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Abstract. Based on the embedded-atom method, molecular dynamics simulations have been
performed to study the structural features of Al and Cu in the liquid and solid states during rapid
solidification. The calculated pair correlation functions above the melting points of Al and Cu
are found to be in good agreement with experiment, especially for Cu. The results show that
the EaM can correctly and efficiently predict the glass transition and crystallization during rapid
solidification from liquid roetals, and can also deseribe microstructures of liquids, supercooled
liquids, glasses and crystalline phases. In addition, structural analysis using bond ecrientationat
order and pair analysis techniques have been made in detail, and the effect of cooling rate on
- microstructures during rapid solidification has been analysed.

1. Infroduction

Recent years have witnessed considerable progress in the development of empirical or semi-
empirical many-body potentials for accurately reproducing thermodynamic and structural
properties of most transition metals. One feature of these many-body potentials is easy to
carry out for computer simulations. The embedded-atom method (EAM) of Daw and Baskes
[1,2] (and further developed by Johnson et al [3-6]), N-body potentials proposed by Finnis
and Sinclair (F$) [7] (and further developed by Ackland et al [8-107]) and the tight-binding
mode] of many-body potentials given by Rosato et al [11] consist of three main aspects of
the present empirical or semi-empirical many-body potentials.

The EAM based on the density functional [12] and quasi-atom concept [13] has been
successfully applied to a wide range of aspects in the solid state, such as in point defects,
disiocations and surfaces [14-16]. Foiles [17] used an earlier set of EAM functions to
calculate properties of bulk liquids, and got reasonable results compared with experiment.
Mei et af [18] applied the nearest-neighbour model of EAM proposed by Johnson [3] to the
liquid state by using molecular dynamics simulations; the results for structure factors and
diffusive coefficients of noble metals are in good agreement with experiments. Furthermore,
Mei extended the nearest-neighbour model of EAM to the third-neighbour situation [19].
Based on his extended model, Mei evaluated thermodynamic properties for noble metals,
and the free energy for aluminium [20]. It should be noted that the liquid state is qualitatively
different from the other applications of the EAM method and so will provide a critical test of
the range of applicability of the methods as well as the empirical procedures used to derive

0953-8984/95/122379+16$19.50 © 1995 IOP Publishing Ltd 2379



2380 Chen Kuiying et al

the EAM functions. It is known to us that in the determination of embedding functions and
pair potentials, only information about small deviations from the equilibrium solid are used.
Therefore, it is not clear as to whether these functions will reasonably describe systems,
such as liquids, especially supercooled liquids and glasses. Thus liquid-state calculations
(especially supercooled liguids) would provide a test of the form of the embedding functions
at lower than usual electron densities. As pointed out by Foiles [17], the motion of the
atoms in liquid brings them much closer together at times than is found in the equilibrium
solid. Conversely, the liquid data can be used to improve the choice of the functional
forms. One way to enhance the reliability of the EAM for calculating the properties of
liquids may, be to fit the EaM functions to properties of bulk liquids. Doing so would allow
the EAM to accurately predict the behaviour of liquids for a wider range of characterizations.
In addition, the application of the EAM to a supercocled liquid shows promise for finding
theoretical values of properties that cannot be determined experimentally.

The Fs type of potential based on the second-moment approximation of the tight-binding
theory is another type of many-body potential, which is constructed to deal with BCC-like
structures, Ackland [8] extended the FS type of potential by adding the potentials’ cores,
fitted to electron gas calculations. The adjusted potentials are shown to predict a more
realistic pressure—volume relationship. Holender [21,22] applied the FS type of many-
body potential to the liquid state for pure noble metals, such as for Ag, Au and Cu. The
structure factors and thermodynamic properties thus obtained by using MDS are in good
agreement with experiment. Kulp et al [23,24] used Ackland’s model for binary Cu-Ti
alloys with the help of MDs. Their results demonstraie that FS-type potentials can give
reasonable results when compared with experiment. The tight-binding model many-body
potentials proposed by Roasto e al are another important type of potential, and have been
successfully used to investigate amorphization of Ni—Zr alloy and quenching from the liquid
state [25,26]. Holzman et @/ [27], in research on properties of bulk liquid and surface
energy, argued that the further application of EAM should be on liquids’ supercooled liquid
aspects. Unfortunately, up till now, a study of this aspect has not been made. Here, we chose
the EAM as the fundamental model, though these EAM functions are parametrized to buik
solid properties. We want to see if the EAM can correctly and efficiently describe the glass
transition and crystallization during rapid cooling from the liquid state. These problems
comprise the main subject of the research. In the present paper, we chose aluminium (FCC
structure, sp-bonded metal) and copper (FCC structure, transition metal) as candidates. We
used the pair correlation function, the bond orientational order and pair analysis techniques
as geometrical functions to examine the features of structure for both Al and Cu in liquid
and solid state.

2. Theory procedure
In the frame of EAM [2], the total energy of an N-atom system takes the form
1 .
B = Zﬂ(ﬂi) 3 ZJ: Pi;(ri;) - 0
i

where p; is the electronic density at site i due to the surrounding atoms, F;(p;) is the energy
needed to embed an atom into this density, and ®;;(r;;) is the two-body central potential.
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For aluminium and copper metals, the spherical approximation for the electronic density is
made and electronic density is approximated by the superposition of atomic densities

o= fi(m) @)
I

where f;(r;;) is the contribution to the electronic density at atom { due to atom j at a distance
r;; from atom {. By replacing the atomic electronic density with an exponentially decaying
function, Johnson [3] developed a set of simplified EAM functions for FCC metals. These
analytic EAM functions are valid for nearest-neighbour interactions that are easy to use for
computer simulations. Mei [19] obtained a simple analytic form of EAM-type potentials for
dynamic simulation by extending Johnson’s nearest-neighbour model to make it valid for
any choice of cut-off distance. We chose Mei’s model as the practical and fundamental
model; the electronic density f(r) is chosen as

.6 ’ R
F =1 alr/r). 3)

=0

The two-body potential $(r) is

P(r)= w%(1 +8(r/r.— I)) exp(—v(r/r. — 1)). (4)

Thus based on Rose’s relation {28], the embedded energy in Mei’s model can be written as

a/f '
o= 50(2))(2) "+ Bt

. my /B
% (1 + (pm — 1) — pm%h(f;)) (ﬁ)p " ()

Model parameters appearing in expressions (1)—(5) have been described in detail in [19],
and the cut-off function used for simulation from Mei is

1 r<r
ery={ 1 ~xP1+3x+6xD) I <r<re &)
0 Foere ' )

where x = (r — ry)/{(re — ra), ra = 1.75%, ro = 1.95re. Expressions (1)—(5) consist of the
fundamental of our present calculations.

3. Molecular dynamic simulation approach

The molecular dynamic simulations are performed in a cubic box subject to periodical
boundary conditions for a systemn with 500 particles. The time unit is chosen as
0.412 x 10~ s and the time step is 5.0 x 10~'° 5. Here, we chose the damped force
method to decrease the temperature by forcing the bath temperature to change linearly at
every step. In our study, we have performed the following type of calculation on aluminium
and copper.
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(i) Tn order to get an equilibrium lquid state, we start at 1323 K, 1023 K for Al and
1600 K for Cu respectively, which are higher than the melting points by 390 K, 90 K and
244 K. The systems are un for 3.0 x 10° time steps at these three temperatures.

(i) Fast cooling from the liquid at 1323 K and 1600 K for aluminium and copper to
the glass state at 100 K with a fast cooling rate 4.2 x 10" X s~!, with the aim to arrive at
a glass state, and also examine the structural features of supercooled liquids of Al and Cu.

(iii) Slow cooling from the supercooled liquid state at 800 K for Cu to the crystal state
at 100 K with a cooling rate 3.8 x 10" X s, to examine the processing of crystallization
and also the structure.

During each quenching, the structural configurations were recorded at every fixed
temperature interval. Then the structure analysis of liquid, supercooled liquid, glass and
crystal was performed by RDF, bond orientational order and pair analysis techniques. The
RDFs were obtained for 6 x 10° time steps, and results by bond orientational order and
pair analysis techniques are averaged over 20 configurations. The whole calculations were
carried out on a DEC 5000/125 workstation in our laboratory.

4. Structural description

4.1. Pair correlation function

The pair correlation function (PCF) has been widely used to describe the structure
characterization of liquid and amorphous states; it is usually defined as [29]

pg(r) = N“l( Ea(r + R - Rj)> 7)

i

which g(r) is the probability of finding an atom in the range from r to r +dr, p is the
average density of the system. R is the atoms’ position, the angular bracket denotes the
time average, and J§ is the Dirac deita function.

4.2. Bond orientational order

In order to analyse the liquid structural characteristics, we shall measure local orientational
symmetry in Hquid metals with bond orientational order parameters. The importance of
local orientational symmetries in three dimensions was emphasized over forty years ago
by Frank [30]}. Three-dimensional bond orientational order has been studied theoretically
by Nelson and Toner [31]. Since then Steinhardt ef af [32,33] have applied it in the
simulation of supercooled Lennard-Jones liquids and in the examination of possible local
and extended icosahedral bond order. For realistic metals or alloys, much less work has
been devoted to their three-dimensional order. Thus, in our present research we shall
measure local orientational symmetries in the computer generated models of liquids and
solids. However, our attention is restricted to various icosahedral symmetries, Frank-Kasper
{FK) polyhedra and Bernal hole polyhedra defined by bond orientational order and the pair
analysis approaches (discussed below) respectively.

In liquid metals, any two atoms form a bond if they are within a separation chosen to
equal the first minimal position of the RDF. The bond is described in terms of orientational
order parameters Oy,

Qi) = YO), $0)  m=—l,...,0,....1 @®
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where Y, (8(r), @(r)) are spherical harmonics; 6 and ¢ are the polar angles of the bond
measured with respect to some coordinate system.

In the case of clusters of particular interest, the averaged orientational order parameter
should be considered

Oim(r) ={Qim () )

where the average is taken over all bonds within the cluster. In order to eliminate the
dependence of @ on a special coordinate system, it is important to consider the rotational
invariant combination

(2z+1 Z |"_"”[) ' “ (10)

It is clear to see that O, is a quadratic invariant of Q;,. For an icosahedral symmetry,
it is sufficient to calculate the orientational order parameter Ws, which is most sensible with
respect to the icosahedral symmetry suggested by Steinhardt [33]. Wy, being the third-order
invariant of Gy, is defined as

o W
Ws = = : n
(s [Qen PP
6 6 6

_in which W = Y mmm

mytmz+mz=0 | M1 Mg M3
so that it is independent of the overall magnitude of {Q),,}. The order parameters Q¢ and
Ws measure the icosahedral ordering to some extent as argued by Steinhardt [33], and for
an ideal icosahedron, the absolute value of Wy gives the maximum number 0.169 754 [33].

Oém, O6m, Cem,. This quantity is normalized

4.3. Pair aﬁalysis technigues

In the present paper, structural analysis by the PA method [34] is also used in the calculation.
If two atoms are within a given cut-off sepazation, here chosen to equal the position of the
first minimum in the appropriate PDF, we say that these two atoms form a bond. Based
on the PA formula, the fivefold symmetry bond plus other different kinds of bond can be
obtained by computer. The 1551 bonded pairs represent the two root pair atoms with
five common neighbours that have five bonds which form a pentagon of near-neighbour
contact. Similar analysis holds for 1441, 1661 bonded pairs, etc. It is necessary to point
out that the number of 1551 bonded pairs in a liquid is a direct measurement of the degree
of icosahedral ordering. By using the PA formula, we can count several polyhedra with
various symmetries. If only the centre atom has twelve neighbouring atoms, and they are
all joined to the centre atom by twelve 1551 bonded pairs, we say they form zan icosahedron.
Similarly, if the centre atom has fourteen (or more) neighbouring atoms, twelve of which
are joined to the centre atom by twelve 1551 bonded pairs and two (or more) of which are
joined to the centre atom by two 1661 bonded pairs, then they define a FK polyhedron with
the coordinate number Z = 14. For other FK polyhedra with different coordinate numbers,
the definition still holds. In the same way, we can define a Bernal hole polyhedron [35].

In addition, a polyhedron consisting of only 1551, 1441 and 1661 bonded pairs is called a
defective icosahedron. :
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Figure 1. Pair correlation functions for Al (@) and Cu (&) in the liquid, supercooled liquid and
solid states. Solid kines are calculated results, whereas dotted lines are from experiments [42].

5. Results and discussion

5.1. Fast-cooling processing and glass formation

In the following section, we first study the fast-cooling process of liquid Al and Cu metals,
and examine the structural features in the liquid, supercooled liquid, amorphous state and
crystal by several geometrical functions. Two curves in figure 1(a) which are at 1323 K
and 1023 K for Al and a curve in figure 1{b} which is at 1600 K for Cu show that
PCFs thus calculated based on expression (7) are very close to experiment [42], especially
for copper, indicating the structures simulated at 1323 K, 1023 K and 1600 K are at the
equilibrium liquid state respectively. It also demonstrates that the EAM functions are capable
of providing a good description of the liquid state. Thus we obtain good starting points
for the next series of rapid-cooling processing. In addition, figure 1 gives the PCFs for Al
and Cu in the supercooled liquid and solid states during fast cooling, and corresponding
temperatures at each state have been labelled for each curve respectively. We observe from
figure 1 that during fast-cooling processing, the splitting of the second peak in PCFs gradually
appears, and at the final temperature {100 K) for both Al and Cu in the present simulation,
the second peaks have been split completely into two subpeaks which are known to us as
a feature of the glass state. Furthermore, from figure 1 PCFs, we can determine the glass
transition temperature at the present cooling rate 4.2 x 10'* K s~! by an approach proposed
by Abraham [36]. Figure 2 gives the relationship between guin/gmax and temperature as
suggested by Abraham, where gu;, and gn, stand for the first minima and the maximum
values of the corresponding PCF respectively. There exist two lines with different slopes in
figure 2, and their intersections are the glass transition temperatures Ty, which are 420 K
and 710 K for Al and Cu respectively. Based on Ty, we find that the second peak splitting
has already appeared even in the supercooled liquid state, which is consistent with results
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symbeals in () represent results at the cooling rate 3.8 x (017 K 5=,

in [37,38]. Thus the EAM-type potentials can indeed describe the glass transition processing

and microstructures of supercooled liquid and amorphous solid. .
' In order to examine the fine structural features, apart from the PCFs, we will adopt bond

orientational order parameters Qg and Wy as geometrical functions. This can effectively
describe the local symmetries of atom arrangement; the formula of this method has been
described in detai] in section 4. In our present research, we have calculated three kinds of



2386 Chen Kuiying et al

0
)
[0+
0.4 |
F N R
0,06 | b
g-0-o-0
£ 008 |
“ L TolWe
= DEFW6
«» ICOSWS ‘
-l \ {012
L G | SO . ' e »
LEL o8 . )
Al e
PRTIT 0 S S R e A T T S S|

-0.16 -0.16
¢ 200 400 600 BOD 1000 1200 200 400 600 S00 1000 1200 14c0 1600

Temperature (K) Temperature (K)

Figure 4. Bond orientational order parameters W for Al in (g) and Cu in (&) upon cooling,
Open symbols in (z) and (&) represent Wy at cooling rate 4.2 x 103 K s~1, solid symbols in
(b) present Wp at the cooling rate 3.8 x 107! K s/,

bond orientational order parameter. The icosahedral bond orientational order Qg (hereafter
shortened to 1COS Q) has been calculated for the icosahedral cluster, and finally we chose an
average value. The defective icosahedral bond orientational order parameter Q¢ (hereafter
designated as DEF{¢) has been calculated for the defective icosahedral cluster which has
been defined in section 4.3. Finally, the total bond orientational bond parameter Qg
(hereafter abbreviated to TOLs) has been calculated for all clusters without distinguishing
whether they are icosahedra, defective icosahedra or not. For the detailed meaning, readers
are referred to our previous paper [40]. It is observed from figure 3 that with decreasing
temperature (such as in the supercooled liquid region as well as the glass state), ICOS Q¢ for
both Al and Cu gradually increases, indicating the icosahedral ordering bas been enhanced.
In addition, from the characterizations of DEFQg and TOL(g, it is further found that the
averape icosahedral ordering has also become significant to some extent, and we will
discuss this problem by the third-rotational invariant of W below. The distribution of
W; in figure 4 allows us to arrive at a conclusion that this gives a similar physical result for
icosahedral ordering as presented in figure 3. Figure 4 further points out that with decreasing
temperature, the perfection of icosahedra increases, nearly reaching the ideal icosahedra at
100 K from the behaviour of Wy.

Figure 5 presents the relative number of 1551 and 1541 bonded pairs of Al and Cu
versus temperature. Figure 5 indicates that during fast cooling, the number of both 1551
and 1541 bonded pairs increases. Around T, the number of both 1551 and 1541 bonded
pairs still increases, but no sharp increase of these two bonded pairs is observed. This result
primarily clarifies that the structure of glasses may have a resemblance to the structure of the
corresponding supercooled liquid, and we will further examine this point from other kinds of
bonded pair. Figure 6 shows the relationship between the number of 1421 and 1422 bonded
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Temperature (K)

50 - 50
(AT) (Cuw)
O-IN1551 O-N1551

40 F o NI1541 o-N1541 - 40
3o -1 30
20 F

10 |

o \ | . 1 ' ! ="'5**._ [ T SR 0

¢ 200 400 600 800 1000 1200 200 400 600 800 1000 1200 1400 1600

Tetaperature (K)

during rapid solidification whose cooling conditions are the same as in figure 4.

N1421 & N4 %

Figure 6. The relationship between the number of 1421 and 1422 bonded pairs and temperature

50 -84 100
(A1) (Cu)
40 oN1421 oNwzr 18
o.N1422 - N1422
30 - 60
20 {4
E .
1.
o, 1
10 |- B-., 20
..,
-
LEE | RO
Oemmemom bl See- S oy} N TR ; TN , BUAPY
o | 1 1 1 ) 1 PR | ] ] ] 1 0
¢ 200 400 600 800 1000 1200 200 400 600 80D 1004 1200 1400 1600

Temperature (K}

Temperature (K)

during rapid solidification whose cooling conditions are the same as in figure 4,

N1551 & N1541 9%

N1421 & N1422 %

2387



2388 Chen Kuiying et al

30 30

(A (Cu)

oN1661 ONIGEL .
~N1441 a.M144]

N1661 & N1441 %%
NI661 & N1441 %

10 F 110

)
O 200 400 600 8OO 1000 1200

Temperature (K) Temperature (K}

Figure 7. The relationship between the number of 1661 and 1441 bonded pairs and temperature
during rapid solidification whose cooling conditions are the same as in figure 4.
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pairs and temperature. It is found that the number of 1422 bhonded pairs increases with
decreasing temperature, whereas the number of 1421 bonded pairs changes only slightly in
the whole temperature range studied here at the cooling rate 4.2 x 10" K 57}, It is known
to us that the 1421 and 1422 bonded pairs represent the FCC-like and HCP-like structure [39]
respectively. Hence, results in figure 6 demonstrate that dynamics (such as the fast cooling
rate in the present paper) may produce an increase of 1422 bonded pairs (HCP-like structure)
rather than the 1421 bonded pairs (FCC-like structure). That is to say the fast cooling of
liquid favours the HCP-like structure if compared with the FCC-like structure from the point
of view of the Pa formula in some sense. This results leads to the conclusion that evolution
of microstructure may take place under the control of dynamics. This conclusion will be
further tested in the following section by using other kinds of bonded pair. Figure 7 gives
the relative number of 1661 and 1441 bonded pairs versus temperature. 'We find that both
these bonded pairs follow the same trends versus temperature, and with further decreasing
temperature, both bonded pairs decrease at a slower rate. In addition, it is known to us
that both the 1441 and 1661 bonded pairs behave like a BCC-type structure [39]. Thus,
from the characterization of 1441 and 1661 bonded pairs, we note that the fast cooling
(dynamics) does not favour BCC-type structure in Al and Cu metals. That is to_say, in
the competition processing controlled by dynamics, both 1441 and 1661 bonded pairs are
gradually discarded. This results supports the point obtained in figure 6. Figure 8 shows
the relative number of 1321 and 1311 bonded pairs versus temperature. Though the total
number of these bonded pairs is very small if compared with other kinds of bonded pair,
its evolution behaviour during rapid solidification may provide us with useful information
about the effect of cooling rate on microstructure. It is observed that upon cooling (at
cooling rate 4.2 x 10" K s7'), the number of both 1311 and 1321 bonded pairs reduces,
indicating the fast cooling does not favour this kind of bonded pair.
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Figure 9. The relationship between the number of icosahedra and defective icosahedra and
ternperature during rapid solidification whose cooling conditions are the same as in figure 4.
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Figure 10. The relationship between the number of double icosahedra and common faces shared
by different icosahedra and temperature during rapid selidification whose cooling conditions are
the same as in figure 4.

Figure 9 represents the number of icosahedra and defective icosahedra for Al and Cu
formed in liquid, supercooled and solid states during fast-cooling processing. It shows that
on fast cooling, the number of both icosahedra and defective icosahedra increases, and the
number of defective icosahedra is more than that of icosahedra. This may be the structure
feature of the present metals. This result is consistent with the case of binary liquid alloys
in our previous paper [40] at this point. It means that icosahedra are usually few in liquid,
supercooled liquid and glasses compared with other kinds of defective icosahedron. In
addition, it is further observed that icosahedra follow similar trends versus temperature
as 1551 bonded pairs, 1C0SQg and 1COSWs do in pure metals (as in the case of binary
liquid alloys, the 1551 bonded pairs follow the alternative rule compared with 1COSWy as
pointed out in our other paper [41], that is to say, the number of 1551 bonded pairs is a
direct measurement of the number of icosahedra, whereas ICOSW is the measurement of
the perfection of an icosahedron). Figure 10 illustrates the double icosahedra and common
faces shared by different icosahedra counted in Al and Cu. Figure 10 demonstrates that in
the whole temperature region studied here, the total number of double icosahedra is sparse
even compared with icosahedra. It suggests that the icosahedra formed in pure Al and Cu
are mostly single icosahedra. This result differs from binary liquid alloys [41] at this point,
In the latter case, most of the icosahedra may be double icosahedra. Thus, that icosahedra
formed in pure metals are mainly single icosahedra may be another feature of structure in
the present simulation. Figure 11 presents the number of 1431 bonded pairs and Frank-
Kasper polyhedra versus temperature. Figure 11 points out that the 143! bonded pairs
follow similar trends as 1541 bonded pairs; they are all the measurement on the short-range
order in liquid and amorphous states [39]. The FK polyhedra in figure 11 seem very rare
compared with other kinds of polyhedron, such as icosahedra and defective icosahedra, and
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Figure 11. The relationship between the number of 1431 bonded pairs and Fx polyhedra and
temperature during rapid solidification whose cooling conditions are the same as in figure 4.

no Bernal hole polyhedra are detected in our study.

According to the definition of defective icosahedra, there exist several different ratios
of 1441 to 1551 bonded pairs within defective icosahedra. They represent different types of
defective icosahedron. Figure 12 presents these results. First, it tells us that these different
types of defective icosahedron follow a similar trend to the defective icosahedra. Second,
it shows that defective icosahedra with ratios of 1441 and 1551 bonded pairs equal to 1:10
and 2:8 take a relatively larger part, whereas defective icosahedra with ratios of 1441:1551
- bonded pairs equal to 3:6 and 4:4 take smaller parts. This may be another structural feature
of pure liquid metal Al and Cu.

5.2. Slow cooling and crystallization from liquid metals

In order to see if the EAM can be used to describe the crystallization behaviour from the
liquid, we have adjusted the cooling rate at 800 K during the further cooling proceeding
to 3.8 x 10" K s~' (relatively slower cooling rate in the present study). Figure 1(b) has
illustrated the PCF at the cooling rate 3.8 x 10" K s™! and at 200 K. It clearly shows
that the liquid metal Cu has been crystallized into FCC structure. Therefore, the EAM used
in the present study can indeed provide a realistic description of crystallization behaviour
from liguid metals. The bond orientational order parameters and pair analysis techniques
adopted here will give detailed results on structural features. The solid symbols throughout
figures 3(b)-12(b) for Cu display the bond orientational order parameters, various bonded
pairs and polyhedra verses temperature upon cooling but at a relatively slower cooling rate
3.8x 10" K s~ in the present paper. Figure 3(b) shows that the ICOS Q¢ and DEFQ; decrease
when the cooling rate has been adjusted to 3.8 x 10'! K s7, and finally disappear, indicating
no icosahedral symmetry exists. The TOLQg seems to behave differently compared with
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Fipure 12. Defective icosahedra for Al (a) and Cu (&) with different ratios of 1441 to 1551
bonded pairs as labelled in the figure during rapid solidification, whose cooling conditions are
the same as in figure 4.

ICoS Qg and DEFQg, and does not vanish in the further cooling processing. Therefore we
cannot derive from TOLQs any true information about crystallization; this may be due to
the definition of calculation of TOLQs. Figure 4(fF) shows the third-rotational invariant,
Ws, of bond orientational order parameters upon the relatively slow cooling. It is observed
that 1cOSW;y and DEFW; follow the same physical trend versus temperature as ICOSQJ¢ and
DEFQ¢. TOLW; behaves, however, as a different characterization feature compared with the
quadratic-rotational invariant G5 of bond orientational order. At the relatively slow cooling
rate 3.8 x 10! K 572, the absolute value of TOLW; reduces, and at the final temperature
of 100 K, it almost vanishes, indicating no icosahedra exist at all. Thus the third-rotational
invariant TOLWy; may be more sensitive to local symmetries than TOLQs, and thus may
provide useful information about structural features. Figure 5(5) illustrates the number of
1551 and 1541 bonded pairs versus temperature at the slower cooling rate. It demonstrates
that during the slow-cooling processing, both bonded pairs rapidly decreases and at 100 K,
no fivefold symmetry of 1551 bonded pairs exists at all.

Figure 6(b) shows the characterization of the 1421 and 1422 bonded pairs. We derived
from this behaviour that for slower-cooling processing the number of 1422 bonded pairs
(HCP type) decreases, whereas that of 1421 bonded pairs (FCC type) increases, which is
contrary to the situation of the fast cooling. Finally, at 300 X, apart from 1421 bonded
pairs, no other kinds of bonded pair exist at all. It clearly demonstrates that the system has
completely stepped to pure stable FCC structure, which is consistent with the pCF at 200 K
in figure 1(»). Figure 7(&) shows the BCC-type symmetrical bonded pairs 1441 and 1661. It
is shown that during the crystallization processing, both of these two bonded pairs decrease
and eventually disappear at the final temperature. The solid symbols in figure 8(b) show the
number of 1311 and 1321 bonded pairs during the crystallization processing. It is observed
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that neither the relatively slow cooling rate nor the fast cooling favours the 1321 and 1311
bonded pairs. That is to say upon cooling processing, the threefold symmetry bonded pairs
are gradually discarded in the present metal. Solid symbols in figures 9(b)}-12(5) show
icosahedra, defective icosahedra. double icosahedra, common faces and 1431 bonded pairs
etc versus temperature during crystallization. We find that these physical quantities follow
similar trends as the 1551, 1541 bonded pairs and, at the final temperature-of 100 K, they
all vanish.

6. Main conclusions

The results presented here have shown that the EAM functions parametrized to bulk solid
properties can correctly and efficiently predict the glass transition and crystallization of
liquid metals during rapid solidification. The calculated pair correlation functions are found
to be in good agreement with experiments, especially for Cu.

During fast cooling at 4.2 x 10 K s7! in the present paper, the 1551, 1541 and 1422
bonded pairs increase, and the icosahedral ordering is gradually enhanced, whereas the
1441, 1661, 1321 and 1311 bonded pairs decrease to some extent, and 1421 bonded pairs
vary slowly. In addition, it is found that during fast-cooling processing, the numbers of
icosahedra, defective icosahedra and double icosahedra increase, and foilow the same rule
as the 1551 bonded pairs.

During crystallization of liquid Cu metal, the llqmd metal finally transforms into a stable
FCC structure which can be identified from the behaviour of the PCF. During this processing,
the 1COSQ¢ sharply decreases and eventually disappears, indicating that no icosahedral
ordering exists. Other kinds of bond orientational order and bonded pairs (except for
TOL O¢) have similar physical characteristics.
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