4 x 10"
K/s is given. Clearly, the ratio is linear with T at
both high and low temperature. The line for high
temperature intersects with that for low temperature at
a temperature near 800 K. Fig. 5(b) shows the total

g(r) of AgsoAusy at the cooling rate of 4x 10"*K/s.

12¢ (a) 16

glr)

o

0

(b) 12 (c)

0 072 0.4 0.6 0.81.0
r/nm

0.2 0.4 0.6 0.81.0 0

r/nm

0.2 0.4 0.6 0.81

r/nm

Fig. 4 Partial pair correlation function g; j(r) versus r at different quenching temperatures during

rapid solidification at cooling rate of 4 x 10"°K/s
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Fig. 5 Total pair correlation function g(r) of AgsoAusy versus r at different quenching temperatures

during rapid solidification at different cooling rates
(a) —4x 10° K/s; (b) —4x 10" K/s
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Accompanying with the decrease in temperature, var
ious peaks become marked. It suggests that the sys
tem is in some kinds of regular structure. This
demonstrates at this cooling rate, most atoms in the
system crystallize into crystal. The g(r) values for
liquid and supercooled liquid show similar behaviours
as described above.

5.3 Kinetics
The mean square displacements of AgsoAuso were
calculated from Eqn. 5 and displayed in Fig. 6 as a
function of temperature. The rearrangement of atom
positions is sensitive to the cooling rate during the so-
lidification. The atom displacement increases largely
in the liquid and superliquid at the relatively slow
cooling rate. This means that the crystallization pro-
cess is a diffusion process of atoms in a wide range and
rearrangement process of atom positions. The change
of MSD is very small during the formation of glass
state. It suggests that atoms do not transfer in a wide
range but move in a small range. The fact that liquid
atoms gradually deviate from their original position
until glass transition or crystallization tell us that
quenched glass state are not merely frozem fluid con-
figurations, whereas the atoms are well localized as in
the crystalline state.
120
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Fig. 6 M ean square displacement (s) of
AgsoAuso versus temperature

during different rapid solidification processes

6 CONCLUSIONS

1) EAM function parameterized to bulk solid
properties can correctly and efficiently predict the
glass transition and crystallization of liquid metals
during rapid solidification.

2) PCF show that the liquid AgsoAuso crystak

lizes into a crystal at the cooling rate of 4 x 10> K/s.
Although the crystallization temperature simulated is
lower than the experiment freezing point, it is rea-
sonable EAM model describes the behavior of Agsy
Auso well.

3) Both the thermodynamic properties and the
structure parameters predict the glass transition at the
cooling rate of 4 x 10" K/s, and the predicted glass
transition temperature T, is about 800 K.

4) MSD demonstrates that the glass state is not
merely frozen liquid state but special structure; PCF
manifests such features of liquid metal as short-range
order and long-range disorder. The changes of PCF
with the temperatures reflect the universal law of na-
ture that liquid metal rises orderly and drops disorder-
ly as the temperature low ers.
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