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Molecular dynamics (MD) simulations are carried out for model aluminium with 500, 864, 1372 and 2048 atoms interacting
with Sutton-Chen version of embedded atom method (SCEAM) based on many body interactions. The systems equilibrated
in an FCC structure have, first, been melted and then solidified with specifically selected single cooling rate which forms
unstable amorphous state in the system. The local structures of the system have been analysed by bond orientational order
parameters to distinguish the simple structures in the systems. The radial distribution functions (RDF) and atomic coordinates
have also been analysed for determining the local structural properties. It has been observed that the phase sequences of the
systems, except for those of the 2048 atoms, are FCC — Liquid — Amorphous — Mixed Crystal. Types of the crystals in the
mixed state depend on the number of the atoms in the system. The final phase of the system with 2048 atoms is amorphous

state.
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1. Inroduction

The systems such as amorphous, microcrystalline metals
and alloys prepared by rapid cooling processes possess
various excellent properties such as high strength and
magnetization, and their macroscopic properties are
mainly determined by investigating the microstructures.
In order to develop effective methods for controlling the
properties, it is very important to understand the evolution
mechanisms of microstructure in forming amorphous and
microcrystalline metals, but at this level of development it
is not an easy task to do experimentally. In the past several
years, the structural properties of small clusters have been
studied by using a variety of techniques [1-3]. In
particular, experimental difficultly in the area can be
overcome using MD simulations [4].

MD simulations based on the interatomic interactions
are widely used to research the structural properties of
metals or its alloys and amorphous systems. The
embedded atom method (EAM) originally proposed by
Daw and Baskes [5,6] based on many body interactions
has been used confidently in MD simulations on metallic
systems and used widely to solve the many problems in
bulk, surface and interface of metals and alloys [7—10].

*Corresponding author. Email: ayildiz@firat.edu.tr

However, the EAM applications on the liquid and
amorphous phases of metallic systems are increasing
from day to day [11-15].

The structural properties, such as clusters and lattice
cells, of the simulated solids or liquids have recently
been investigated by three dimensional bond orientational
orders calculated from the spherical harmonics. An
investigation of the bond orientational order parameters
in liquids and glasses had been studied comprehensively by
Steinhardt et al. [16], applying it to the simulation of
supercooled Lennard-Jones liquids and metallic glasses.
Subsequently, it has been used to determine the degree of
crystalline and icosahedral (ICOS) order during melting
and nucleation [17-19], and the local orientational
symmetrical features of the clusters in liquid or amorphous
metals [20—22]. There are also a few simulation studies on
the Al system during rapid cooling processes [23,24].
Generally, it has been observed from these studies that the
systems with different number of atoms exhibit a different
transition mechanism during structural transformation
from amorphous to crystalline solids [13], and FCC- and
HCP-like structures occur in the final structures [21].
However, it can be seen that FCC- and HCP-like structures
have not been investigated extensively.
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In this study, we have purposed to investigate the metal
clusters, especially FCC- and HCP-like structures, in
aluminium during transformation from amorphous state to
crystalline state by using MD simulations based on
SCEAM. The structure of the obtained solid and liquid
phases has been analysed by using radial distribution
function (RDF). The properties of local structure in liquid
and solid phases of aluminium have also been analysed
with the bond orientational order parameters. The
remainder of the study is divided into four sections. In
the first section, the theoretical background of EAM is
briefly presented. In the second the simulation application
of the MD is explained. In the third, the calculations of the
bond orientation order parameters for the systems are
given. In the forth, we present the results and discussion,
and in the last section the article ends with a short
conclusion.

2. Interatomic potential

In the EAM formalism, the binding energy of atom i in a
crystal with N atoms is a sum of contributions from the
pair potential and embedding potential functions. Various
approaches have been applied to define EAM functions
[25-28]. Among those, the SCEAM approach is one of
the simple approaches of the EAM, which has defined by
incorporating the essential band character of metallic
cohesion [27]. In this approach the total crystal energy is

calculated from
a n
—> —c ﬁi], (D
T ij

N 1 N
Fr=s) l52<
N m
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Here, r;; is the distance between atoms i and j, ¢ is a
positive dimensionless parameter, £ is a parameter in
dimension of energy, a is the lattice constant, and m and n
are positive integers, which are determined by fitting to the
experimental properties of material such as lattice
constant (a), cohesive energy (E.), and bulk modulus
(Bm)- The potential parameters for Al have been taken as
a=405A, £=33.147meV, ¢=16399, n=7 and
m = 6 from [27].

3. Simulation procedure

In this study, the MD method developed by Parrinello and
Rahman [29], which allows anisotropic volume change
and so it can produce a NPH or NPT statistical ensembles,
has been used.

In the simulation studies, the equations of motion of the
system were numerically solved by using the velocity
version of Verlet algorithm with an integration step size of
2.35fs. Potential energy functions were truncated at a

distance of 8.1 A (2ag). Initial MD cell were constructed
on a lattice with FCC unit cell for the systems of 500, 864,
1372 and 2048 atoms. The periodic boundary conditions
were applied on the three dimensions of the MD cell. Time
averages of the thermodynamic and structural properties
of the systems in each simulation run were determined for
8000 integration steps following the equilibration of 2000
steps. The temperature of the systems has been controlled
by rescaling the atomic velocities at every five integration
steps. The simulation processes were carried out as
follows:

First, the simulation runs were applied for getting the
equilibration of the system under zero pressure at 300 K,
and then the temperature was increased from 300 to 700
with 50K increment in each run of 10,000 integration
steps. At 700 K temperature, it has been observed that the
system has a liquid phase, and so an extra 10,000 steps
were waited at 700K to obtain relatively mixed liquid
phase. Second, the liquid phase was cooled down from 700
to 100 K with 100 K increment in each run of 10,000 steps.
The cooling rate was calculated as 4.25 X 10'2K/s for the
simulation runs of cooling process.

The structures of the systems in solid and liquid phases
were examined using the RDF,

o(r) = L <Zi”i(")>. 3)

N2 \4xmr2Ar

Here, g(r) is the probability of finding of an atom in the
range between r and r 4+ Ar, the angular bracket denotes
the time average. N is the number of atoms, n;(r) is the
coordination number around atom i in the range from r to
r+ Ar.

4. Bond orientational order parameters

The local structures of the atoms in the MD cell are
determined from the calculation of the bond orientational
order parameters [13,16,30]. In this formalism, the nearest
neighbours of each atom in the MD cell, which constitute
a cluster, is obtained by using a cut-off distance taken from
the minimum of the RDF between the first and the second
maximum. The spherical coordinates of each bond in the
cluster is calculated from, which are associated with a set
of numbers in terms of the spherical harmonics,

OQim(r) = Yi(6(r), d(r)) “4)

where Y,,(6, ¢) are spherical harmonics, and 6(r) and ¢(r)
are the polar and azimuthal angles of the bond measured
with respect to some reference frame. Hence, the local
bond order parameters can be worked out by averaging
equation (4) over the number of the bonds (V) in the
cluster

_ 1 X
O = 3~ > 0. )

bonds
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Table 1. The values of bond order parameters of some typical clusters.

Cluster (o) Os Wy Ws
1COS 0 0.66332 0 —0.16975
FCC 0.19094 0.57452 —0.15931 —0.01316
HCP 0.09722 0.48476 0.13409 —0.01244
DHCP 0.15221 0.49618 0.03494 —0.01160
FCT 0.6182 0.70403 0.02917 —0.04790
Liquid 0 0 0 0

In order to make the order parameters invariant with
respect to rotations of the reference frame, second-order
invariants (Q;) and third-order invariants (W,), respecti-
vely, are worked out from the equations below

/2

1
| 47 L
0 = 21—“,;1 | O (©6)

Ll
W= > [ 31 X Oty Qi Oty (7)

my my,ms my oy m

my+my+m3=0

where the parameters in square brackets are the Wigner 3j-
symbols. The reduced order parameters do not depend
strictly on the definition of the nearest neighbours, and can
be calculated from

n w
W, = ! (8)

s len]”

It is, in general, known that Qg and W6 is adequate to
identify the structures of clusters confidently. In this
calculation in addition to these two parameters, we have
also worked out Q4 and W, for more accurate
determinations. The bond order parameters values have
been obtained for FCC, HCP, “double hexagonal cubic
packed” (DHCP), face centred tetragonal (FCT), ICOS,
and liquid structures, which are given in table 1.

5. Results and discussion

First of all, the melting temperatures of the systems have
been obtained before the simulation studies on heating and
cooling of the systems. To determine the melting
temperature (7y,), the variation of the cohesive energy
with temperature, which is called caloric curve, was
plotted for zero pressure. From this plot, the melting
temperature was obtained as 500 £ 50K in an error of
—46% considering the experimental data of 933.5K [31].
A few methods for the determination of 7, have been used
in MD simulations [4,32]. It has been known that the
caloric curve method used in this study always gives a
lower melting point than experimental data, although it is
the simplest ones [7,32], and also the SCEAM gives a
lower melting point for the systems of small number of
atoms [33]. For this reason, the obtained 7, value can be
accepted for our studies to determine the liquid structure.

The obtained results have been plotted for the systems
only with 864 and 2048 atoms since the results of those
with 500, 864 and 1372 atoms are very close to each other
qualitatively.

The RDFs obtained at different temperatures during
heating and cooling processes are given in figure 1(a) and
(b) for two systems. The RDF curves have been plotted by
using the same g(r) scale at all temperatures. Since the
peak locations for 300 K satisfy the certain peak locations
at 1, v/2,~/3, /4, /5, etc. times of ry in an ideal FCC unit
cell, the model systems have an FCC unit cell under zero
pressure at initial condition. So the RDF curves at 300 K
for initial FCC structures are in agreement with the
experimental structure of aluminium [31]. Also, at 500 K
the structures are liquid [15].

As shown in the figure 1(a) and (b), the second peak
width of the RDF curves for cooled states at 300K is
increasing with increasing temperature, so it can be said
that the second nearest neighbour coordination split
during solidification of material. The splitting of these
peaks at 300K is also observed by other researchers for

T T T T T T
(a)
SCEAM Al, N=864

FCC/DHCP 00K

- Cooled 300K

Amorphous Liquid 700K

Heated 550K

g(r)

(b) T T T T T T
SCEAM Al N =2048

100K

Amorphous

Cooled 300K

Liquid 700K

Heated 5S0K

g

r(A)

r(A)

Figure 1. The RDF curves of the systems with (a) 864 and (b) 2048 atoms.
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aluminium and different amorphous materials, and it is
defined as a common feature of amorphous materials [34].
In the figure 1(a), it has been shown that the amorphous
structure of the system become the stable crystal structure
with decreasing temperature or during the equilibrating at
100 K, but for the system of 2048 atoms holds in a stable
amorphous structure at 100K (figure 1(b)). In fact,
different methods are suggested to determine the glass
transition temperature (7) which is observed widely in
amorphous materials. According to one of these
definitions, known as Wendt-Abraham ratio [8], the
Zmin/€max ratios of the RDF curves at different
temperatures are calculated and then plotted versus
temperature [10,15,21]. Here, g, is the first minimum
value, and g, is the first maximum value of the RDF
curve. In the graph two lines having two different slopes
occur, and the glass transition temperature is taken as
intersection point of these lines. The graphs of gmin/€max
ratios versus temperature obtained in this study for two
systems are given in figure 2(a) and (b). From this figures,
it can be said that the 7, value of the system with 864
atoms has not been determined as clearly as that of the
system with 2048 atoms, but it is estimated roughly as
300K. Although the glassy transition attempts in the
systems with low number of atoms have been observed at
300 K, these systems have not been successful to keep in
the glassy state and they have become crystalline solids.
In order to investigate the unit cells or clusters occurred
in the crystalline solids attempting the glassy transition,
0, and Wl from equations (6)—(8) were first worked out
for each clusters centred at each atom i for / = 4 and 6 at
different temperatures, and then averaged for each values
of [ over all atoms in the MD cell. The average values of
Qe and W6 have been given in figure 3(a)—(d) for the
systems with 864 and 2048 atoms. As expected, in heating
process the variation of bond order parameters of all
systems with temperature show a similar behaviour with
increasing the number of atoms in the MD cell. For
temperature below 550K the internal structure remains
nearly FCC unit cells, which shows the similar behaviour
as in Ref. [13]. On the other hand, the case in cooling
process is completely different, which can, obviously, be
seen on panels (a)—(d) of figure 3. The values of Q¢ given

(a) 03

.O
o
I

gmin/gmax
o
I

0 200 400 600 800
T (K)

on panels (a and c) consistent with each other as
temperature decreasing down to 300 K, but then below this
temperature differ from each other with the number of
atoms. This difference is also seen for W values on panels
(b and d). For temperature below 300 K the system with
864 atom attempt to transform from liquid to amorphous
state, but it did not stable in amorphous state. The decrease
of W6 values after the maximum at 200 K shows that the
system has a tendency to form crystalline structure for 864
atoms. However, as the number of atoms is increased, i.e.
N = 2048, the system remains at amorphous phase on
panel (d). These arguments can also be seen on the curves
of RDF.

Moreover, another calculation has been done for W4
values for two different cases of atomic number which is
presented in figure 4 (a) and (b). As seen on panel (a) that
values of W, did not change during the heating process for
both cases while a significant change with the number of
atoms appeared on panel (b) during the cooling process. In
other words, the result showed that in heating the values of
W, started from approximately — 0.9 and increased up to
0. This result is in agreement with the literatures in Ref.
[13,18,21]. On the other hand, in figure 4 (b) it is seen that
the values for the system with 2048 atoms slightly
decrease in negative region, although it increase
unexpectedly up to a 0.008 value passing through to
positive region for the system with 864 atoms. The
expected final value in the crystalline solid must be
negative because the solid may include many FCC unit
cells or clusters, which have a value of —0.15931 for W4.
Although it was considered in the first case that the HCP or
DHCEP clusters could give rise to this increase, later it was
realized that the increase could be caused by the FCT or
DHCP clusters when the real space atomic coordinates
were investigated.

The DHCP and HCP unit cells have been shown in
figure 5. Although the simplest pattern of atomic stacking,
AB, corresponds to the (mono) HCP structure, a four-
period sequence, ABAC, leads to the DHCP [35,36]. In
fact, the existence of the DHCP unit cells can not be
proved by analysing the RDF curve, in particular where
FCC unit cells become dense, because most peaks of the
RDF curve of the FCC cells superpose those of the DHCP

() 03

o
o
[

gmin/gmax
o
[

0 200 400 600 800
T (K)

Figure 2.  Wendt-Abraham ratios versus temperature for the systems with (a) 864 and (b) 2048 atoms.
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Figure 3. The average values of Qg and Wi versus temperature for the systems with 864 and 2048 atoms. Circle- and square-shaped symbols represent

the heating and cooling processes, respectively.

unit cells. To overcome this problem we believe that the
bond orientational order parameters are useful technique
to determine whether the simulated structures involve
DHCEP cells or not. Therefore Q4, Qe, W4 and W6 values
have been calculated, which are given in table 1.

The existence of the DHCP unit cells in the simulated
structures can be confirmed by analysing the changes in
the values of order parameter W,with temperature since it
produces the best value for the DHCP cells as seen from
table 1. In the present study, the W, order parameter has
been used to distinguish the FCC, HCP and DHCP or other
unit cells in the final structures. Figure 6 (a)—(f) show Q,
and W4 distributions at initial and final states for all the
systems except for the system with 500 atoms because it
produces nearly similar results as that of 864 atoms.

As seen in the figure 6 (a),(c) and (e), the systems have
the same distributional properties in initial states at 300 K
which represent that most part of their structures contain
FCC unit cells. In the final states at 100 K given in figure 6
(b),(d) and (f), on the other hand, there is no trace of
similarity among the distributional properties. In other
words, there are conspicuous differences representing
system properties such as amorphous state with 2048

(a) 0.020 T T T T
Heating

0.000

-0.020
g —0.040
0,060 ® N=864
B N=2048

-0.080

N | | | |
0. 10020(] 400 600 800

T (K)

atoms and crystalline states of the other systems.
Moreover, there are also systematic differences between
two crystalline systems with 864 and 1372 atoms as seen
in figure 6 (b) and (d). It has been observed that the two
solids have two different heaps of data. The first heap for
the system of 864 atoms occurs in the interval of
0.15 < 0,<020 at 0 < W4 < 0.035, and the second
is in 0.20 < Q4 < 0.25 at the same W, as the first.
Also, the first heap for the system with 1372 atoms
is within the interval of —0.14 < W, < —0.05
and 0.11 < 0, <0.17, and the second is within
0 < W4 < 0.05 and the same interval for Q. It can be
said from the results in table 1 that the first heap for the
system with 1372 atoms corresponds to the FCC structure,
and the second one is neither an agent of FCC nor HCP
structure, but it can be a signature of DHCP structure,
which was confirmed from the investigation of the real
space coordinates of atoms. Hence, the second heap for
the system with 864 atoms has also been interpreted in the
same way with very little exception for the data interval of
Q. Also, the first heap has been explained as that it could
be a signature of FCT cells due to both the increase of Q,4
value up to 0.25 and the positive value of W,. Finally, the

(b) 0.008 I T I T I T
I~ Cooling 7
0.004 — ® N=864 —
B B N=2048 I
g 0.000 — —
—-0.004 — —
—-0.008 1 I 1 I 1 I 1
0 200 400 600 800

T (K)

Figure 4. The changes of W4 with temperature for the systems with 864 and 2048 atoms. (a) Heating and (b) cooling processes.
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Figure 5. Close-packed structures: (a) HCP and (b) DHCP [34].

system with 2048 atoms at the final state was unable to
form crystalline structure.

In the gold nanorods with different number of atoms,
and shape, the structural transformations from FCC to
HCP and the mechanism of crystal growth from
amorphous atomic layers was investigated by Wang and
Dellago [13] using MD simulations and bond orientational

(a)
005 T T T I T T T I T To T

0.00[—

4
-0.05—

Wy
T

-0.10—

~0.15}- W Initial state—
L N=864 T=300K -

_OAZO 1 11 I 1 1 1 I 1 1 1
0.08 0.16 0.24 0.32

Qq

©
0.05

0.00

-0.05—

Wy

-0.10—

-0.15 "
F N=1372 T=300K -

_0.20 1 1 1 I 1 1 1 I 1 1 1
0.08 0.16 0.24 0.32

(e)
0.05

0.00

-0.05

Wy

-0.10

-0.15
- N=2048 T=300K -

_0.20 1 1 1 I 1 1 1 I 1 1 1
0.08 0.16 0.24 0.32

Q4

order parameters. They focused on the mechanism of the
morphological and structural transition emerges during
melting of the models, and found that their models with
different number of atoms exhibited different structural
transitions. In order to distinguish FCC from HCP
structures they also made some definitions on Q4 and Wa
values, such as FCC (Q4 > 0.17 and W4 < —0.10) and
HCP (Q4 < 0.13 and Wy > 0.07). Hence, according to
their definitions, the FCC structures in our study are not
consisting of completely ideal FCC unit cells, but they
might have some tetragonally deformed cubic cells. In
addition, it has been observed that the systems with
different number of atoms exhibit a different transition
mechanism during structural transformation from amor-
phous to crystalline solids, as observed in Ref. [13].
However, it is known that final structure formed in a
solid—solid phase transition depends both on annealing
time and temperature at high temperature phase. The same
situation can also occur in the systems solidified from
liquid phase, which will be interesting to investigate in a
future study.

(b)
0.05

T T,
r %30*“ ° 1
8 < ko ©
0.00f o5 &% A NP

-0.05— o -
<+

—0.10— -
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0.08 0.16 0.24 0.32
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()
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Figure 6. Q, and Wy distributions for the systems with 864, 1372 and 2048 atoms for the initial and final states.
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6. Conclusion

In this communication, MD simulation calculation, based
on the SCEAM method for atomic interactions, was
performed on some aluminium systems with different
number of atoms to determine the local structures from the
RDF and the calculation of the bond orientational order
parameters. In the calculations it was achieved to some
interesting results that the final structures of the systems
not only consist completely of pure FCC unit cells, but
also DHCP and FCT unit cells, and the structures in the
final state depend strongly on the number of atoms in the
system. The bond orientational order parameters for [ = 4
and 6 were, in particular, worked out to determine the
structure of DHCP. In connection with this statement, it is
interesting to note that, to the best of our knowledge, there
exists no literature to clarify that the structures modelled
with the SCEAM consist of DHCP unit cells. In this view,
we believe that this study is the first one involving the
SCEAM method. However, we must note that the detailed
investigation of the transformation mechanisms such as
cooling rate for solidification and annealing time is under
consideration for a future communication.
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