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Abstract: The relationship between structure and density in Al,O3 glass has been studied by mean
of molecular dynamic simulation. Simulation results reveal that the structure of Al,Oj3 is formed by
AlOx structural unit. Under densification, there is the transformation from tetrahedral to octahedral
structure. The AlOx structural units tend to form the cluster of AlOx units. Alumina exhibits
polymorphism and heterogeneous structure due to the presence of AlOy clusters and two-domain
types (D4-D5 or D5-D6) in the intermediate density range. Moreover, a continuous random network
of basic structural units linking to each other via with corner-sharing, edge-sharing, face-sharing
bond. At low density region, the basic structural units are mainly linked via bridge oxygen and the
connectivity between AlOy is mainly corner sharing bonds. The numbers of corner-sharing and edge-
sharing bonds vary in opposite directions. The basic structural units are barely bonded to each other
via face-sharing bond. In the model, there is the existence of the free volume region. The distribution
of free volumes depends on density. It has the Gaussian form and the position of the peak tends to
shift to the left under compression. As densnit increases, the void radius decreases rapidly.

Keyword: Molecular dynamic, structural transformation, structural heterogeneity, polymorphism, density.

1. Introduction

Oxide glasses are important materials and have been widely used in optical, biological,
microelectronics and high technology materials. Therefore, the oxide glasses have been the subject of
many experimental and simulation studiess [1-5]. In which, the effect of compression on structure and
dynamical properties of oxide glasses is an issue that has been researched diligently. Structural
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transformations have been observed using X-ray Raman scattering, infrared spectroscopy, and X-ray
diffraction. Their structures consist of a random network of corner-sharing tetrahedra [6,7].
Polymorphism and heterogeneous structure occurs when tetrahedral units transform gradually into
higher co-ordinated octahedral units [7-10] under densification.

In addition, alumina is widely used in various engineering fields because it possesses special
properties, including wear resistance, low electrical conductivity, and high thermal and chemical
stability [11-13]. The local microstructure of Al,O; has been investigated via many method. Using
interpretations of NMR [14], XANES [15], x-ray, NMR [16, 17] and neutron diffraction [18], the results
have suggested that alumina comprises of a mixture of 4- and 6-fold coordinated Al. And lumina is
supposed to comprise of a quasi-diphasic structure composed of dense corundum clusters and a less
dense AlO4 structure surrounded by octahedral vacancies. Hence, the model exhibits a heterogeneous
structural [15]. Moreover, the experimental results confirm the formation of OAl; triclusters associated
with the large contribution of edge-sharing Al-O polyhedral. The formation of edge-sharing AlOs and
AlOg polyhedral is not the same as the corner-sharing tetrahedra motif of Zachariasen’s conventional
glass formation concept [19]. Much useful information about microstructure of alumina can be provided
by computer simulation [20-22]. Molecular dynamics simulations are employed to study the structure
of AlO;. The simulation results revealed that liquid alumina consists of predominantly 5-fold
coordination, with appreciable 4- and 6-fold polyhedral present [20]. Using both X-ray and neutron
diffraction combined with molecular dynamics (MD) simulations, Skinner et al indicated alumina
contains mostly AlO4, but with a significant fraction of AlOs units, and only minor fractions of AlO;
and AlOg [23]. The structural transformation from a tetrahedral to an octahedral network in alumina was
found to occur at a density range of 3.6 - 4.5 g ¢/m’ [24, 25]. However, the atomistic mechanism and
the factor affect to the process of structural transformation in glass material have not been successfully
identified. Therefore, in this study we used structural unit, domain definitions, different types of bridge-
oxygen connectivity as well as free volume regions (voids, vacancies) to clarify the influence of density
on the structural transformation and structural heterogeneity in Al,O; glass.

2. Computational Procedure

MD simulation is carried out for a model consisted of 2200 Al and 3300 O at a temperature of 600
K and the range of density from 2.83 to 4.81 g/cm’. The Born-Mayer type pair potential is used to
contruct the simulation model [26]. All atoms move by applying the Verlet algorithm at the time step of
about 1.0 fs. The first, starting of the simulation, a sample is obtained by randomly placing all atoms in
a simulation box and then relaxing at 5000 K. Then, the sample is cooled down to 3500 K and relaxed
at this temperature for 2-3 ns. This model is denote M1. Next, we compress model M1 to densities
different to produce 10 models Al,Os glass at temperature of 3500 K and density in the from 2.83 to
4.81 g/cm® range. These models has been relaxed for a long relaxation (10’ MD time steps). A long
relaxation has been done to get equilibrium state using isothermal-isobaric (NPT) ensemble
(Here N, P and T are constants, with N, P and T the number of atoms, pressure and temperature,
respectively). After that, the models are cooled to 600 K with cooling rate of 2.5 K/ps. Next, these
models with different densities are relaxed for 10° MD time steps. In order to improve statistics, all
quantities of considered structural data are determined by averaging over the 1000 configurations during
the last simulation (10° MD steps).
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Figure 1. Schematic illustration the cluster, domain Dx (a,b,c) and the corner- sharing bonds (a), edge-
sharing bond (d), face- sharing (b) in Al,Os glass.

To determine the relationship between the concentration of structural units and the density, we
employed multiple linear regression. The equation representing this relationship is as follows:

p = F+ a* Caiost b* Caiostc* Caios (2. 1)

Where p (g/cm?) is density; a, b, ¢, d, F are constants that are calculated by fitting the simulation
data of density to Eq. (1); and Cuo4, Cai05, Caios are the fraction (%) of AlO« (x=4.5,6). We use the cutoff
distances 7..o which are chosen from the first minimum of pair radial distribution function to calculate
the fraction (%) of AlOx unit. 7.y is equal to 2.55 A for Al-O pair. In this study, we employ following
the notations and definitions. The AlOy cluster comprises a subset of atoms that belong to the same
structural unit AlOx (x=4,5,6). Meanwhile Dx domain comprises Ox (Oxygen atom bonds with
aluminum atoms having the same coordination numbers) and Al atoms having the same coordination
numbers. The Fig. 1 describes the cluster and domain Dx in Al>Os. In which, domain D4, D5, D6 all
have 5 atoms and remaining oxygen atoms is domain boundary (DB). Meanwhile, the AlO4 cluster has
13 atoms (see Fig. 1a), the AlOs cluster has 9 atoms (see Fig. 1b) and the AlOs cluster has 16 atoms (see
Fig. 1c). The AlO basic structural units link to each other via one, two and three bridging oxygens
(BOs). They are called corner-sharing, edge-sharing, face-sharing bond, respectively. The Fig. la, ¢
discribe corner-sharing bond in cluster AlIO4 and AlOg, Fig 1b displays edge-sharing bond in cluster
AlOsand Fig. 1d displays edge-sharing bond in cluster AlOs.

3. Results and Discussion

We evaluated the relationship between structure and density in glass materials via the configurations
of Al,Os with different density. Firstly, the reliability of models is determined via the PRDF g;i(7) for all
three pairs. The distance of the first peak, the fractions of coordination numbers are compared with the
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results of simulations [27, 28] and experimental data [18]. Our simulated results are also good in
agreement with reference. The detailed characteristics of the PRDF gj(7) under densification are
summarized in Table 1 and Fig. 2.

Table 1. Structural characteristics of Al,Os3 glass; 7, g; — the position and height of first peak in PRDF;
Cu104, Cai0s, Caio6, C aioomerand Cousz, Coars, Coatomer are the fraction (%) of AlOy (x=4, 5,6, other) and OAly
(y=3,4, other) units, respectively

Model | MI | M2 | M3 | M4 | M5 | M6 | M7 | M8 | M9 | Ml10 1\3“8 Exp
p(gom’) | 283 | 3.65 | 371 | 385 | 392 | 405 | 417 |434 | 466|481 | 0| g

raran [A] | 3.14 | 3.06 | 3.06 | 3.10 | 3.08 | 3.08 | 2.98 | 2.96|2.86|2.86 | 3.22 | 3.20+0.55
raro, [A] | 1.72 | 1.70 | 1.70 | 1.70 | 1.70 | 1.70 | 1.72 [ 1.70 | 1.74 | 1.74 | 1.78 | 1.80+0.21
ro.0, [A] | 2.78 | 2.66 | 2.54 | 2.60 | 2.56 | 2.58 | 2.46 |2.44|2.46 244|281 | 2.80+0.58
SAL-Al 378 | 4.67 | 490 | 477 | 475 | 4.63 | 4.17 |4.58|3.74|3.69 | - -
gAL-0 835 | 583 | 570 | 5.71 569 | 554 | 5.14 | 5.69|6.03|6.07| - -
g0-0 295 | 384 | 385 | 3.75 | 3.65 | 3.55 | 3.57 |3.64|427|4.09| - -
Caio 74.82 | 31.32 | 16.55 | 25.59 | 18.36 | 12.18 | 7.82 | 3.82 | 2.09 | 0.95 | 85.0 56.0
Caios 24.00 | 48.68 | 49.45 | 50.91 | 51.32 | 48.18 | 36.41 |34.09|26.00(19.82| 13.0 22.0
Caios 0.86 | 19.91 | 33.73 | 23.45 | 30.05 | 38.82 | 54.82 |58.32/66.18]70.86| 6.0 -
Caioother | 032 | 0.09 | 027 | 0.05 | 027 | 082 | 095 |3.77 573|836 | - -
Coal 78.15 | 27.37 | 18.57 | 22.91 | 19.03 | 14.34 | 9.26 | 7.22 | 3.92| 3.37 | 74.0 -
Coan 3.50 | 71.35 | 7893 | 75.25 | 78.93 | 83.17 | 85.78 [89.19]|65.49(63.46| 1.0 -
Coalother | 1835 | 1.28 | 250 | 1.83 | 2.04 | 2.49 | 495 | 3.59 |26.48|27.88| - -

It can be that the Al-O bond distance is almost independent of density. It has value about
1.70£0.02A. Meanwhile the Al-Al and O-O bond distances are significantly dependent on density. As
the density increases from 2.83 to 4.81 g/cm3, the Al-Al and O-O bond distances decrease. Moreover,
the height of first peak of radial distribution function for the pair Al-O decreases and mean coordination
numbers for all pairs of atoms increase under compression. The simulation showed that the size of
structural units as well as the length of connectivity between them also decrease when density increases.
According the chosen densities, the glass AlL,O; model has the tetrahedral network structure at the
density of 2.83 g/ cm’.The fraction of AlO4 accounts for 74.82%. In model M2, the fraction of AlO4 and
AlO:s is equal to 31.32% and 48.68%, respectively. In model M7, the fraction of AIOs and AlOg s equal
to 36.41% and 54.82%, respectively. For the model M10, the structure unit AlOx is mainly AlOs
(70.86%) (see Table 1). It means that structure of glass is a closed packed-like structure at high density.
Furthermore, the density of the simulated model can be determined based on the concentrations of
structural units according to equation (2.1) as follows:

p =3.580006 + 0.012398* Caio4 -1.225352* Catost+ 0.577901%* Caios (2.1)

The density of alumina fitted by equation (2.1) is consistent with the simulation results, as illustrated
in Fig 3. At ambient pressure, the density of the system is 2.83 g/cm?, and it increases to 4.81 g/cm? at
a pressure of 100 GPa. The density of amorphous alumina increases significantly in the pressure range
of 0- 40 GPa. It means that glass alumina undergoes a structural phase transition under compression. At
low density, the system is primarily composed of tetrahedral structures, while at high pressure it adopts
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octahedral structures. Upon compression, the system transforms from the low-density phase to the high-

density phase.
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Figure 2. MD results for the total and partial pair distribution functions of amorphous alumina at 600 K
and p = 2.83 g/cm?, compared with the model at 300 K and p = 2.81 g/cm?® (Ref. [28]).

The Fig. 4 presents the dependence of the fractions of AlOx unit on density in ALL,O; glass. The
results show that the structure of Al,Os; depend on the density. There is the transformation from
tetrahedral (AlO4) to octahedral (AlOg) structure under densification. Namely, the fraction of AlO4
monotonously decreases while fraction of AlO¢ increases with increasing density. The fraction of AlOs
increases and has a maximum near the point of 3.92 g/cm® density. Therefore, at the low density (2.83
g/cm®) and high density (4.81 g/cm?), the ALLOs structure consists of the main AlO4 and AlOg- phase,
respectively. Meanwhile the structure of Al>Os consists of two main phases (AlO4, AlOs) and (AlOs,
AlOg) at 3.65 g/cm® and 4.17 g/cm® density, respectively. It means that the Al,O5 structure exists only
one phase at low or high density and two phases at intermediate density region. The AlOy4 unit is stable
at low density and the AlOs and AlOs units are stable at high density. Under densification, there is a
continuous transition from AlO4 units to AlOs units, and finally to AlOg units as density increases [13,
15, 16, 18, 23].
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Figure 3. The density of A,O3 model at different pressures

Considering the distribution of structural units OAly (y=3,4, other), the fraction of OAl; units is
equal to 78.15% at 2.83 g/cm’® density. It decreases meanwhile fraction of OAls unit increases under
densification. Thus, average coordination number of oxygen tends to increase from three-fold (at
ambient pressure) to four-fold (at high pressure) (see Fig. 5).
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Figure 4. The dependence of fraction of AlOxuniton  Figure 5. The dependence of fraction of OAly units on
density in Al,O3 glass. density in Al,Os glass.

We can see that the structure of Al,Osis formed by AlOx structural units and their distribution is not
uniform. They tend to form the clusters of AlOx units. The Fig. 6 presents the spatial distribution of
structure unit AlOx (x=4,5,6) in AI203 model at different densities.
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Figure 6. Spatial distribution of structure unit AlOx (x=4,5,6) in Al,O3 model at different densities. Here
AlOs, AlOs, and AlOg-clusters are illustrated by red, yellow, and blue, respectively.

The polymorphism and structural heterogeneity depend on the distribution of AlOx cluster.
Therefore, we will calculate the size and spatial distribution of AlOyx structural units to clarify the
polymorphism and structural heterogeneity properties of Al,Os glass. The detailed distributions of the
number and sizes of AlOx clusters in Al,O; glass melt at different densities are presented in Table 2. The
results show that the AlO4 coordination units form a large cluster of 4832 atoms meanwhile the AlOs,
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AlOs- coordination units form several very small clusters at low density (2.83 g/cm?). The largest AlOs
cluster has 467 atoms. At the 3.71 g/cm’ density, the structure of Al,O; glass has a lot of small clusters
of AlO4 unit meanwhile the AlOs and AlOg units form a large cluster of 3913 atoms and 3329 atoms,
respectively. In the range of density from 3.71 g/cm’® to 4.34 g/cm’ (intermediate density region), the
AlO; structure exists two large cluster of AlOs and AlOs unit. At high density (4.81 g/cm’), the AlOg
coordination units also form a very large cluster with size of 4856 atoms. The AlO4 coordination units
form very small clusters meanwhile AlO4 coordination units form cluster with size from 6 to 987 atoms.
The simulation result is in good agreement with visualization results in Table 1 and Fig. 6.

Table 2. Size distribution of AlO4-, AlOs- and AlOg- cluster at different densities. V. is the number of
clusters; Na is the number of atoms per one cluster

M1 M3 M5 M7 M8 M10
2.83 g/cm’ 3.71 g/em® 3.92 g/cm’ 4.17g/ecm’ 4.34 g/cm’ 4.81 g/cm’
N, N, N, N, N Na N Na N Na N Ng
3 5 75 5 99 5 77 5 47 5 15 5
1 4832 27 9 33 9 18 9 6 9 1 13
1 12 9 13 1 12 1 24

48 6 6 13 1 16 4 13 44 6
12 10 1 16 5 17 1 16 24 6 1 9
7 11 9 17 2 21 2 17 2 11 1 10
2 14 1 20 1 24 2 21 1 16 4 11
3 15 2 21 1 29 1 2817 1 15
1 16 1 25 1 39 3 6 5 16
1 18 2 29 1 40 1 3090 1 18
2 19 1 33 1 53 1 4477 1 19
3 20 1 40 1 62 1 20
1 21 1 52 1 63 1 4322 1 21
1 22 1 102 1 77 1 25
4 23 1 162 1 121 1 26
3 24 1 30
2 26 1 11 1 6 1 35
1 27 1 3913 1 3999 1 54
1 33 1 103
1 37 6 7 8 7 1 108
1 42 1 18 1 3226 1 987
1 81 1 3329

1 82 1 4856
1 91

1 98

1 182

1 183

1 223

1 467

16 7

2 12
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Investigation results reveal the local structural environment of Al and O is strongly dependent on
density. The densification mechanism in aluminum system is due to the short-range order structure
change of Al and O atoms. Therefore, to clarify the structural transformation mechanism under high
density, the fractions of the Dx domain, the distributions of Core-, Edge and Face- sharing bond and the
distribution of free volumes in Al,Ojs glass are calculated. The Fig. 7 shows the dependence of domain
atoms on the density in Al,O; glass. It can be seen that the variation of the fraction of D4 domain and
D6 domain in opposite directions. The curve for the fraction of D5 domain intersects with those of the
D4 and D6 domains at 3.48g/cm and 4.05 g/cm’ density, respectively. Thus, the ALO; structure exists
only one phase (one domain) at low or high density and two phases (tow domains) at intermediate
density region. These results consistent with fraction of coordination units in Fig 5. We existence of DB
relates to the splitting and merging of domain. Changes in the fraction of DB atoms depend on the
number of domains in model. The intensive splitting of D4 domains is the cause of the rapidly number
of DB atoms. The merging of Dx domains intensively occurs at low or high density, meanwhile the
splitting of domain intensively occurs within 3.65- 4.34 g/cm’ density. As shown in Fig. 8, the fraction
of oxygen in D4 domain monotonously decreases in opposite with the fraction of oxygen in D6 domains.
This is caused by that the D4 and D6 domain have respectively large and small size at low density. In
contrast at high density the size of D6 domain is larger than that of D4 domain. Therefore, the fraction
of oxygen in Dx domains is correlated with size of domains. It means that the large size of Dx domain
is cause of the growing of fraction of oxygen in Dx.
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Figure 7. The dependence of domain atoms on the Figure 8. The dependence of oxygen in domain
density in Al,Oj3 glass. atoms on the pressure in Al,O; glass.

These results can be seen from Table 3 showing the size distributions of domains at different
densities. The number of domains having fewer atoms rapidly increases in range of density from 2.83
to 4.05 g/cm, and then it decreases at density larger than 4.05 g/cm’. Moreover, almost all models contain
one domain with size larger than 500 atoms (about 10% of total atoms). The detailed numbers and sizes
of large Dx domains (x=4,5,6) is displayed in Table 4. The large domains Dx is the luster containing
more than 30 atoms. The results reveal that at low density, model has only one large D4 domain with
2817 atoms. In intermediate density region, the model contains several large D5 and D6 domains. Under
compression, the cluster domain D6 is bigger. There is one large D6 domain with 2145 atoms at 4.81
g/cm’ (high density).
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Table 3. The dependence of size distribution of domains on density
Size range Number domain

Ml M2 M3 M4 M5 M6 M7 M8 M9 MI10
1-4 atoms 523 1235 1057 1115 1148 | 1106 | 879 928 667 558
5-19 atoms 20 50 55 52 55 56 39 34 15 3
20-49 atoms 0 12 8 6 7 16 5 4 0 0
50-99 atoms 0 4 2 5 2 5 1 1 0 0
100-499 atoms 0 1 1 3 2 0 0 0 0 0
>500 atoms 1 1 1 0 0 0 1 1 1 1

Our simulation shows that the Al,Os glass has a number of large D4, D5 and D6 domains which
have sizes bigger 5% of total atoms. It means that the domains having fewer atoms are uniformly
distributed in the model, while the largest domain is spread over whole system. From Tables 3and 4, we
can see that intermediate regions correspond to two-domain type and other regions (low-high density)
are of one-domain type. The existence of two-domain type regions implies the polymorphism in glass.

Table 4. Number and size of large domains at different densities. Here Sp is the size range for domains;
np is the number of domains.

Model M1 M3 M5 M7 M8 MI10
Sp np Sp np Sp np Sp np Sb np Sp np
D4 2817 | 1 - - - - - - - - - -
D5 - - 30-578 | 6 34-310 7 32-40 3 35 1 - -
D6 - - 30- 98 3 47 1 74-1424 2 55- 1265 2 | 2145 1

The structure of Al,Os formed by a continuous random network of basic structural units. Two AlOx
units are linked to each other by a common oxygen atom, which is called “bridge oxygen”. The
connectivity can involve one, two, or three bridging oxygens (BOs). They are called corner-sharing,
edge-sharing, face-sharing bond, respectively.
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Figure 9. The dependence of fraction of different bridge-oxygen connectivity on density.
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To investigate the influence of density on short-range order, linking of basic structural unit, we
calculated distribution of the number of corner-, edge- and face-sharing bonds as well as their length

Table 5. The distribution of Core-, Edge and Face- sharing bond at different pressures in Al,O; glass.
Neore, Nedge, Nyuce 18 the number of core-, edge and cace- sharing bond, respectively

Density(g/cm?) Neore Nedge Niuce
2.83 6855 1046 2
3.65 9660 1687 0
3.71 9586 2601 0
3.85 9689 1959 0
3.92 9524 2496 1
4.05 9345 3075 0
4.17 8755 3972 9
4.34 8253 4629 5
4.66 9795 4087 247
4.81 9449 4593 285

According to results of Table 5, the AlOx basic structural unit mainly link to each other via corner,
edge- sharing bonds. There is only the small number of face-sharing bond at high density. The fractions
of corner-, edge- and face-sharing bonds also changed gradually with density and can be seen Fig 9.
Namely, at low density (2.83 g/cm?), the basic structural units are mainly linked via bridge oxygen (BO)
and the connectivity between AlOy is mainly corner sharing bonds (86.74%). The variations of corner
sharing bonds and edge sharing bonds in opposite directions. Under compression, the number corner
sharing bonds decreases and edge sharing bonds increases. The fraction of edge sharing bonds is equal
to 13.24% at 2.83 g/cm’ and it increases to 32.06% at 4.81 g/cm’(high density).

Table 6. The distribution of average corner-, edge-, face-sharing bond length at different pressures
in Al,O; glass. D, D.and Dyare the average-distance of corner-sharing bonds, edge-sharing bonds
and face-sharing bonds, respectively

Density(g/cm?) D.(A) D.(A) Dy(A)
2.83 3.173 2.787 -
3.65 3.168 2.991 -
3.71 3.113 2.963 -
3.85 3.143 2.973 -
3.92 3.138 2.971 -
4.05 3.131 2.950 -
4.17 3.138 2.921 -
4.34 3.130 2.907 -
4.66 3.136 2.824 -
4.81 3.132 2.804 -

Table 6 shows the distributions of average corner-, edge-, face-sharing bond lengths at different
densities. We can be seen that the average corner sharing bond lengths is about 3.173 A at low density
and it is almost not dependent on the density. Meanwhile, the result also shows the increase of the
average edge-sharing bond lengths with compression. At low density (2.83 g/cm?), the average lengths
of edge-sharing bonds are around 2.787 A. However, the increase of the average edge-sharing bond
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lengths is small. At the high density (4.81 g/cm?), it is equal to 2.804 A. The number of face-sharing
bonds is too small to calculate the average length.

There are many free volume regions (where no atoms can occupy) in material. The free volume has
the effect on structure as well as mechanical-, physical- and chemical-properties. Therefore, we
investigated the effect of density on free volume regions. In which, the free volume regions were
calculated via a sphere passing four neighboring atoms without atom inside. The radius of sphere is not
fixed, it depends only on position of four neighboring atoms. The radius distribution of void is given in
Fig. 10.
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Figure 10. The radius distribution of void in AL,O3 Figure 11. The dependence of the radius of
glass under densification largest void on density in Al,Os glass.

The distribution of void radii exhibits a Gaussian form. There is a pronounced peak and its position
tends to shifts to the left under compression. The shape of distribution of void radius strongly changes
with density. The lower density, the lower the height of the distribution of void radius peak. And the
curve is broader. Namely, the position of the peak of fraction of void radius is from 0.9A to 0.6A and
the height of the distribution of void radius reduced from 0.44 to 0.14 in range of density from 2.83 to
4.81 g/cm’. Moreover, the void radii decrease rapidly under densification. At low density (2.83 g/cm’),
the radius of largest void (rvma) is 2.6 A whereas it decreases to 1.2 A at high density (4.81 g/cm®). The
dependence of the radius of largest void on density is displayed in Fig. 11.

4. Conclusion

We have investigated structure of alumina glass at 600 K under different densities by MD
simulation. The simulation reveals that the Al,Os structure exists only one phase (one domain) at low or
high density and two phases (tow domains) at intermediate density region. The AlO structural units
tend to form clusters and their distribution is not uniform. Under densification, the bond Al-O bond
distance is almost not changing meanwhile the Al-Al and O-O bond distance is significantly change.
The AI-O bond distance is equal to 1.70+£0.02 A. The basic structural units link to each other via with
corner-sharing, edge-sharing, face-sharing bonds. At low density region, the basic structural units are
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mainly linked via corner sharing bonds. The average corner- sharing bond lengths is about 3.173 A at
low density and it is almost not dependent on the density. In the Al,Os, the basic structural units are
barely bonded to each other via face-sharing bond. Moreover, the distribution of free volumes has the
Gaussian form and the shape of distribution of void radius strongly changes with density. The position
of the peak tends to shift to the left under compression. The lower density, the lower the height of the
distribution of void radius peak. The position of the peak of fraction of void radius is from 0.9A to 0.6A
and the height of the distribution of void radius reduced from 0.44 to 0.14 in range of density from 2.83
to 4.81 g/cm’. As density increases, the void radius decreases rapidly.
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