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Structural, vibrational and transport properties of liquid alumina at 2500 K and

amorphous alumina at 300 K were studied by molecular dynamics simulations

using an empirical Born-Mayer-Huggins potential with the recently optimized

parameters. The investigations were conducted for the predicted densities at

almost zero pressure, as well as the experimentally reported densities of 2.81 g/

cm3 and 3.175 g/cm3. A detailed examination of the interatomic correlations

showed that for both liquid and amorphous alumina, the short-range order was

dominated by the slightly distorted (AlO4)
5− tetrahedra. Vibrational density of

states (VDOS) was obtained from the Fourier transform of the velocity

autocorrelation functions (VACF), which exhibited broader ranges for the

liquid phases compared with those for the amorphous phases. Each VDOS

spectrum was divided into two primary frequency bands for both liquid and

amorphous alumina. Thermal conductivities (κ) and viscosities (η) were

estimated respectively through the heat-current autocorrelation functions

(HCACFs) and stress autocorrelation functions (SACF) by the equilibrium

molecular dynamics (EMD) simulations using the Green-Kubo relation. And

the results were shown to be consistent with the experimental data, especially

that κwas equal to 2.341 ± 0.039Wm−1K−1 for amorphous alumina at 2.81 g/cm3

and 300 K, ηwas equal to 0.0261 ± 0.0017 Pa·s and 0.0272 ± 0.0018 Pa·s for the
liquid phases at 2500 K with densities of 2.81 g/cm3 and 2.863 g/cm3,

respectively. Mean squared displacements (MSDs) were employed for the

self-diffusion coefficients (D) estimation.
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1 Introduction

Alumina in various phases has received a great deal of

research interest due to the wide range of technical

applications (Es-Souni and Habouti, 2014;

Hadjicharalambous et al., 2015; Tabandeh-Khorshid et al.,

2016; Li et al., 2019; Shaikh and Hosan, 2019; Shi et al., 2019;

Couto et al., 2020; Pan et al., 2020; Deng et al., 2021; Zhao

et al., 2021). The most frequently occurring form in nature is

α-Alumina (hexagonal), which is a thermodynamically stable

phase at room temperature. Moreover, there exist several

metastable polycrystals, for example, β (hexagonal), γ

(cubic), δ (tetragonal), η (cubic), θ (monoclinic), κ

(orthorhombic), and χ (cubic) phases. Amorphous alumina,

unlike crystalline polymorphs, has a disordered, non-

crystalline structure, and exhibits some attractive

properties, such as high dielectric constant (Segda et al.,

2001; Momida et al., 2006, 2007b), low band gap energy

(Jennison et al., 2004; Adiga et al., 2006; Novikov et al.,

2009; Lizárraga et al., 2011), and excellent mechanical and

optical properties (Nayar et al., 2014; Paz et al., 2014; Orosco

and Coimbra, 2018). Benefiting from these remarkable

properties, amorphous alumina has been successfully used

as insulators (Rashkeev et al., 2003; Katiyar et al., 2005; Avis

and Jang, 2011), corrosion protection (Boisier et al., 2008;

Singh et al., 2015; Daubert et al., 2017), capacitors

(Blonkowski, 2007; Fukuhara et al., 2021), and catalysis

(Yoon and Cocke, 1986; Nagaraju et al., 2002). Meanwhile,

molten alumina has also attracted a lot of attention because of

its utilization in producing large sapphire single crystals (Will

et al., 1992; Golubović et al., 2001; Farr et al., 2013) and in the

analysis of the behavior of aluminum-fueled rocket engine

effluent (Jani et al., 2013; Skinner et al., 2013).

Knowledge of the structure at the atomic level is necessary

for understanding the physical and chemical properties. The

main challenge in performing experiments on liquid alumina

is that contamination of the container from high temperatures

affects the structural information. Therefore, most

experimental investigations on the structural properties

were carried out by non-destructive testing, for instance,

X-ray diffraction (Waseda et al., 1995; Stuart and Krishnan,

1997; Hennet et al., 2002; Krishnan et al., 2005; Kohara et al.,

2007), nuclear magnetic resonance measurements (NMR)

(Coutures et al., 1990; Poe et al., 1992; Florian et al., 1995),

neutron scattering measurements (Landron et al., 2001a;

Landron et al., 2001b), and a joint of X-ray and neutron

diffraction (Skinner et al., 2013). Additionally, for the

structural analysis of amorphous alumina, extended X-ray

absorption fine structure (EXAFS) (El-Mashri et al., 1983) and

electron extended energy loss fine structure (EXELFS)

(Bourdillon et al., 1984) were used. The majority of the

experimental findings demonstrated that for both

amorphous and liquid alumina, the coordination number of

the Al-O pair was between 4 and 5, with the 4-fold

coordination (AlO4) predominating.

Unfortunately, owing to the difficulties encountered during the

experiments, the experimental data was often insufficient and

unreproducible. To alleviate the lack of experimental data, an

alternative approach was to anticipate the properties of liquid

and amorphous alumina using molecular dynamics (MD)

simulations. Considerable efforts in the structure (Ahuja et al.,

1998; Gutierrez and Johansson, 2002; Van Hoang, 2004; Van

Hoang and Oh, 2004; Vashishta et al., 2008; Sergio and Gonzalo,

2011; Skinner et al., 2013; Shi et al., 2019), pore aggregation (Van

Hoang, 2004; Hung et al., 2006; Nhan et al., 2006), and structural

transformation at high pressures (Hoang and Oh, 2005; Van Hoang

and Oh, 2005; Hung et al., 2006) of liquid and amorphous alumina

have been made, in order to gain a better understanding of the

structural information at the atomic scale and its relationship to

macroscopic properties. Similar to the experimental results, most

simulations revealed that in the liquid and amorphous states of

alumina, the short-range order was dominated by slightly distorted

(AlO4)
5− tetrahedra (Gutierrez and Johansson, 2002; Chang et al.,

2004; Van Hoang, 2004; Van Hoang and Oh, 2004; Nhan et al.,

2006; Cristiglio et al., 2007; Vashishta et al., 2008; Skinner et al., 2013;

Shi et al., 2019). However, there were some divergences, with some

research suggesting that besides AlO4, a significant fraction of AlO5

was found in liquid and amorphous alumina (Van Hoang and Oh,

2005; Hung et al., 2006; Sergio and Gonzalo, 2011). And even

Hemmati et al. (1999) indicated that liquid alumina was mainly

composed of AlO5 units, with a fair amount of AlO4 and AlO6 units

present.

It is worth mentioning that most of the computational

investigations of the liquid and amorphous alumina were focused

on structural information, with only a few ones examining the

dynamical properties. Regarding liquid alumina, Jahn and Madden

(2008) calculated frequency-dependent viscosity, and self-diffusion

coefficient from the zero frequency limit of the vibrational spectrum,

despite the fact that this value was usually determined by the slope of

the mean squared displacement (Van Hoang, 2004; Van Hoang and

Oh, 2004, 2005; Hung et al., 2006). In addition, for amorphous

alumina, the vibrational (Gutiérrez et al., 2010; Sergio and Gonzalo,

2011), and dielectric properties (Momida et al., 2006; Momida et al.,

2007a) were explored using the first-principles calculation. So far,

only Vashishta et al. (2008) provided a relatively comprehensive

study on the dynamical properties of the liquid and amorphous

alumina with different densities, including the vibrational density of

states, specific heat, and frequency-dependent ionic conductivity.

Significantly, few explorations concentrated on transport coefficients

have been reported for either liquid or amorphous alumina.

Moreover, previous simulation studies on the liquid and

amorphous alumina were mostly concerned with the

performances at ambient or high pressures, yielding less

information on the relaxed models at zero pressure.

The purpose of this paper is to present a detailed theoretical

investigation of the structural, vibrational, and transport properties
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of the liquid and amorphous alumina using classical MD

simulations. Meanwhile, a comparison study was carried out on

three densities, in addition to the experimentally reported densities

of 2.81 g/cm3 and 3.175 g/cm3 (Tyrolerova and Lu, 1969; Landron

et al., 2001a), the relaxed configurations with almost zero pressure

were also examined, with the predicted densities of 2.863 g/cm3 at

2500 K, and 3.159 g/cm3 at 300 K. Atomic interactions in classical

MD were taken in the form of the Born-Mayer-Huggins (BMH)

type, whose parameters were recently optimized by Bouhadja and

Jakse (2019) and proved to be efficient in describing the structural

and dynamical properties of Calcium oxide (CaO) (Alvares et al.,

2020), aluminosilicate (AS) (Bouhadja and Jakse, 2019) binary and

calcium aluminosilicate (CAS) (Bouhadja et al., 2013; 2014b; a)

ternary systems. These parameters have not, however,

been employed in the pure liquid and amorphous alumina systems.

Structural properties were determined by pair distribution

functions, coordination numbers, and bond-angle distributions.

Vibrational density of states (VDOS) was obtained from the

Fourier transform of the velocity autocorrelation function

(VACF). Transport coefficients as thermal conductivities and

viscosities were investigated by the Green-Kubo formula using

the equilibrium molecular dynamics (EMD) simulations, while

the mean squared displacements (MSD) were employed for the

estimation of the self-diffusion coefficients.

2 Simulation background

Atomic interactions for the liquid and amorphous alumina

system were described by the Born-Mayer-Huggins (BMH)

potential, for which interactions between Al and O atoms are

given by

V(rij) � qiqj
rij

+ Aij exp⎛⎝σ ij − rij
ρij

⎞⎠ − (Cij

rij
)6

− (Dij

rij
)8

(1)

where the first term of this pair potential corresponds to the long-

range Coulomb potential, the second one to the Born repulsive,

and the third and the fourth ones are referred to the dipolar

expansion, in which only the van derWaals term was considered.

For the ith ion and the jth ion, the distance between the centers is

given by rij, while qi and qj are the effective charges, andAij, σij, ρij,
and Cij are some parameters recently optimized by Bouhadja and

Jakse (2019), as shown in Table 1.

Using the LAMMPS package (Thompson et al., 2022), classical

MD simulations were performed to investigate the structural and

dynamic properties of the liquid and the amorphous alumina. The

Ewald summationmethod with a cutoff of 12 Åwas used to account

for Coulomb interactions, which meant that pairwise interactions

within 12 Å were computed directly, and those outside this range

were computed in reciprocal space. The short-range interaction was

truncated at 8.0 Å. All MD simulations reported in this paper were

performed for a system with 2000 atoms (800 Al+1200 O), which

TABLE 1 Parameters for the alumina potentials taken from Bouhadja
and Jakse (2019) study.

qi(j) Aij (eV) ρij (Å) σij (Å) Cij (eV·Å6)

Al 1.8

O −1.2

Al-Al 0.0029 0.0680 1.5704 14.0498

Al-O 0.0075 0.1640 2.6067 34.5747

O-O 0.0120 0.2630 3.6430 85.0840

FIGURE 1
MD results for total and partial pair distribution functions for
amorphous alumina at 300 K and three densities. (A) Al-O, (B)O-O
and (C) Al-Al partial pair distribution functions, (D) Comparison
with the neutron pair distribution function from Lamperater’s
experiment.
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was generated by placing the atoms randomly in a basic cube.

Periodic boundary conditions were imposed, and the equations of

motion were solved using the velocity Verlet algorithm with a time

step of 10−3 ps. Firstly, the system was equilibrated for 1 ns at a

temperature of 4500 K in the isobaric-isothermal ensemble (NPT)

with zero pressure, and a well-thermalized liquid was obtained.

Subsequently, this liquid was cooled at a rate of 1 K/ps to T = 300 K.

During this process, the configurations were stored and equilibrated

at intervals of 500 K for 1,000 ps at the corresponding temperature

and zero pressure. Moreover, using this relaxed configuration, two

models with densities equal to 2.81 g/cm3 and 3.175 g/cm3

(Tyrolerova and Lu, 1969; Landron et al., 2001a) were prepared

respectively by volume change, which corresponded to the

experimentally reported densities for the liquid alumina at

2500 K and the amorphous alumina at 300 K, respectively. Thus,

in this study, the structural and dynamical properties for amorphous

alumina were produced at 300 K, while those for liquid alumina

were produced at 2500 K, to make it easier to compare the

simulation results with the experimental data. Meanwhile,

simulations were conducted for three densities at each

temperature, besides the experimental densities of 2.81 g/cm3 and

3.175 g/cm3, the predicted densities at almost zero pressure (2.863 g/

cm3 at 2500 K, and 3.159 g/cm3 at 300 K) were also explored. The

density and the mean pressure in each model are shown in Table 2.

3 Results and discussion

3.1 Structural correlations for amorphous
and liquid alumina

3.1.1 Structural correlations for amorphous
alumina

Structural properties were analyzed through testing atomic

correlations, such as pair distribution functions (g(r)),

coordination numbers, bond-angle distributions, and the nearest-

TABLE 2 Density and mean pressure in each configuration.

Amorphous alumina at 300 K Liquid alumina at 2500K

Density (g/cm3) Mean pressure (GPa) Density (g/cm3) Mean pressure (GPa)

2.810 −10.63 2.810 −0.65

3.159 0 2.863 0

3.175 0.65 3.175 5.46

FIGURE 2
Coordination number distributions for amorphous alumina at 300 K and three densities, (A) Al-O, (B) O-Al, (C) O-O and (D) Al-Al.

Frontiers in Materials frontiersin.org04

Zhou et al. 10.3389/fmats.2022.1005747

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.1005747


neighbor connectivity of the basic structural units. The partial pair

distribution functions gij(r) give the probability of finding a particle j

in a spherical shell between r and r+Δr, relative to a particle i located
at the origin. And it is calculated from:

gij(r) � 〈nij(r, r + Δr)〉
4πr2ρjΔr

(i, j � Al orO) (2)

where 〈nij(r, r + Δr)〉 is the number of the j particles in the

distance between r and r+Δr around an i particle, ρj � Nj/V

represents the number density of the particle j (Nj is the total

number of the j particles). The total pair-distribution function is

determined by:

g(r) � ∑
i,j

cicjgij(r) (3)

here, ci(j) � Ni(j)/N represents the concentration of the i or j

particles (N � Ni +Nj, the total number of particles). The

coordination number Zij(R), which determines the average

TABLE 3 Structural characteristics of amorphous alumina at 300 K and three densities. rij-positions of the first peaks in partial pair distribution
functions; Zij-the average coordination number.

Density (g/cm3) rij (Å) Zij

Al-Al Al-O O-O Al-Al Al-O O-Al O-O

2.81 3.146 1.797 2.855 7.57 4.13 2.75 10.69

3.159 3.126 1.776 2.775 8.58 4.37 2.91 11.56

3.175 3.124 1.775 2.768 8.61 4.38 2.92 11.59

FIGURE 3
Bond-angle distributions for amorphous alumina at 300 K and three densities, (A) Al-O-O, (B)O-O-O, (C) Al-Al-Al, (D) Al-O-Al, (E) Al-Al-O and
(F) O-Al-O.
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number of the j particles around an i particle, is obtained by

integration around the first peak of the corresponding

gij(r):

Zij(R) � 4πρj ∫R

0
gij(r)r2dr (4)

where R is a cutoff, usually chosen as the position of the

minimum after the first peak of gij(r). In this study, the fixed

values of R were chosen as RAl-Al = 3.76 Å, RAl-O = 2.38 Å, and

RO-O = 3.65 Å to calculate the coordination number distributions

and the bond-angle distributions.

Figure 1 shows the total and partial pair distribution

functions for amorphous alumina at 300 K. As can be seen,

the peak positions of the predicted total pair distribution

functions (g(r)) corresponded well with the experimental data

reported by Lamparter and Kniep (1997) (Figure 1D). The first

peak in the gAl-O correlation (Figure 1A), which related to the Al-

O bond length, was observed at 1.797 Å for the density of 2.81 g/

cm3, and shifted respectively to 1.776 Å and 1.775 Å for the two

larger densities of 3.159 g/cm3 and 3.175 g/cm3. Similarly, the

first peaks in the gO-O and gAl-Al correlations (Figures 1B,C)

moved to small values as density increased. The initial peak

positions in all partial pair distribution functions as well as the

average coordination numbers for all the atom pairs are

displayed in Table 3. Notably, the average coordination

numbers for all the atom pairs increased along with density,

although the distances between atoms decreased, which denoted

that both the sizes of the structural units and the lengths of the

connections decreased, indicating a densely packed-like

structure.

More details about the coordination number distributions

for amorphous alumina at 300 K are shown in Figure 2. The

coordination number distribution of the Al-O pair could be

used to infer the network structure. As shown in Figure 2A,

each Al atom was principally surrounded by four O atoms,

although there was also some AlO5 and AlO6 present,

especially for ρ = 3.159 g/cm3 and ρ = 3.175 g/cm3. The

coordination number for the O-Al pair exhibited a similar

narrow distribution to that of the Al-O pair, falling between

2 and 5 (Figure 2B). The ranges of the coordination numbers,

however, were wider for O-O and Al-Al, with maximums of

9 or 10 for the O-O pair (Figure 2C), and 8 or 9 for the Al-Al

pair (Figure 2D).

The bond-angle distributions, as illustrated in Figure 3,

provided additional information regarding the structure of

amorphous alumina at 300 K. It is well known that for an

ideal AlO4 tetrahedron, ∠Al-O-O = 35.26°, ∠O-O-O = 60°,

and ∠O-Al-O = 109.47°. In this study, as the densities ranged

from 2.81 g/cm3 to 3.175 g/cm3, the bond-angle distributions

for∠O-Al-O, O-O-O, and Al-O-O respectively displayed the

main peaks around 37.77°–38.68°, 57.49°–57.06°, and

104.32°–103.22° (Figures 3A,B,F). Combining this information

with the interatomic distances and coordination numbers, it

could be inferred that a slightly distorted (AlO4)
5− tetrahedron

was the main basic unit for the formation of the amorphous

alumina system. Additionally, two peaks around 91° and 169°,

indicating the presence of AlO5 and AlO6, were observed in the

O-Al-O bond-angle distribution for ρ = 3.159 g/cm3 and 3.175 g/

cm3 (Figure 3F), which corresponded to the changes in the

coordination number distributions for Al-O pair,

demonstrating a trend of transition from tetrahedral to

octahedral networks of the structural basic units.

FIGURE 4
MD results for total and partial pair distribution functions for
liquid alumina at 2500 K and three densities. (A) Al-O, (B)O-O and
(C)Al-Al partial pair distribution functions, (D)Comparisonwith the
neutron pair distribution function from Landron’s
experiment.
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3.1.2 Structural correlations for liquid alumina
The total and partial pair distribution functions for the liquid

models at 2500 K are shown in Figure 4. Figure 4D compared the

total pair distribution functions to the neutron radial distribution

function derived from the experimental data given by Landron

et al. (2001a). Although there were some differences in the

amplitude and the shape of the peaks, the positions of the

peaks were nearly coincident. The initial peaks in the partial

pair distribution functions for the Al-O correlations (Figure 4A)

were found to be at 1.765 Å and 1.766 Å when ρ = 2.81 g/cm3 and

2.863 g/cm3, respectively, which were in excellent agreement with

the experimental findings of 1.76 ± 0.01 Å (Landron et al., 2001a;

Landron et al., 2001b), and shifted to 1.772 Å when ρ = 3.175 g/

cm3. Numerical values of the peak positions in partial pair

distribution functions and the average coordination numbers

are summarized in Table 4. When density increased from 2.81 g/

cm3 to 3.175 g/cm3, rij changed in ways that were consistent with

Hoang and Oh (2005) study, with rAl-Al and rO-O decreasing and

rAl-O slightly increasing.

Further information about the liquid alumina structure at

2500 K can be obtained from the coordination number

distributions, as displayed in Figure 5. The coordination

numbers of liquid alumina have been explored by some

experimental studies so far, especially for the Al-O pair,

with the most common result being ~ 4 (Coutures et al.,

1990; Poe et al., 1992; Florian et al., 1995; Hennet et al., 2002;

Krishnan et al., 2005; Kohara et al., 2007). However, Waseda

et al. (1995) indicated that in both corundum and liquid

alumina, the octahedrally coordinated aluminum was the

main structural basic unit. In accordance with most of the

TABLE 4 Structural characteristics of liquid alumina at 2500 K and three densities. rij-positions of the first peaks in partial pair distribution functions;
Zij-the average coordination number.

Density (g/cm3) rij (Å) Zij

Al-Al Al-O O-O Al-Al Al-O O-Al O-O

2.81 3.185 1.765 2.801 7.59 4.10 2.73 10.48

2.863 3.172 1.766 2.785 7.83 4.15 2.76 10.71

3.175 3.155 1.772 2.737 8.78 4.36 2.91 11.61

FIGURE 5
Coordination number distributions for liquid alumina at 2500 K and three densities, (A) Al-O, (B) O-Al, (C) O-O and (D) Al-Al.
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previous experimental research, the coordination numbers for

the Al-O pair obtained by our study were mainly distributed at

4 (Figure 5A). The fractions of the 5-fold and 6-fold Al

increased with density, just as the cases at 300 K,

suggesting that the structural transition also happened in

the liquid state.

Bond-angle distributions for the liquid alumina at 2500 K

are shown in Figure 6. The initial peaks in the O-Al-O bond-

angle distribution moved toward small values with density

raising, and were located at 98.63° and 97.03° (Figure 6F)

respectively for ρ = 2.81 g/cm3 and 2.863 g/cm3, which were

very close to Greaves et al. (2001) experimental value of 97°. As

density increased to 3.175 g/cm3, the initial peak appeared at

92.18°, moreover, the intensity of the minor peak around

164.34° also increased. According to Hung et al. (2006)

analysis, these two peaks suggested the presence of some

AlO5 and AlO6, which can be observed more intuitively

from the coordination number distribution for the Al-O

pair, as shown in Figure 5A.

By using the BMH potential with the recently optimized

parameters, the predicted densities of 3.159 g/cm3 and 2.863 g/

cm3 were obtained at zero pressure with temperatures of

300 K and 2500 K respectively, which were very close to the

experimental results of 3.175 g/cm3 and 2.81 g/cm3. Additionally,

for both amorphous and liquid alumina, good agreements in the

short-range order were found between the simulation and the

experimental findings. These results demonstrated a well

reproducibility of the chemical order, indicating the high

reliability of the potential.

3.1.3 Connectivity of the basic units
The Al-O-Al bond-angle distribution can be used to analyze

the nearest-neighbor connectivity of the basic structural units

AlOx in terms of the structure beyond the short-range order.

There are two principal ways for the basic units linked to each

other, one is the edge/face-sharing network, which is compatible

with the peak at 90° in the Al-O-Al bond-angle distribution, and

the other is the corner-sharing network, which corresponds to

the peak observed at 120°. In this study, for the amorphous

models at 300 K, two peaks around 92° and 120° could be found

in the Al-O-Al bond-angle distribution (Figure 3D), whereas

they were located at 94° and 119° for the liquid models at 2500 K

FIGURE 6
Bond-angle distributions for liquid alumina at 2500 K and three densities, (A) Al-O-O, (B) O-O-O, (C) Al-Al-Al, (D) Al-O-Al, (E) Al-Al-O and (F)
O-Al-O.
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(Figure 6D). These findings indicated that the basic units were

linked together not only by sharing corners but also by sharing

edges and faces in both amorphous and liquid states.

3.2 Vibrational and transport properties of
amorphous and liquid alumina

3.2.1 Velocity autocorrelation function
The velocity autocorrelation function (VACF) represents the

correlation between the velocity of the particle at time t and its

velocity at time t = 0, and is defined as:

Z(t) � 〈vi(t) · vi(0)〉
〈v2i (0)〉

(5)

where vi(t) is the velocity of the ith particle at time t, and the

brackets mean averages over atoms and a suitable ensemble.

As illustrated in Figure 7, the density dependence was

negligible for this density range. The VACF curves rapidly

decreased from the initial value of 1 to a negative well in a

short time, indicating a back-scattering effect caused by the cages

of the nearest neighbor atoms. And then, it damped rapidly

toward zero. Compared with those for 300 K, the minimum

values of the curves for 2500 K were less deep, which

demonstrated that the motional randomness increased with

temperature, implying the tendency to Brownian motion as

described by the Langevin equation.

3.2.2 Vibrational density of states
The vibrational density of states (VDOS) was predicted by

computing the Fourier-transform of the VACF as follows:

G(ω) � 1
2π

∫∞

0
Z(t)e−iωtdt (6)

The total and partial VDOSs for liquid alumina at 2500 K and

amorphous alumina at 300 K with different densities are shown

in Figure 8. Each VDOS spectrum was divided into two primary

bands: a lower frequency band ranging from 0 THz up to about

20 THz, and a higher frequency band ranging from about 20 THz

to 37 THz for the amorphous states, or from 20 THz to 45 THz

for the liquid states. Based on the participation ratio of each

species (Al or O) to the total VDOSs, the lower frequency band

was mainly profiled from the vibration of Al atoms, whereas the

higher frequency band was due to the vibration of O atoms, in

agreement with the ab initio calculation results of Gutiérrez et al

(Sergio and Gonzalo, 2011). Furthermore, these VDOSs findings

for the amorphous alumina were comparable to those for other

amorphous networks, such as GeO2 and SiO2 (Giacomazzi et al.,

FIGURE 7
Velocity autocorrelation functions for amorphous alumina at 300 K, (A) ρ = 2.81 g/cm3, (B) ρ = 3.159 g/cm3 and (C) ρ = 3.175 g/cm3, and for
liquid alumina at 2500 K, (D) ρ = 2.81 g/cm3, (E) ρ = 2.863 g/cm3 and (F) ρ = 3.175 g/cm3.
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FIGURE 8
Total and partial vibrational density of states for amorphous alumina at 300 K, (A) ρ=2.81 g/cm3, (B) ρ= 3.159 g/cm3 and (C) ρ= 3.175 g/cm3, and
for liquid alumina at 2500 K, (D) ρ = 2.81 g/cm3, (E) ρ = 2.863 g/cm3 and (F) ρ = 3.175 g/cm3.

FIGURE 9
The time dependence of mean-squared displacements (MSDs) for liquid alumina at 2500 K, (A) ρ = 2.81 g/cm3, (B) ρ = 2.863 g/cm3 and (C) ρ =
3.175 g/cm3, (D) self-diffusion coefficients (D) for liquid alumina at 2500 K and three densities.
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2005; Giacomazzi and Pasquarello, 2007), which were primarily

composed of a basic tetrahedron. According to Bell (1972) report,

the lower band was related to the bond-bending modes,

associating with inter-tetrahedra vibrations, while the higher

band was related to the bonding-stretching modes, associating

with intra-tetrahedra vibrations.

3.2.3 Self-diffusion coefficient
Due to the sensitivity of the transport coefficients (self-

diffusion coefficients, thermal conductivities and viscosities) to

the initial conditions, for each configuration, five independent

simulations with different starting momenta were conducted to

reduce the statistical errors. And the results were obtained by

averaging and calculating the standard deviations over the

independent simulations.

For a pure liquid in thermodynamic equilibrium, the self-

diffusion of the particles is defined as the translational motion

caused by thermal agitation. And the self-diffusion coefficient

(D) describes the single-particle motion on a microscopic level

from the molecular point of view, which can be calculated from

the long-time limit of the mean squared displacement (MSD) via

the Einstein relation:

Di � 1
6N

lim
t→∞

d
dt

〈∑N
i�1
|ri(t) − ri(0)|2〉 (7)

where N is the number of the ith atom, ri(t) is the position vector

of the ith atom at the time t, and the brackets denote averages

over the ensemble.

Figures 9A–C show the time dependence of MSDs at 2500 K

and three densities, while the corresponding self-diffusion

coefficients are displayed in Figure 9D. The slopes of the MSDs

for Al were larger than those of O at densities ranging from 2.81 g/

cm3 to 3.175 g/cm3, indicating that the motion of the Al particles

FIGURE 10
Normalized HCACFs for (A) ρ = 2.81 g/cm3, (B) ρ = 3.159 g/cm3 and (C) ρ = 3.175 g/cm3, and thermal conductivities (κ) for (D) ρ = 2.81 g/cm3, (E)
ρ = 3.159 g/cm3 and (F) ρ = 3.175 g/cm3 as a function of the correlation time for amorphous alumina at 300 K, insets: the normalized HCACFs and
thermal conductivities over the correlation time of 0–0.5 ps.
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was faster. This result was in agreement with those reported by

Liang and Hoang (Liang et al., 1996; Van Hoang and Oh, 2004),

and was most probably caused by the different diffusion

mechanisms between Al and O particles. Besides being in the

free state, Al particles diffused through the breaking or reforming

of Al-O bonds, whereas the conversion of bridging O to

nonbridging O, which required higher energies, had an impact

on the diffusion of O particles (Liang et al., 1996). Moreover, D

decreased with density increasing, from 0.1208 ± 0.0018 Å2/ps to

0.0926 ± 0.0041 Å2/ps for Al particles, from 0.1078 ± 0.0031 Å2/ps

to 0.0733 ± 0.0028 Å2/ps for O particles, and from 0.1131 ± 0.0019

Å2/ps to 0.0811 ± 0.0032 Å2/ps for the total systems.

3.2.4 Thermal conductivity
The thermal conductivity (κ) was calculated by EMD

simulations through a time integral of the heat current

autocorrelation function (HCACF) using the Green-Kubo

formulation:

κ(t) � V

3kBT
2 ∫t

0
〈J(t) · J(0)〉dt (8)

here, V is the system volume, kB is the Boltzmann constant, T is

the equilibrium temperature, and 〈J(t) · J(0)〉 is

HCACF averaged over the ensemble. The heat current J is

defined as:

J � ∑i eivi −∑
i
Sivi

V
(9)

where ei is the kinetic and potential energy of the ith atom, vi is

the velocity of the ith atom, and Si is the atomic stress of the ith

atom. The normalized HCACF was calculated as 〈J(t) ·
J(0)〉∕ 〈J(0) · J(0)〉.

FIGURE 11
Normalized HCACFs for (A) ρ = 2.81 g/cm3, (B) ρ = 2.863 g/cm3 and (C) ρ = 3.175 g/cm3, and thermal conductivities (κ) for (D) ρ = 2.81 g/cm3, (E)
ρ= 2.863 g/cm3 and (F) ρ= 3.175 g/cm3 as a function of the correlation time for liquid alumina at 2500 K, insets: the normalized HCACFs and thermal
conductivity curves over the correlation time of 0–0.5 ps.
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Figures 10, 11 illustrate the normalized HCACFs and

thermal conductivities as a function of the correlation time

respectively for the amorphous (300 K) and liquid (2500 K)

alumina at three densities. Details of the normalized HCACF

and thermal conductivity curves over the correlation time of

0–0.5 ps are shown in the insets. The normalized HCACFs

declined rapidly from positive to negative and ultimately

decayed to zero, as can be observed in the insets of the

normalized HCACFs. Correspondingly, the curves of κ first

increased to a maximum value, then decreased and oscillated

around a constant value, which was taken as the thermal

conductivity value of the equilibrated system. In this study,

the thermal conductivity values were obtained by averaging,

which were taken from 2 to 6 ps for 300 K, and 9–15 ps for

2500 K.

Compared the thermal conductivities at 2500 K with those at

300 K, because phonon scattering was more intense at higher

temperatures, the normalized HCACFs decayed faster at 2500 K,

converging at zero after 0.1 ps, whereas it takes 0.2 ps at 300 K.

The κ for the liquid phases raised obviously as the density

increased from 2.81 g/cm3 to 3.175 g/cm3, with the averaged

values from 2.487 ± 0.108 Wm−1K−1 to 3.381 ±

0.069 Wm−1K−1. Simultaneously, the increase in κ for the

amorphous phases was slower, from 2.341 ± 0.039 Wm−1K−1

to 2.599 ± 0.069Wm−1K−1, which wasmuch lower than the values

for the single crystal (~53 Wm−1K−1) (Slack, 1962) and

polycrystalline (~30 Wm−1K−1) (Williams et al., 1987) Al2O3.

However, these results, especially for the density of 2.81 g/cm3,

were extremely near to the experimental value of ~ 2.3 Wm−1K−1

reported by Luo et al. (2014), who measured the thermal

conductivity of amorphous alumina using the micro-Raman

technique.

3.2.5 Viscosity
The viscosity (η) is also calculated by the Green-Kubo

relation, using a time integral of the stress autocorrelation

function (SACF), the Green-Kubo relation is given as:

η(τ) � V

kBT
∫τ

0
〈Pαβ(t) · Pαβ(0)〉dt (10)

where V is the system volume, kB is the Boltzmann constant, T is

the equilibrium temperature, and 〈Pαβ(t) · Pαβ(0)〉 is SACF

averaged over the ensemble. Pαβ(t) is the component in αβ =

xy, xz, and yz directions of the molecular stress tensor of the

system:

Pαβ � 1
V
⎡⎢⎢⎣mi · viα · viβ +∑

j≠i
rij · Fij

⎤⎥⎥⎦ (11)

and mi represents the mass of the ith atom, viα and viβ are the

velocities of the ith atom, rij � ri − rj is the relative position of

the ith atom in relation to the jth atom, and Fij is the force acting

upon the ith atom due to interaction with the jth atom.

Figure 12 shows the normalized SACFs and viscosities for

liquid alumina at 2500 K and three densities. As illustrated in

Figures 12A–C, the SACF curves for three densities

monotonically decreased and decayed to 0 within 4 ps. The

FIGURE 12
Normalized SACFs for liquid alumina at 2500 K as a function of the correlation time, (A) ρ = 2.81 g/cm3, (B) ρ = 2.863 g/cm3 and (C) ρ = 3.175 g/
cm3, (D) viscosities for liquid alumina at 2500 K and three densities as a function of the correlation time.

Frontiers in Materials frontiersin.org13

Zhou et al. 10.3389/fmats.2022.1005747

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.1005747


viscosities initially increased along with the correlation time, and

then stabilized around a constant value after about 10 ps, as seen

in Figure 12D. Thus, the viscosities between 10 and 17 ps were

averaged, which were equal to 0.0261 ± 0.0017 Pa·s, 0.0272 ±

0.0018 Pa·s, and 0.0425 ± 0.0043 Pa·s respectively for densities of
2.81 g/cm3, 2.863 g/cm3, and 3.175 g/cm3. Significantly, the

predicted viscosity values at ρ = 2.81 g/cm3 and 2.863 g/cm3

were both in excellent agreement with the experimental data

given by Blomquist et al. (1978), where the viscosities of molten

alumina at 2458 K and 2509 K were equal to 0.0264 Pa·s and

0.0243 Pa·s respectively, with densities of 2.85 g/cm3 and

2.79 g/cm3.

4 Conclusion

In the present investigation, a detailed theoretical study of

the structural, vibrational, and transport properties of the

liquid and amorphous alumina was provided. The

investigations were conducted not only for the

experimental densities of 2.81 g/cm3 and 3.175 g/cm3, but

also for the predicted densities at almost zero pressure,

which were equal to 2.863 g/cm3 at 2500 K, and 3.159 g/cm3

at 300 K, respectively. Classical MD simulations were

conducted using an empirical BMH potential with the

parameters initially designed for the ternary calcium

aluminosilicate system. The results of our study showed

that these optimized parameters were also efficient in

describing the structural and dynamical properties of the

pure liquid and amorphous alumina.

The investigation of the interatomic correlations showed

that for both liquid and amorphous alumina, the short-range

order was dominated by the slightly distorted (AlO4)
5−

tetrahedra, with a small amount of AlO5 and AlO6 present.

Moreover, as the density increased, there was a trend of

structural transition from tetrahedral to octahedral

networks of the basic units.

The VDOSs for the liquid phases exhibited broader ranges

compared with those for the amorphous phases. Each VDOS

spectrum was divided into two primary frequency bands for both

liquid and amorphous alumina, with the low frequencies for

inter-tetrahedra vibrations, and the higher ones for intra-

tetrahedra vibrations.

The density dependence of transport properties was also

investigated, with self-diffusion coefficients (D) calculated via

the slopes of mean squared displacements (MSDs), and shown

to be decreased with increasing density. Furthermore, thermal

conductivities (κ) and viscosities (η) were obtained using the

Green-Kubo relation, and the results from our EMD

simulations agreed well with the experimental data,

especially that κ was equal to 2.341 ± 0.039 Wm−1K−1 for

amorphous alumina at 300 K and 2.81 g/cm3, and η was equal

to 0.0261 ± 0.0017 Pa·s and 0.0272 ± 0.0018 Pa·s for the liquid
phases at 2500 K with densities of 2.81 g/cm3 and 2.863 g/cm3,

respectively.
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