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A molecular dynamics simulation study has been performed for the microstructure evolution in a liquid metal

Ni system during crystallization process at two cooling rates by adopting the embedded atom method (EAM) model
potential. The bond-type index method of Honeycutt—Andersen (HA) and a new cluster-type index method (CTIM-2)
have been used to detect and analyse the microstructures in this system. It is demonstrated that the cooling rate plays

a critical role in the microstructure evolution: below the crystallization temperature Tc, the effects of cooling rate are
very remarkable and can be fully displayed. At different cooling rates of 2.0 x 1033 K-s~! and 1.0 x 102K .s~1, two
different kinds of crystal structures are obtained in the system. The first one is the coexistence of the hcp (expressed
by (1200 0 6 6) in CTIM-2) and the fcc (12 0 0 0 12 0) basic clusters consisting of 1421 and 1422 bond-types, and the
hcp basic cluster becomes the dominant one with decreasing temperature, the second one is mainly the fcc (12 0 0 0

12 0) basic clusters consisting of 1421 bond-type, and their crystallization temperatures T would be 1073 and 1173 K,

respectively.
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1. Introduction

The macro-properties of metal materials are
mainly determined by their microstructures, and the
microstructures are mainly related to the original con-
figurations in liquid state and the solidification pro-
cesses. For obtaining the microstructures with the
best materials properties, it is necessary to make a
tracing study on the microstructure transitions in so-
lidification processes at different cooling rates. How-
ever, under the present experimental conditions, it is
very difficult to perform a tracing study on the solidifi-
cation process of liquid metal. With the development
of computer technology, it is now possible to perform a
tracing study by using molecular dynamics simulation
and obtain a distinct physical picture for the solidifi-
cation processes of liquid metal, and some important

results have been obtained.[ 5]

At present, although some works have been de-

voted to the understanding of the solidification pro-

[6-8]

cesses of liquid pure metal Ni, the microscopic

mechanism of structure evolution in solidification of

Therefore, based
on the previous works, in this paper, by adopt-
ing the embedded atom method (EAM) potential, a
molecular dynamics simulation for liquid metal Ni

liquid metal Ni is still not clear.
[9—13]

is performed at two different cooling rates and then
the results are analysed by using the bond-type in-
dex method!™ and also the new cluster-type index
method (CTIM-2). New information of microstruc-
ture evolution for liquid metal Ni is shown in the fol-
lowing Sections.

2. Simulation conditions and

methods

Based on the density functional theory and the
effective medium theory, Daw and Baskes!'® estab-
lished a semi-empirical EAM model potential, which
has been used successfully in the study of solid state
matter at first and then extended to the research of
liquid metals by Foiles.'! As Foiles pointed out, there
is a larger difference of the atomic distance between
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the liquid state and the solid state, therefore, the EAM
potential formulation should be improved to meet the
need of simulation of liquid metals as follows.
Phi=p+ Z [0 (Rij) — 9] (1)
Jj<i
where pp ; is the electron density at the position of
atom 7, p is the average electron density in the liquid
state, p§ (R;;) is the density of atom j around the po-
sition of atom ¢ with a distance of 75, § = p/(N — 1).
The effective pair potential is given by

U(R) = O(R) +2F'(p)pa(R) + F" (p)[pa(R)?, (2)

where F(p) is the energy required to embed an atom
1 into the background electron density at site ¢, and
&(r) is the pair potential. The EAM potential formu-
lation is written as

ZF (pi —i—Z (ri5), (3)

i<j

ro == om () ] ()
n(2)
O(r) = —a [1+5 <— —1”
xexp[ (_ - 1>] (5)

:Zf(rij)ZZfeGXP —X T_Te)]v (6)
J#i J#i

where FEio is the total energy of a system, p; is the

Et ot —

linear superposition of the electron density surround-
ing each atom, «, 3, Fy, F} are the fitting parameters
same as in Ref.[17], n = 0.5.

The molecular dynamics (MD) technique and the
simulation conditions used here are as follows: Firstly,
500 Ni atoms are randomly placed in a cubic box; and
the system runs under periodic boundary conditions.
The cubic box size is determined by both the number
of atoms in the system and the mean volume of each
atom at each given temperature.'8 The mean volume
is changed with temperature; thus the box size will
also be changed with temperature. The interaction
potential adopted here is the effective EAM potential
function mentioned above.

This simulation is started at 1973K (the melt
point of Ni is 1727K). At this temperature, the sys-
tem runs 100000 time steps to obtain equilibrium lig-
uid state. Then the temperature of the system is de-
creased from 1973 to 373K with a temperature in-
ternal of 100K, using the damped force method,* at

different cooling rates of 2 x 10™3 and 1 x 102K -s71,
respectively. After the system runs 3000 time steps
we record the atom structural configurations of the
system, i.e. the space coordinates of atoms at each
given temperature. Finally, the microstructures in the
system are detected by means of the bond-type in-
dex method of Honeycutt-Andersen (HA) and the
cluster-type index method (CTIM-2), and their evo-

lution mechanisms are also discussed.

3. Simulation result analysis

3.1. Pair distribution function analysis

The pair distribution g(r) is the Fourier transform
of the structure factor S(q) obtained by x-ray diffrac-
tion experiment. It has been an important method
to compare the theoretical results with the experi-
mental ones for liquid and amorphous structures at
present. The comparison of g(r) at 1873 K between
the present simulated results and the experimental
results of Wasedal'! is shown in Fig.1. From Fig.1,
it can be clearly seen that they are in good agree-
ment. Therefore, the effective EAM potential function
adopted here is successful in reflecting the physical
nature of this system, and we believe that the other

simulation results is reliable as well.

0 J' 1 L L A
0 0.2 0.4 0.6 0.8 1.0 1.2

r/nm

Fig.1. Comparison of the pair distribution function g(r) of
liquid Ni with the experimental result obtained at 1873 K.

3.2. Bond-type index analysis

In order to further understand the microstruc-
tures in the system, at present, the pair analysis
technique, especially the bond-type index method
of Honeycutt-Andersen (HA)' has been applied
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widely, and become an important method for describ-
ing the microstructures of disordering systems, such
as liquid, amorphous states and so on. According to
the definition of the HA bond-type index, any pair of
atoms under consideration in a system can be char-
acterized by four numbers ijkl. The first number 7 is
1 if the root pair of atoms is bonded, or 2 otherwise.
The second number j represents the number of near-
neighbours shared by the root pair of interest. The
third number £ is the number of bonds between the
shared neighbours. These three numbers are not suf-
ficient to characterize a diagram uniquely, so a fourth
number 1 is added to resolve the ambiguity about the
arrangement of the atomic bonds. Applying this HA
bond-type index, the bond-types between two atoms
can be determined clearly. It is well known that de-
scribed by bond-type index method of HA, each of
the various systems has its own characteristic bond-
type. For example, the 1551, 1541 and 1431 bond-
types are characteristic bond-types of typical liquid
and amorphous states; the 1661(six) and 1441 (eight)
bond-types are the characteristic bond-types of bcc
crystal; the 1421 (twelve) bond-type is the characteris-
tic bond-type of fcc crystal, while for hcp crystal the
characteristic bond-types are 1421(six) and 1422(six).

The relative number of seven main bond-types

changed with temperature at different cooling rates
of 2 x 10 and 1 x 102K -s!
and 2(b) respectively. From these figures, it can be

are shown in Figs.2(a)

seen that when the temperature is above 1273k, the
effects of the two different cooling rates on the differ-
ent bond-types are very small, and the variation trend
is almost the same. But as the temperature decreases
continually from 1173K, the effects of cooling rates on
the relative number of various bond-types become re-
markable, especially on the 1421 and 1422 bond-types
whose number is the largest and plays a leading role in
the transition of microstructures. Finally, the crystal
structures are formed in the systems with 1421 and
1422 bond-types as the dominant types. The crystal-
lization temperatures 7, are approximately equal to
1073-973K and 1173-1073 K, respectively.

From all these results, similar to those we ob-

(10-13] it can be seen that the

tained for other cases,
effects of different cooling rates on the microstructures
of liquid and supercooled states are very small. How-
ever, the effects of them on solid (amorphous or crys-
tal) states are very remarkable and can be fully dis-
played only nearby the liquid-solid transition points,
namely, T, for the amorphous formation processes or

T, for the crystallization processes.
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Fig.2. The relative number of bond-types changed with temperature at different cooling rate. (a) 2.0 x 1013 K.s~1

(b) 1.0 x 1012 K .s~1

3.3. Analyses of cluster structures

The structures of various clusters are formed by
various special kinds and numbers of bond-types, how-
ever, at present, the bond-type index method of HA
is very difficult to describe these clusters. In order to
clearly describe all kinds of clusters, we have proposed
a cluster-type index method (CTIM)!~13] bhased on

the HA indices!™ and the work of Qi and Wang.[2"]
We have defined the basic cluster as the smallest
cluster composed of a core atom and its surrounding
neighbouring atoms. A larger cluster can be formed
by continuous expanding a basic cluster as the core,
according to a certain rule, or by combining several

basic clusters together.

According to the definition of a basic cluster, four
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integers are also adopted to describe the basic clusters.
The meaning of the four integers used in CTIM are as
follows: the first integer represents the number of sur-
rounding atoms which form a basic cluster with the
central atom, i.e. the coordination number Z of the
central atom; the second, third and fourth integers
represent the numbers of 1441, 1551 and 1661 bond-
types, respectively, by which the surrounding atoms
are connected with the central atom of the basic clus-
ter. For example, (12 0 12 0) stands for an icosahedral
cluster that is composed of 13 atoms: the central atom
is connected to the surrounding atoms through twelve
1551 bond-types (i.e., the coordination number of the
central atom Z = 12); (13 1 10 2) stands for the de-
fective polyhedron cluster composed of 14 atoms, the
core atom is connected to the surrounding atoms with
one 1441, ten 1551 and two 1661 bond-types (the co-
ordination number Z = 13), and so on. The CTIM
has been successfully used to describe various clusters
in liquid and amorphous metals, from basic clusters
to larger clusters, as those shown in Refs.[11, 12].

Using the CTIM, bce crystal unit (basic cluster)
can be expressed as (14 6 0 8) and many kinds of
basic clusters in amorphous state can be represented
in a simple way (for details see Refs.[11-13]). How-
ever, the familiar fcc basic cluster which is made up of
twelve 1421 bond-types, and hcp basic cluster which
is made up of six 1421 and six 1422 bond-types, still
cannot be described. In order to clearly describe the
fcc and hep basic clusters, the CTIM should be ex-
tended by adding two integers (namely, the fifth and
the sixth ones, which represent the numbers of 1421
and 1422 bond-types in a cluster, respectively). For
convenience of discussion, the CTIM with 6 integers is
called CTIM-2. In the CTIM-2, the basic cluster can
be expressed as follows: the icosahedron (ico-cluster),
bee crystal unit (bee-cluster), hep crystal unit (hep-
cluster) and fcc crystal unit (fce-cluster) can be ex-
pressed in turn by (12012000), (14608 00), (120
0066)and (12000 12 0), respectively. Their typical
configurations are shown in Fig.3.

Ico(12 0 12 0 0 0)

bee(14 6 0 8 0 0)

hep(12 0 0 0 6 6) fce(12 0 0 0 12 0)

Fig.3. Schematic diagrams of the typical ico, dec, bee, hep and fee basic clusters and the corresponding basic clusters found

in the system expressed by CTIM-2.

For understanding the atomic distribution in the
system, the whole schematic diagrams of the (100)
cross section of the system at 373 K for cooling rate of
2.0 x 1013 and 1.0 x 1012 K - s~! are shown in Figs.4(a)
and 4(b), respectively. It can be seen that the regular
arrangements of crystal structures indeed have been
formed in the two systems, especially, a typical fcc
(12 0 0 0 12 0) structure has been formed in Fig.4(b).

For revealing the crystallization process of liquid
Ni, the details of the evolution processes of various
clusters in solidification at different cooling rates of

2.0 x 10" and 1.0 x 102K - s~ 1, are listed in Tables 1
and 2, respectively, from which, it can be clearly seen
that during the two solidification processes, the crys-
tallization temperature T, are approximately 1073—
973K and 1173-1073K, respectively. These results are
in good agreement with those obtained from the HA
bond-type indices analysis. In particular, from Table
1, it can be clearly seen the three basic clusters of
icosahedron (120120 0 0), hep (12000 6 6) and fec
(12000 12 0) can coexist in the system at T, = 973 K,
while at 873 K and below only the hcp and fcc basic
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clusters coexist and the hcp basic cluster becomes the  process at T, ~ 1073 K, only the hcp and fcc basic
dominant one with decreasing temperature. However,  clusters coexist, and the dominant cluster has turned
Table 2 shows that there is no coexistence of the three  to be the fcc basic cluster at 1073 K and thereafter.
basic clusters of ico, hcp and fee in the solidification
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Fig.4. Fig. 4 Schematic diagrams of atomic distribution in cross section (100) in the system at 373 K for cooling
rates: (a) 2.0 x 1013 K-s71; (b) 1.0 x 102 K -s~ 1.

Table 1. Variation of the number of clusters with temperature (K) at a cooling rate of 2.0 x 1013 K .s~ 1.

Temperature (K) and the number of various cluster-types

1973 1773 1573 1373 1273 1173 1073 973 873 773 673 573 473 373

Types of clusters

(120006 6) 0 0 0 0 0 0 0 0.5 285 121 148 158 181 187
(12000 12 0) 0 0 0 0 0 0 0 0.5 155 815 104 113 122 132
(1201200 0) 0 15 15 30 40 10 05 05 0 0 0 0 0 0
(1401220 0) 0 0.5 0 0 0 1.0 0 0 0 0 0 0 0
(15012 3 0 0) 0 0 0 0 0 0 0.5 0 0 0 0 0 0 0
(1311020 0) 05 25 30 50 45 50 40 05 0 0 0 0 0 0
(14110 30 0) 0 0 2.5 0 25 05 05 0 0 0 0 0 0 0
(15110 4 0 0) 0 1.0 0 1.0 0 0 0.5 0 0 0 0 0 0 0
(1128100) 0 0.5 0.5 0 0 0 0 0 0 0 0 0 0 0
(1228200) 05 10 15 10 30 20 15 0 0 0 0 0 0 0
(1328300) 0.5 0 0.5 0 0 05 05 05 0 0 0 0 0 0
(142840 0) 1.0 1.0 15 35 40 25 25 05 0 0 0 0 0 0
(152850 0) 0 05 15 05 10 15 0 0 0 0 0 0 0
(16 28 6 0 0) 0.5 0 0 0 0 0 0 0 0 0 0 0
(1236 300) 05 10 15 0 0 0.5 0 0 0 0 0 0 0
(1336400) 0 20 05 15 30 40 60 0 0 0 0 0 0 0
(143 6500) 05 10 05 15 1.0 20 35 0 0 0 0 0 0 0
(15366 00) 0 05 05 05 0 0.5 0 0 0 0 0 0 0
(1244400) 0 0 0 05 10 0 0 0 0 0 0 0 0
(1344 500) 0 1.0 0 0 0 05 05 0 0 0 0 0 0 0
(144460 0) 0 0 0 35 30 35 50 05 05 0 0 0 0 0
(1544 700) 0 0 0 1.0 0 0 0.5 0 0 0 0 0 0 0
(12525 00) 0 0 0 1.0 0 1.0 0 0 0 0 0 0 0
(13526 00) 0 0 0 0.5 0 05 05 0 15 0 0 0 0 0
(1552800) 0 0 0 0 0 0 0 05 0 0 0 0 0
(146080 0) 0 0 0 0 35 35 10 20 0 0 0 0 0
Total number of all 5 - 19 145 950 265 295 315 45 485 202 252 271 303 319

clusters
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Table 2. Variation of the number of clusters with temperatures (K) at a cooling rate of 1.0 x 1012 K -s~1.
Types of clusters Temperature (K) and the number of various cluster-types

1973 1773 1573 1373 1273 1173 1073 973 873 773 673 573 473 373

(120006 6) 0 0 0 0 0 0 6.5 0 1.5 2 9.5 7 16 15

(12000 120) 0 0 0 0 0 0 190  280. 302. 312. 304. 328. 327 330
(12012000) 0 2.5 2.0 2.0 2.0 2.0 0 0 0 0 0 0 0 0
(14012200) 0 0 1.5 0 0 0 0 0 0 0 0 0 0 0
(13110200) 0.5 1.5 3.5 2.0 3.0 6.0 0 0 0 0 0 0 0 0
(14110300) 0 0 1.5 2.5 0 0 0 0 0 0 0 0 0 0
(151104 00) 0 0 0 1.5 0 6.0 0 0 0 0 0 0 0 0
(16 11050 0) 0 0 1.5 1.0 0 0.5 0 0 0 0 0 0 0 0
(171106 00) 0 0 0.5 0 0 0 0 0 0 0 0 0 0
(1128100) 0 0 0 1.0 0 0 0 0 0 0 0 0 0
(1228200) 0.5 1.5 0.5 1.0 1.0 4.5 0 0 0 0 0 0 0 0
(1328300) 0.5 0 2.5 0 2.5 0 0 0 0 0 0 0 0 0
(1428400) 1.0 1.0 1.5 1.5 3.5 6.5 0 0 0 0 0 0 0 0
(1528500) 0.5 0 2.0 1.5 0 0 0 0 0 0 0 0
(16 286 00) 0 0 0.5 0 0 0 0 0 0 0 0
(1236300) 0.5 0 0 0.5 0 0 0 0 0 0 0 0
(1336400) 0 0 4.0 0 6.0 3.5 0 0 0 0 0 0 0 0
(1436500) 0.5 0 1.0 1.0 4.5 3.0 0 0 0 0 0 0 0 0
(1536600) 0 0 0 0 0.5 0 0 0 0 0 0 0 0
(1636 700) 0 0 0 0 0 0 0 0 0 0 0 0
(1244400) 0 0 1.0 0 0 0 0 0 0 0 0 0 0
(1344500) 0 0.5 0.5 0 0 1.0 0 0 0 0 0 0 0 0
(1444600) 0 0.5 1.5 1.0 2.0 5.5 0 0 0 0 0 0 0 0
(1544700) 0 1.0 2.0 1.0 0.5 4.5 0 0 0 0 0 0 0 0
(1352600) 0 0 0 0 0 0.5 0 0 0 0 0 0 0 0

Total numberofall 5 595 950 155 270 460 196. 280 303. 314 313 335 343 345

clusters

From these results, it is also obvious that above
the liquid-solid transition temperature T¢, in liquid
and supercooled states, the effects of different cool-
ing rates on the numbers of basic clusters of liquid
metal are very small, however, below the liquid-solid
transition temperature, their effects are very remark-
able and can be fully displayed. Thus the cluster-type
index method (CTIM-2) used here is successful and
would be a new approach to study the microstructure
transition of liquid metals during solidification pro-
cesses.

As for why the effects of different cooling rates on
the microstructures can be fully displayed only at tem-
peratures nearby the liquid-solid transition, we think
that the main cause is as follows: during the solidifi-
cation process of liquid metals studied as a function
of time and the dimension of the clusters, when the
temperature is above the liquid-solid transition tem-
perature, the energy of atoms in the system is higher,
and it is easier for the atoms to flow and diffuse.

Thus atomic bonds may break and form new ones due
to thermal fluctuations, and the microstructures in
the system will be transferred frequently, so that the
short-range-order structures, clusters, would be con-
tinuously formed, then decomposed, and re-formed as
different clusters to adapt to the change of tempera-
ture. But this process is transitory, and the transition
of short-range-order structures or clusters, is instan-
taneous, so the system is always in the approach to
Thus
when the temperature is above the liquid-solid tran-

an equilibrium relevant to that temperature.

sition temperature, namely in liquid or superheated
states, the effects of cooling rate on the microstruc-
tures are very small. However, when the temperature
decreases continually from the liquid-solid transition
temperature, the atoms cannot flow freely, and the dif-
fuse mechanism also would be changed. The transfer
of atoms becomes very slow, and the time needed for
the processes of forming, decomposing and re-forming
of clusters becomes longer and longer. It is unlikely
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that the transitions in liquid and supercooled states
can be rapidly adapted to the change of temperature,
so the effects of cooling rate on the transitions of mi-
crostructures become more and more remarkable, and
can be fully displayed. The mechanism of these effects
will be discussed in another paper.

4. Conclusions

From the results and discussions, for the mi-
crostructure evolution during the solidification pro-
cesses of liquid metal Ni, the conclusions can be drawn
as follows:

1. During the solidification processes of liquid
metal, for the cooling rates 2.0 x 103K .s~! and
1.0 x 102K -s~1, two different kinds of crystal struc-
tures are formed in the system. The first one obtained
at the former cooling rate is the coexistence of the hcp
(expressed by (1200 0 6 6) in CTIM-2) and the fcc
(12 0 0 0 12 0) basic clusters consisting of 1421 and

1422 bond-types. The hcp basic cluster becomes the
dominant one with decreasing temperature; the sec-
ond one is mainly the fcc (12 0 0 0 12 0) basic clusters
consisting of 1421 bond-type

2. Above the liquid-solid transition temperature
T, in liquid and supercooled states, the effects of dif-
ferent cooling rates on the microstructures of liquid
metal are very small; below the liquid-solid transition
temperature, the effects of those are very remarkable
and can be fully displayed. According to these fea-
tures, it is possible to establish a new method for de-
termining the crystallization temperature 7 of liquid
metals.

3. The cluster-type index method (GTIM-2) is
better than bond-type index method for further in-
vestigating the concrete structural characteristics of
the disordering liquid, amorphous and some crystal-
lization systems. This method would benefit the study
on the transition mechanisms of the microstructures

during the crystallization process of liquid metal.
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