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The structural transformation from a liquid into a crystalline solid is an important subject in condensed matter physics
and materials science. In the present study, first-principles molecular dynamics calculations are performed to investigate the
structure and properties of aluminum during the solidification which is induced by cooling and compression. In the cooling
process and compression process, it is found that the icosahedral short-range order is initially enhanced and then begin to
decay, the face-centered cubic short-range order eventually becomes dominant before it transforms into a crystalline solid.
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1. Introduction

Understanding the structures and properties of disordered
systems, such as metallic glasses and liquids, have been one of
the most challenging topics in condensed matter physics.[!=]
In experiment, there is much less structural information of
the disordered structure can be obtained by x-ray diffraction.
However, first-principles molecular dynamics (FPMD) calcu-
lations can provide detailed microstructural information at an
atomic level and have been proven to be able to explain the
temperature- or pressure-dependent behaviors of disordered
systems. %7 Due to the similarities in structures between lig-
uids and metallic glasses, studying the structures and prop-
erties of liquids under pressure is an alternative approach to
understanding the metallic glass counterparts. The experiment
has confirmed that monatomic metallic glasses can be obtained
from monatomic metallic liquids at ultra-high quench rates. 8!

Aluminum, as a widely used material in our daily
life and industries, has been extensively studied both
experimentally®~'!] and theoretically.!'>-') Boehler and Ross
studied the melting curve of aluminum compressed to 80 GPa
by using DAC.°! Hinstrom and Lazor measured the melt-
ing curve of aluminum up to 50 GPa by using the same
method."% Tt was shown that the melting temperature of alu-
minum increases linearly with pressure rising. A melting rate
of 60 K/GPa was determined at ambient pressure, and at higher
pressures, the melting rate decreased steadily to 50 K/GPa
at 10 GPa. Jakse and Pasturel reported the temperature de-
pendence of the self-diffusion coefficient and viscosity by ab
initio molecular dynamics calculations of the structural and
dynamical properties of liquid aluminum.!"?! Sun et al. per-
formed molecular dynamics simulations to study the effects of

Mg and Sm dopants on the crystal nucleation in aluminum. [!3]
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Kbirou et al. studied the effect of cooling rate on the evolu-
tion of atomic structure in aluminum monatomic metallic glass
during the cooling process.!!4]

However, the previous studies usually consider either
temperature effect or pressure effect on the structure and prop-
erties of the molten Al. The similarity and correlation between
the temperature and pressure effect have hardly been consid-
ered before. In the present study, the cooling and compression
induced solidification of the molten aluminum are simulated
by the first-principles molecular dynamics method. In cool-
ing and compression induced solidification, it is found that the
icosahedral short-range order (SRO) is initially enhanced. Af-
ter the turning point, the icosahedral SRO starts to decay and
the molten Al structure eventually transforms into a crystalline
solid. The present results can be generalized in order to under-
stand the effects of temperature and pressure on the structures
and properties of other disordered systems.

2. Computational method

FPMD calculations and electronic structure calculations
were performed by using the Vienna Ab Initio Simulation
Package (VASP) based on the density functional theory.!!7-18]
The wave functions were represented by a plane-wave ba-
sis set with an energy cutoff of 400 eV. Effects of the core
electrons were replaced by atomic projected augmented wave
(PAW) potentials.l'”) The Perdew—Burke—Ernzerhof (PBE)
exchange—correlation functional was used.*”! Only Gamma
point was used for the Brilllouin zone sampling. Valence elec-
tronic configurations of 3s?3p' were used for the aluminum
atomic potentials. In this work, the face-centered cubic unit
cell of Al with spacegroup Fm3m which contains 4 atoms is
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used for the structural model construction. A 3 x 3 x 3 su-
percell with 108 Al atoms is utilized as the a structural model
for the subsequent molecular dynamics calculations. In the
molecular dynamics calculations, the structure is heated up to
2000 K to generate the molten Al structure. After that, the su-
percell volume decreases step by step to generate the molten
structures under different pressures. While in the cooling pro-
cess, the temperature decreases from 2000 K to 600 K in sev-
eral steps. For each step in both cooling calculation and com-
pression calculation, the molecular (MD) runs with a canoni-
cal ensemble (NVT) (NVT represents constant particle num-
ber, constant volume, and constant temperature) for at least
60 ps.?1-231 The Nose—Hoover thermostat used to control the

temperature. [*%]

3. Results and discussion
3.1. Equation of state

The calculated equation of state for liquid aluminum
during cooling at ambient pressure is shown in Fig. 1(a),
with some cited experimental results for comparison. Ap-
parently, our calculated results accord well with the experi-
ments. For instance, Assael er al’s experimental work re-

ported that the density of the liquid aluminum at 0 GPa and

1000 K is about 2.36 g/cm?,?*! which is very close to a value
of 2.35 g/cm? in the present study. Sarou-Kanian et al. re-
ported a value of ~ 2.08 g/cm’ for the liquid aluminum at
0 GPa and 2000 K,*>! which is comparable to a value of
2.09 g/cm? in the present study under the same P, T con-
ditions. Malyshev et al. suggested a cluster-associate model
of the temperature dependence of the aluminum density, p =
2368(933/T)0109575(1073/T) "1 o3 1261 At several se-
lected temperatures, the densities calculated from this model
are very consistent with our results.

The pressure-dependent equations of state of liquid alu-
minum at temperatures of 1000 K and 2000 K are shown in
Figs. 1(b) and 1(c), respectively. At 1000 K, the density of the
liquid Al increases almost linearly with pressure rising, while
the bulk modulus increases from 37.50 GPa to 60.99 GPa.
When the pressure increases up to 5.49 GPa, the liquid struc-
ture solidifies and becomes a crystal. In the recent experiments
by Hénstrom and Lazor, it was found that the melting point of
aluminum at 5.49 GPa is about 1008.76 K, which is consistent
with our calculation result.['% At 2000 K, the Al liquid state
is still kept in a much larger pressure range than 1000 K. The
liquid structure shows a larger compressibility at low pressure.
When the pressure increases up to 29.90 GPa, it transforms
into a crystalline solid.
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Fig. 1. (a) Equation of state of liquid aluminum during cooling from 2000 K to 600 K. (b) Equation of state of liquid aluminum during compression at 1000 K.
(c) Equation of state of liquid aluminum during compression at 2000 K. Insets show pressure-dependent bulk modulus.

3.2. Atomic cluster alignment analysis

The atomic cluster alignment (ACA) method is em-
ployed to study the microstructural evolution from a liquid
to a crystalline solid in the cooling process and the com-
pression process. The atomic clusters extracted from the
MD trajectories contains the nearest neighbor atoms, so the
aligned clusters can intuitively present the SRO of the liquid
structures.?”-28] Figure 2(a) shows the ACA results of the lig-
uid aluminum in the cooling process. At 1400 K, the structure
is highly disordered and the aligned cluster shows no SRO.
At 1200 K-1000 K, the SRO starts to appear and is similar
to the icosahedral pattern. This is consistent with the Frank’s

[29

hypothesis!?°! that icosahedron may be the dominant arrange-

ment in monatomic liquids. Moreover, such icosahedral SROs

are also commonly found in metallic glasses which are usu-
ally formed by fast cooling process. >l When the temperature
decreases to 600 K, a clear crystalline pattern is achieved, in-
dicating that the structure is solidified. These structural evolu-
tions can also be found in the relative energy values of those
4 templates. The “relative energy” represents the degree of
similarity between the atomic clusters and the templates. The
lower value of the “relative energy” represents the higher sim-
ilarity of the atomic clusters to the template clusters.!>8] At
1400 K, the relative energy values of 4 templates are close to
each other. It means no SRO is dominant in such disordered
liquid structures. At 1200 K, the “relative energy” of the icosa-
hedral template is clearly lower than those of the other three
templates, indicating that the icosahedral SRO starts to be-
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come the major feature of the whole structure. At 1000 K, the
icosahedral SRO increases further. However, when the tem-
perature decreases further to 800 K, the icosahedral SRO starts
to decay. At 600 K, the FCC SRO becomes dominant which is
consistent with the patterned atomic configuration. As a refer-
ence, Fang et al. showed that the liquid aluminum is solidified
at 800 K in the cooling process.*’! The difference in solidifi-
cation temperature may be affected by the initial temperature
of liquid aluminum or the cooling rate. Li et al. suggested
that as the initial temperature of a metallic liquid decreases, its
freezing pointlowers accordingly.3!!
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Fig. 2. Atomic cluster alignment analysis of liquid aluminum during
cooling and compression, respectively, showing (a) cooling at ~ 0 GPa.
(b) compression at 1000 K, and (c) compression at 2000 K.
As is well known, with temperature lowering in the cool-
ing process, the kinetic energy values of the atoms in the lig-

uid structure decrease. On the other hand, compression can
also be considered as an alternative tool to restrict atomic mo-
tion in liquid structure. It is interesting to compare the tem-
perature effect with pressure effect on the structural evolution
during the solidification. The ACA results of the liquid alu-
minum under compression at 1000 K and 2000 K are shown
in Figs. 2(b) and 2(c), respectively. Interestingly but not sur-
prisingly, the compression effect on the SRO seems to be sim-
ilar to the cooling effect. At 0 GPa and 2000 K, the Al liquid
structure is highly disordered and no clear SRO can be found.
There is no dominant pattern that can be seen in the “relative
energy” plot. When the compression starts, the icosahedral
SRO starts to become dominant at least in the pressure rang-
ing from 3.28 GPa to 6.31 GPa. With further compression,
the icosahedral SRO starts to decay and its “relative energy”
becomes closer to the counterparts of other templates. When
the pressure increases to 29.9 GPa, the Al liquid structure so-
lidifies and becomes a crystal. It should be noticed that the
packing efficiency of the icosahedron is about 0.84,3%! which
is higher than a value of 0.74 for the FCC structure. This can
be the reason for the icosahedral SRO increasing initially by
compression which tends to form a denserpacked structure.
With further compression, when there are no more icosahe-
drons to form, the existing icosahedrons will deform in order
to be packed more densely with further compressing. As a
result, the icosahedral SRO starts to decay and becomes less
dominant with further compression. Eventually, the pressure
effect turns the Al liquid structure into a most densely packed
crystalline solid.

It should be also noticed that the cooling process and
compression process show similar effects on the structural
evolution during the solidification, but it is not always the case.
For instance, it has been reported that the liquid monoatomic
metal can be quenched into metallic glass with ultrafast cool-
ing rate.[®! Tt can be expected that the liquid structure will be
solidified into a glass state by ultrafast cooling, but unlikely by
compression. With ultrafast cooling, the quenched atoms have
no kinetic energy enough to overcome the energy barrier to
become a crystal, so they remain in a glass state. However, the
compressed atoms usually have enough time for optimization,
and most likely the monoatomic metal structure will densely
packed and becomes a crystal.

3.3. Radial distribution functions

Figure 3(a) shows the radial distribution function (RDF)
The first
peak gradually sharpens as the temperature decreases, demon-

of the aluminum structure in the cooling process.

strating the presence and enhancement of SRO during solidifi-
cation. The distinct second peak appears at 600 K, indicating
that the system has crystallized. Atomic coordination number
(CN) can be used to analyze the local structural characteristics
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of liquid aluminum in the cooling process and compression
process. The cutoff radius is chosen to be corresponding to the
first peak position of the RDF. It should be noted that in order
to better describe the structural evolution, the CN analysis in
these structures at different temperatures or pressures should
be combined with other structural analysis such as RDF and
ACA (atomic cluster alignment) methods as performed in the
present work. As shown in Fig. 3(b), the CN of liquid alu-
minum continues to increase with temperature decreasing, for
the contraction of the volume leads to a denser structure and
smaller spacing of the Al atoms.

RDF

1400 K
1600 K
1800 K
2000 K

3 o
r (A)
12.0

(b)
11.5}

11.0f

10.5}F

Coordination number

10.0f

9.5 1 1 1 1 1 1
04 06 08 10 1.2 14 16 1.8

1000/T (K—1)
Fig. 3. (a) Radial distribution function for liquid aluminum at various
cooling temperatures, showing that cutoff radii appearing at the first

peak position of the RDF at 2000 K. (b) The temperature-dependent
coordination number of liquid aluminum.

The pressure-dependent radial distribution functions
(RDFs) of liquid aluminum at 1000 K and 2000 K are shown
in Figs. 4(a) and 4(b), respectively. At 1000 K, the first peak of
the RDF is very sharp and located at ~ 2.77 A under 0.72 GPa,
while the second peak is very weak, which indicates that the
liquid structure is highly disordered. The system becomes
denser and denser under compression, the positions of the first
peak shifts toward smaller value in the compression process,
and the second peak becomes more and more prominent as
shown in Fig. 4(a). The same trend is observed for the RDF
at 2000 K as can be seen in Fig. 4(b). The first peak is lo-
cated at ~ 2.75 A under 0 GPa. The liquid aluminum has the
same change tendency at 1000 K and 2000 K. Also the second
peak becomes sharp and the first peak shifts toward smaller

value when liquid aluminum is crystallized. The CN of liquid
aluminum atoms in the compression process at 1000 K and
2000 K are shown in Fig. 4(c). In the initial stage of compres-
sion, the aluminum atoms are squeezed to form an icosahedral
SRO, which has a maximum local packing efficiency and leads
the CN to increase significantly. With further compression, the
icosahedral SRO starts to decay, and the CN increases slower
with the pressure rising. The CN increases abruptly when the
liquid aluminum is crystallized.
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Fig. 4. Pressure-dependent radial distribution function for liquid alu-
minum at (a) 1000 K and (b) 2000 K, with cutoff radii being at the first
peak position of RDF at 0.72 GPa for 1000 K and 0 GPa for 2000 K,
respectively. (c) Curve of pressure-dependent coordination number of
liquid aluminum at 1000 K and 2000 K.

ot

3.4. Diffusivities and viscosities

Self-diffusion coefficient and viscosity are the main pa-
rameters describing the kinetic properties of liquid structures.
The self-diffusion coefficient D of aluminum atoms in the lig-
uid structure is calculated according to the Einstein’s mean

076301-4



Chin. Phys. B 33, 076301 (2024)

square displacement equation

Ln (ri(t) =ri(0))°
D= N Zi:l 6t )
where r; is the position of atom i and ( ) denotes the aver-
age value of the coefficients at many time origins. The calcu-
lation of the self-diffusion coefficient D in the cooling pro-
cess is shown in Fig. 5(a). During the initial stage of the
cooling process, the self-diffusion coefficient of liquid alu-
minum rapidly decreases from 2.12 x 1078 m?-s~! at 2000 K
t0 0.55 x 1078 m?.s~! at 1000 K, which are in agreement with
the calculations of Jakse and Pasturel,['?! and Nenuwe and
Osafile.[>3] The calculated results are slightly lower than the
experimental values measured by Demmel er al.3*! With fur-
ther cooling, the self-diffusion coefficient of liquid aluminum
decreases to 0.24 x 107% m?.s~! at 700 K. The liquid alu-
minum is crystallized at 600 K and the aluminum atoms al-
most cease to diffuse.

The results of the self-diffusion coefficient D at 1000 K
and 2000 K are shown in Figs. 5(c) and 5(e), respec-
tively. At 1000 K, during the initial compression stage, the
calculated self-diffusion coefficient decreases rapidly from
0.54 x 1078 m?.s~! at 0.72 GPa to 0.46 x 1078 m?.s~! at
2.27 GPa, very close to 0.68 x 1078 m?.s~! calculated by
Alemany et al. at ambient pressure and 1000 K.[>! With fur-
ther compression, the self-diffusion coefficient decreases from
0.39 x 107 m*s~! at 2.99 GPa to 0.34 x 107® m?:s™! at
4.62 GPa. Until the liquid aluminum is crystallized, the alu-
minum atoms no longer diffuse. At 2000 K, the self-diffusion
coefficient decreases from 2.44 x 108 m?.s™! at 0 GPa to
1.67 x 1078 m?.s~! at 3.28 GPa during the initial compres-
sion stage. Then, the self-diffusion coefficient only decreases

2.5

from 1.32 x 1078 m?:s™! at 6.31 GPa t0 0.39 x 10% m?-s~!
at 28.29 GPa. This may be influenced by the distance between
the Al atoms. These are consistent with the results of the P—p
equation of state mentioned above. At 29.9 GPa, the aluminum
atoms in the system almost no longer diffuse, indicating that
the liquid aluminum is crystallized. Compared with the results
of the self-diffusion coefficient at 1000 K, the self-diffusion
coefficient of aluminum at the initial stage of compression at
2000 K is higher, about five times higher than that at 1000 K.

The viscosity of the liquid aluminum is calculated
from the Stokes-Einstein equation*®! and the Green—
Kubo relationship,’3”! in which the Stokes—Einstein equa-
tion uses the self-diffusion coefficient in the form of Nsg =
(kgT) / (27Dd), with nsg being the viscosity, d the effective
atomic diameter, 7 the temperature, and kg the Boltzmann
constant. The Green—Kubo relationship uses a time-dependent
function of the temporal stress tensor from MD calculations,
calculated from the following equations:

V o
Mok =7 | (Po(0Py (),

where Ngk is the viscosity, V the volume of the system, ()
the system averaging, and P,, the non-diagonal component of
the instantaneous stress tensor. The results, calculated from
the Stokes—Einstein equation and the Green—Kubo relation,
are shown in Fig. 5(b). The viscosities, calculated by using
both methods, increase almost linearly with temperature and
remain below 2.50 mPa-s until crystallization. And the calcu-
lated results are in good agreement with those of both Jakse
and Pasturel!'?l and Nenuwe and Osafile.>’!
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Fig. 5. Self-diffusion coefficients of liquid aluminum varying with (a) cooling temperature, pressure at (¢) 1000 K and (e) 2000 K. Viscosities of liquid aluminum,
calculated by using the Stokes—Einstein equation and the Green—Kubo relation, varying with (b) cooling temperature, pressure at (d) 1000 K and (f) 2000 K.
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The viscosities of liquid aluminum at 0.72 GPa and
1000 K, calculated from the Stokes—FEinstein equation and the
Green—Kubo relation, are 1.61 mPa-s and 1.16 mPa-s, respec-
tively, as shown in Fig. 5(d). This result is slightly higher than
1.05 mPa-s calculated by Alemany et al. by using the Stokes—
Einstein equation at ambient pressure and 1000 K*>! and close
to an experimental value of 1.10 mPa-s measured by Shimoji
and Itami at ambient pressure and 990 K.[3] The viscosities
of liquid aluminum at 0 GPa and 2000 K, calculated from the
Stokes—Einstein equation and the Green—Kubo relation, are
0.73 mPa-s and 0.55 mPa-s, respectively, which are close to
the value of 0.42 mPa-s calculated by Malyshev et al. at am-
bient pressure and 2000 K, as shown in Fig. 5(f).1?%! The vis-
cosities calculated by using both methods at a temperature of
1000 K increase linearly with pressure rising, and the viscosity
value before curing of liquid Al is less than 2.20 mPa-s. The
viscosities calculated by both methods at temperature 2000 K
increase linearly with pressure, and none of the viscosity val-
ues before curing exceeds 3.60 mPa-s.

4. Conclusions

In this work, FPMD calculations are performed to study
the structure of liquid aluminum in the cooling process and
compression process. The results show that liquid aluminum
undergoes a continuous liquid structural change during both
cooling and compression, respectively. In the cooling process,
liquid aluminum is crystallized at 600 K in the present study.
An initial enhancement of the icosahedral SRO is found in the
cooling process and the compression process at 1000 K and
2000 K. The increase in icosahedral SRO of liquid aluminum
leads CN to increase rapidly and diffusion rate to decrease.
With further cooling and compression, the icosahedral SRO
starts to decay and becomes less dominant. Eventually, the
liquid aluminum structure under cooling and compression is
solidified and becomes a crystal. The viscosities obtained by
using the Green—Kubo relationship and the Stokes—Einstein
equation in the cooling process are in good agreement with the
experimental results. The viscosities at 1000 K and 2000 K
increase linearly with pressure. The present results not only
reveal the structural and kinetic properties of liquid structure
under pressure, but also can be extended to study the effects of
temperature and pressure on the behaviors of other disordered
systems.
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