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Abstract

We have performed a simulation of the structural transition and Structural Heterogeneity (SH) in liquid Al203 at 3500 K,
in the range of 0-100 GPa. The results confirmed that the network structure of liquid alumina is built mainly from AlOx
(x =3, 4,5, 6, 7) units, which are related to each other through the common oxygen atoms. The existence of separate
AlOs-, AlOs-, AlOs-, AlOs- and AlO7- phases, where SH of the network structure can be sufficiently determined,
besides, the existence of separate phases is clarified for SH in the liquid of Al2Os. In particular, at a pressure below 10
and beyond 20 GPa, AlOx units are uniformly distributed in the space and non-uniformly distributed in the range 10-20
GPa. Our study is expected to contribute to a simple way to determine the structural heterogeneity and diffusion
coefficients of oxide systems.
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1. Introduction

Recently, Al,O3; has become well-known as the refractory ceramic oxide used in numerous applications, such as
electronic devices, optics, and mechanical engineering, biomedical engineering, and cutting tools. Thus, liquid Al,O3
has become of great interest to researchers through both experimental and theoretical developments [1-9]. For instance,
by using X-ray diffraction and scattering, Waseda et al. [10] and Ansell et al. [11] revealed that the two first peaks of
the total radial distribution function (RDF) located at 2.0 and 2.8 A as the density of 3.01 g.cm™ and 1.76, 3.08 A as
the density of 3.175 g.cm. The averaged coordination number of the Al-O pair is equal to 4.5 + 0.1. Besides, Hennet
et al. [12] found out the first-, second- and third-peaks of RDF gai.o(r) are located at 1.80 + 0.02, 3.18 £ 0.06 and 4.36
+0.01 A respectively. These averaged coordination number of Al-O pair is approximately estimated to be 4.3 + 0.05.
To support experimental methods, simulation is also a powerful method to investigate the microstructure of melts,
especially at high-temperature and/or pressure conditions [13-19]. According to the first-principles molecular dynamic
(MD) simulations, Verma et al. [8] determined that the liquid Al,O3 is more sensitive to the applied compression than
the temperature. The coordination number of Al atoms includes various species with disappearing three- and four-
coordinated and appearing six- and seven-coordinated since the liquid is compressed. Skinner et al. [20] indicated that
the melt consisted predominantly of AlO4 and AIOs units. It can be noted that Al-O-Al connections of 83% are
involved in the corner-sharing polyhedra, compared to 16% for the edge-sharing polyhedral. Miguel et al. [21] found
that more than 50% of Al atoms are tetrahedral coordinated at four different temperatures. According to Hoang et al.
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[22] and Hung et al. [23], they showed the clear evidence of structural transition in liquid Al,O3 from a tetrahedral to
an octahedral network. The voids created a very large hole with a volume five times bigger than that of the aluminum
atom. Other simulations [24, 25] showed that the phase regions of liquid Al,O3 strongly depend on compression. The
mobility of atoms in different phases is different; the AlOg-phase forms immobile regions. At low temperatures, the
coexistence of AlO4-, AlOs., and AlOs-phases is the origin of the spatially dynamical heterogeneity.

However, up to now, the development of structural transition and SH under compression for liquid Al>Os is still
intensively improved. In the present work, a large-scale MD simulation of an Al,O3 system consisting of 5500 atoms
was performed. The structural characteristics such as the RDF, characteristics of AlO, and OAly units, visualization of
simulation data have been clarified for the structural transition and SH in liquid Al,Os under compression condition.

2. Calculation Method

Models of liquid Al,O3 consisting 5500 atoms (2200 Al- and 3300 O-atoms) are constructed by MD simulation at
3500 K, in the range 0-150 GPa, with boundary conditions for all three dimensions. The Born-Mayer potential, which
has been successfully used for structural and dynamic simulation of Al,Os systems, was employed in this work. The
detail about the Born-Mayer potential can be referred from Kovarik et al. (2021), Hoang & Oh (2004), and
Belashchenko (1997) study [4, 15, 26]. The MD program is coded in the C language and uses the Verlet algorithm to
integrate the motion equations. In this case, MD time step is selected to be 0.47 fs. Initial configuration of the model is
created by randomly sowed all atoms in the simulation space. The model is heated up to 6000 K and zero pressure.
Then, the model is cooled down to 3500 K within 2x10* time steps with the cooling rate of 2.0 K/ps. After that, a long
relaxation (5x108 time steps) has been done in isothermal-isobaric (NPT) ensemble to equilibrate the model at 3500 K
and zero pressure. From this well-equilibrated liquid AlOs; at 3500 K and zero pressure, the proposed models at
different pressures (5-100 GPa) which are labeled as Mi, M....Mu1, respectively (as seen in Table 1). These models
were constructed by relaxing again within 5x10°8 time steps to reach the equilibrium in isothermal-isobaric NPT
ensemble. The structural characteristics of each model are determined by averaging 1000 configurations during the last
5x10* MD steps. To calculate the clusters as well as coordination number, the cutoff distance is chosen based on the
minimum position after the first peak of the RDF. Remarkably, for the Al-O pair, the cutoff distance is 2.54 A.

3. Result and Discussion
3.1. The Structural Transition under Compression

The characteristics of the constructed models, experimental, calculation and other simulation are listed in Table 1.
Obviously, the major changes are a shift of distance rjj to bigger value for Al-O pair and smaller value for Al-Al, O-O
pairs with increasing of the applied pressure. The coordination number strongly increases with increasing of pressure.
Namely, at 0 GPa, the averaged coordination numbers for Al-Al, Al-O, O-Al and O-O pairs were found to be 7.71,
4.25, 2.83 and 10.64, respectively. These numbers increased to be 13.68, 6.54, 4.36 and 16.77 as pressure increases
from 0 to 100 GPa. Also, the BKS model reproduces well the structural data obtained from experimental and simulated
data from Refs. [1, 2, 7, 8, 20, 22]. Thus, the prepared models are reliable to investigate the structural transition and
SH of liquid Al,Os.

Table 1. The structural characteristics of constructed models at different pressures, experimental and simulation data. Here
T, P, p are temperature, pressure and density, respectively; rai-ai, rai-o, ro-o is the inter-atomic distance for Al-Al, Al-O and
0O-0O pair, respectively; zaia, zai-o zZo-al, Zo-o are the average coordination number for Al-Al, Al-O, O-Al and O-O pair,
respectively.

Models T (K) P (GPa) p (g/cm®) raeai(A) raco (A) roo(A) Zal-Al Za10 Zo-l Z00
M; 3500 0.01 2.78 3.14 1.68 2.78 7.71 4.25 2.83 10.64
M, 3500 5 - 3.16 1.72 2.70 11.75 5.30 3.54 13.94
M 3500 10 - 3.14 1.74 2.70 11.81 5.37 3.58 14.04
My 3500 15 - 3.10 1.70 2.70 11.89 5.43 3.62 14.15
Ms 3500 20 - 3.12 1.72 2.64 11.97 5.51 3.67 14.36
Ms 3500 25 - 3.08 1.72 2.62 12.02 5.55 3.70 14.43
My 3500 30 - 3.08 1.72 2.60 12.20 5.63 3.76 14.66
Mg 3500 40 - 3.08 1.72 2.56 12.31 5.80 3.87 15.19
Mg 3500 60 - 3.00 1.70 2.52 12.42 5.85 3.90 15.37
Mo 3500 80 - 2.84 1.72 2.50 13.74 6.45 4.30 16.26
My 3500 100 - 2.88 1.72 2.46 13.68 6.54 4.36 16.77

Exp. [11] 2500 - 2.81 3.25 1.78+0.05 2.84 - 4.20+0.3 - -
Exp. [1] 2200-2650 - 3.17 - 1.732 3.08 - 4.40£1.0 - -
Exp. [20] 240050 - - 3.15 1.80 2.82 8.85 4.40 2.93 12.90
Sim. [22] 2500 0.05 2.80 3.20 177 2.80 8.00 4.20 2.80 7.44
Cal. [8] 4000 - 3.683 3.02 1.79 2.61 12.4 5.52 3.69 15.60
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Figure 1. The radial distribution function of liquid Al.Oz at different pressures
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Figure 2. Dependence of coordination number distribution on applied pressure for: AlOx (left) and OAly (right)

Figure 1 displays the RDFs gai-o(r), ga-ai(f) and go-o(r) at different pressures. It can be seen that, under
compression for the gai-o(r), the position of the first peak is displaced to the right-hand side and their magnitudes are
significantly decreased. In contrast, for the go-o(r), and gar-ai(r), the position of the first peak is displaced to the left-
hand side and their magnitudes are independent on the increased pressure. Based on above analyses, the network
structure of liquid Al;Os is changed insignificantly both of intermediate- and short-range order structure, which is

depended on the compression.

Next, we clarified the origin of the change of the network structure of liquid Al,Os under compression via the
characteristics of AlOx and AlOy basic units. As shown in Figure 2, the fraction of AlO3, AlO4, OAl,, and OAl; are
decreased with increasing pressure while the fraction of AlO; and OAls are increased. Specially, the fraction of AlOs,
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AlOs and OAl, creates a maximum value at 5 GPa for AlOs and at 50 GPa for AlOs and OAl.. This phenomenon
indicated a transformation in local environment of Al ions from tetrahedral- to octahedral- coordination at 5 GPa and
beyond 50 GPa, which leads to the system becomes to be denser. This result can be regarded as the bond length
between O and O in AlOs units is larger than the one in AlOg and smaller than the one in AlOa.

The bond angle and length distribution calculated separately for each type of AlOy basic units are shown in Figure
3 and 4. It showed that the angle-distributions are almost independent on pressure for AlOs. However, the deviations in
the magnitude and position of main peak are observed in cases of AlO4 and AlOs (as depicted on the left side of Figure
3). Furthermore, on the right side of Figure 3, the bond-length distribution for AlO4 and AlOs are significantly
depended on the pressure, which causes the magnitude- and position-deviations. Clearly, under compression, the shape
and size of AlO4, AlOs and AlOg units are changed and little distorted. As presented in Figure 4, the angle distributions
of OAIly, OAI; and OAl, units are not identical (depended on pressure). It means that the topology structure of basic-
structural units is also dependent on pressure. It can be concluded that the network structure of liquid Al,O3 is formed
by order parameters as follows: i/ the order parameters related to the short-range order (SRO), including AlOs, AlOs,
AlOs, AlOg and AlO- units; ii/ the linkage OAl,, OAl; and OAl, are order parameters, which are related to the
intermediate-range order (IRO). At low-pressure state, the number of linkages OAIl; and OAl. is small. At high-
pressure state, as most of linkages are OAl; and OAly4, the IRO is characterized by network of interconnected
tetrahedra by the edge-sharing. Clearly, the OAl; linkages connected among AlO3z and AlO4 units causes a cluster of
AlO3z and AlO; units. In other words, this cluster is formed by the interconnected tetrahedra and the corner-sharing,
which characterizes the low-density phase. The network structure of high-density phase is produced from OAl; and
OAl, linkages. Consequently, the OAl; and OAl4 linkages connect among AlOy (x = 5, 6, 7) units forming a cluster of
AlOs, AlOg and AlOy7 units.
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Figure 3. Bond angle O-Al-O (left) and length (right) distribution in coordination units AlOx at different pressures
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Figure 4. Bond angle Al-O-Al (left) and length (right) distribution in coordination units OAly at different pressures

3.2. The structural heterogeneity under compression

The SH for liquid Al,Os through the analysis Voronoi volume of atoms, the link-cluster function, visualization of
simulation data and the consideration the mean square displacement (MSD) of atoms are clarified in this part. As
presented in Figure 5, in comparison with Al, the fraction curve of O ion spreads in wider intervals. When the pressure
increase, the graphs shift to the left. This phenomenon indicated that O occupies significantly larger volume compared
to Al result, therefore, the Voronoi volume is decreased with increasing pressure. Clearly, Figure 6 displays the
average Voronoi volumes of Al- and O-atoms under compression. Consequently, <va> and <vo> are monotonously
decreased, in which <vo> is decreased stronger than <va>. These results confirmed that the IRO is modified stronger
than the SRO upon compression.

To characterize the cluster of atoms, we proposed the link-cluster function Fiin(r,t) and the exploited calculated
algorithm can be found from Hung et al. (2018) and Lan et al. (2019) study [27, 28]. Here, we considered sets of
mobiles, immobiles and random atoms (SMA, SIMA and SRA), which contains total atoms of 20%. It can be noted
that the SMA has the mean-square-displacement (MSD), which is larger than that of remaining atoms. Conversely, the
SIMA has the MSD smaller than that of remaining atoms. The SRAs are randomly chosen from the proposed models.
The atoms of SMA, SIMA and SRA are determined from the atom position in the configuration at t = 2x10° time
steps. Figure 7 shows the link-cluster function Fiin(r,t) at 5, 15, 20 and 80 GPa. It is clearly seen that, at 5 and 80 GPa,
the function Fiin(r,t) for SMA, SIMA and SRA is very identical. As r varies from 1.5 to 2.55 A, Fiin(r, t) for SMA,
SIMA and SRA drops drastically to 689, 745; 521 at 15 GPa and 663, 740 and 551 at 20 GPa, respectively.
Meanwhile, SIMA, SMA and SRA drops drastically to the same values, namely, to 558, 615 and 648 at 5 GPa and 521
at 15 GPa; 331, 353 and 325 at 80 GPa, respectively. Moreover, with further increasing r, a shoulder is appeared, then
Fiink(r, t) is decreased gradually. We concluded that at 5 and beyond 80 GPa, AlOy units are uniformly distributed in
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the space. Meanwhile, in the range 15-20 GPa, the spatial distribution of AlOy units is non- uniformly. This is caused
by strongly rearrangement of atoms in the range 10-20 GPa compared to that of below 15 and beyond 20 GPa.
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Figure 6. Pressure dependence of average VVoronoi volume of Al-, O-atom
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Figure 7. The link-cluster function at 5, 15, 20 and 80 GPa

Figure 8 displays the partial distribution of AIOy in the liquid Al,Os at different pressures. Obviously, the
distribution of AlOy units is not uniform and it tends to form clusters (subnets) of AlOs, AlO4, AlOs, AlOg and AlO:y. It
means that the structure of liquid Al,O3 comprises the mixture of AlOs, AlO4, AlOs, AlOs or AlOy clusters. Namely,
the structure of liquid Al,Os is the mixture of regions with different SRO. The structure of liquid Al.Os consists of
structural phases is that AlOs-, AlO4, AlOs-, AlOg- or AlO7 -phases, AlOy (x = 3, 4, 5, 6, 7) phases are formed by the
AIlOy units, respectively. It can be seen that at 0 GPa, the regions with AlOs, AlO., AlOs -phase are linked to each other
to create a large region with the expanse almost whole model. The region with AlOs- and AlO7-phases is small and
localized at different locations leading to separated regions. As pressure is increased, the regions with AlOs-, AlOs-
and AlO; -phases are expanded and the regions with AlO3; and AlOs-phase are shrunk. At pressure of 10, 20 GPa, the
regions with AlOs- and AlOs-phase are expanded the whole model. At pressure of 100 GPa, the regions with AlOs-,
AlOs-, AlOs-phases are shrunk, whereas the regions with AlOg- and AlO7 -phases are expanded almost the whole
model. It is noted that the coexistence of different phases in network-forming liquids under compression can be
examined by the neutron and X-ray diffraction experiments [29, 30].

To clarify the distribution of AlOx (x = 3, 4, 5, 6, 7) units in proposed models, the structures at different pressures
are visualized in the 3D space (as shown in Figure 9). At 0 GPa, most of structural units are AlO4, AlOs and some
AlOs, AlOg and AlO7 units. The spatial distribution of AlO4, AlOs is not uniform but it tends to form AlOs- and AlOs-
clusters. At pressure of 10, 15, 20 and 60 GPa, most of structural units are AlOs, AlOg and they also tend to form
AlOs- and AlOs-clusters. At pressure of 100 GPa, in particular, most of structural units are AlOg, AlO7 and they are
also tended to form of AlOg-, AlO7-clusters.
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Figure 8. Spatial distribution of AlOs, AlO4, AlOs, AlOs and AlOy7 in the liquid Al20z at different pressure and 3500 K. Al
and O atoms are in red and blue color, respectively

Further, the network topology, the immediate structural phase and SH can be analyzed by the corner-sharing, the
edge-sharing, the face-sharing bonds and their clustering behavior. The distribution of corner-, edge- and face-sharing
links (CSL, ESL and FSL) are calculated using the following algorithm: If Al atom connects with Al atom via one
bridge O atom, which can be regarded as a corner-sharing bond (Al-O-Al). Also, Al atom connects to Al atom through
two bridge O atoms, which is defined as an edge-sharing bond (Al-O-,-O-Al). In case of Al atom connects with Al
atom via three bridge O atoms, which is defined as a face-sharing bond (Al-O-,-O-,-O-Al). The employed calculated
algorithm is similar with that in Guignard & Cormier (2008) study [31].
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Figure 9. Snapshots of spatial distribution of AlOs units (in black spheres), AlO4 (in blue spheres), AlOs (in red spheres),
AlOs (in pink spheres) and AlO7 (in turquoise spheres) for liquid Al.Os at pressures of 0, 10, 15, 20, 60 and 100 GPa (My,
Ms, M4, Ms, Mg, M11) and 3500 K.

Figure 10 displays the spatial distribution of CSL, ESL and FSL of liquid Al,Os. It can be observed that the
distribution of CSL, ESL and FSL is not uniform. Obviously, this phenomenon represents structural heterogeneity in
liquid Al,Os. In principle, the clusters of face-sharing links form immobile regions and the clusters of corner-sharing
links, corresponding mobile regions. The mentioned analysis demonstrated that the coexistence of separate structural
phases in network forming is origin of spatially SH with micro-scaled phase separation in liquid Al;Os.
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Figure 10. Distribution of corner, edge, face-sharing of Al2Os at pressure of 5, 15, 30 and 80 GPa and 3500 K. Al and O

atoms are in red and blue color, respectively

In general, the SH is the main cause of dynamic heterogeneity. Figure 11 shows the mean square displacement
(MSD) of Al and O ions as a function of time (at 5, 15, 20, 80, and 100 GPa). It can be seen that O is always more
mobile than Al atoms. Consequently, the O-rich regions will be more mobile than the Al-rich regions. It means that the
OAl;-, OAl;-cluster is more stable than OAls-, OAls-cluster. This phenomenon confirmed the dynamics of OAly-
clusters is very interested.
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Figure 11. MSD of Al (left) and O (right) atom as a function of time at pressure of 5, 15, 20, 60 and 100 GPa
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4. Conclusion

The structural transition and SH under compression are investigated in detail. The obtained result realized the
structure organization of liquid Al,Os comprises AlOs, AlOs-, AlOs-, AlOs or AlO7- phases, which depend on the
applied pressure. At lower pressures, liquid Al,Os comprises two main AlOs-, AlOs-phases and scattering AlOs-,
AlQOg-, AlO7-phases. In the range of 10-20 GPa, two main AlOs-, AlO¢- and scattering AlOs-, AlO4-, AlO7-phases are
comprised. In case of beyond 20 GPa, two main AlOs-, AlO7- and scattering AlOs-, AlOs-, AlOs-phases are comprised.
Under compression conditions, the topology of AlOy is slightly changed and distorted. In the AlO3- and AlO4-phases,
the AlOs- and AlO4-units mainly link to each other through the corner-sharing bonds, for AlOs-, AlOg-, AlO7-phases
through corner-, edge-, face-sharing bonds. The existence of separate phases is evidence of SH in liquid AlyOs.
Furthermore, the Voronoi volumes of O atoms are detected to decrease faster than those of Si, indicating the existence
of free-volume regions in liquid Al,Os. The atoms in AlOs-, AlOs-phases are more mobile than the ones in AlOg-,
AlO7-phases. Importantly, at pressure below 10 and beyond 20 GPa, AlOy units are uniformly distributed. Meanwhile,
in the range of 10-20 GPa, the spatial distribution of AlOy units is more homogeneous in space.
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