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Abstract
The behavior of oxygen ions in the Al melts under action of a constant electric
field was studied by molecular dynamics. The rate of O2− ions moving up
from the cathode to the melt surface increases. The time of the first ion
reaching the surface decreases with increase in O2− concentration. The Al and
O2− self-diffusion coefficients increase with increasing concentration of ions
in the system. The structure of the neighborhood of oxygen ions was studied in
detail by statistical geometry. The distributions of truncated Voronoi poly-
hedra according to the number of faces and of faces according to the number
of sides were determined. Simplified polyhedra were obtained after elimina-
tion of small-scale thermal fluctuations from the model. The picture of the
oxygen ions final location can vary greatly depending on the boundary con-
ditions and their application sequence.

Keywords: aluminum melts, molecular dynamics, oxygen ions, selfdiffusion,
structure

(Some figures may appear in colour only in the online journal)

1. Introduction

Aluminum is the most abundant metal and the third most abundant element in the Earth’s
crust after oxygen and silicon. It makes up about 8% by weight of the Earth’s solid surface.
Aluminum is too reactive chemically to occur in nature as a free metal. Instead, it is found to
be combined in over 270 different minerals.

Aluminum metal is not produced directly by the electrochemical reduction of alumina:

 +( ) ( ) ( ) ( )2Al O s 4Al l 3O g . 12 3 2
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Rather, it is reduced by a combination of chemical and electrical energy according to the
following two reactions in parallel:

+  +
+  + ( )

Al O 3C 2Al 3CO
2Al O 3C 4Al 2CO . 2

2 3

2 3 2

This use of a consumable carbon anode lowers the required voltage by 1.0 V at the operating
temperature of 950–980 °C.

In the Hall–Héroult process the following simplified reactions take place at the carbon
electrodes:
cathode:

+ + - ( )Al 3e Al 33

anode:

+  +- - ( )O C CO 2e . 42

Theoretical calculations show that doubly charged oxygen ions are electronically stable
in liquid sodium [1]. However, their stability in liquid aluminum has not been investigated.
Under the action of applied electric field O−2 ions in a liquid metal acquire directional
motion. If the field is sufficient, O2− ions can leave the melt. In the ideal (unrelaxed) structure
of α-Al2O3 (corundum) oxygen atoms (actually oxide anions, O2−) are at the surface [2].
Therefore, with a high degree of probability, the oxygen anions are liberated in the decom-
position of corundum not individually, but in the form of separate groups localized in a
confined space. The movement of electrons in the melt occurs much faster than the movement
of ions, i.e. their speed is several orders of magnitude higher than the ion velocity.

Unlike the extensive research of oxidation of the solid Al phase, the role of aluminum
melt and its manner of affecting the trend of oxidation have not been taken into consideration
yet [3]. The MD simulations of the oxidation of the carbon-coated aluminum nanoparticles
indicate that such particles were less reactive at low temperatures, but they became very
susceptible to oxidation at higher temperatures when the coating layer was removed [4]. The
initial oxidation of the bare Al substrate proceeds by an island-by-layer growth mechanism,
involving the lateral diffusion over the bare Al substrate surface of mobile oxygen species [5].
It was found that electric field creates interstitial outward transport of Al3+ cations through a
close packing of -O2 anions in the amorphous films, and inward diffusion of -O2 anions
along grain boundaries in the crystalline films, respectively. For the electric field controlled Al
cation motion, a value of 2.6 eV was determined for the rate-limiting energy barrier, which is
located at the metal/oxide interface. The diffusion of oxygen anions in liquid aluminum is
still poorly understood, although this phenomenon should cause considerable interest in the
advanced aluminum smelting processes.

In this article, we attempt to investigate the effect of the electric field on the behavior of
oxygen anions during their movement through aluminum melt. We also consider the effect of
the concentration of oxygen ions on their distribution in the volume of the melt and the
possibility of the formation of a pop-up bubble in the presence of free boundary conditions on
the surface of the melt.

2. Model

The simulation of the passage of -O2 ions through molten aluminum was carried out in the
following sequence.
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1. Molten aluminum was prepared at the temperature of 1233 K. This is the temperature at
which liquid metal and electrolyte are normally found in the smelting of aluminum.
Approximately the same temperature is maintained near the cathode and near the bottom
of the anode. So, the liquid system was prepared by melting FCC aluminum crystal
containing 4000 atoms at a temperature of 1233 K and a density of 2.27 g cm−3 wherein
periodic boundary conditions (PBC) acted along each Cartesian axis. Thus, the
temperature and density of pure molten aluminum corresponded to the experimental
values of the parameters of liquid aluminum [6]. The crystal was completely melted and
brought into thermodynamic equilibrium for 5 million-time steps. This was evidenced by
the form of the radial distribution function and the value of the self-diffusion coefficient
(DAl= ⋅ -1.6 10 8 m2 s−1). We note that the melting point of an aluminum crystal
modeled using the EAM potential coincides with the experimental value of 933 K [7].
After the Al crystal was completely melted the system was reduced by removing the
upper half of the MD cell.

2. A thin horizontal layer is created near the cathode, filled with oxygen ions. The -O2 ions
are randomly (using a random number generator) inserted into the bottom part of MD cell
with a thickness of 0.45 nm. In this layer there are both Al atoms, capable of transmitting
electric charge, and O2− ions. We check the distances between ions ( =-rmin

O O 0.3433 nm)
and between ions and atoms of Al ( =-rmin

O Al 0.3026 nm). The values of chosen
parameters -rmin

O O and -rmin
O Al are equal to the sO and s -Al O parameters of Lennard-Jones

potential, whereas the energy parameters describing the corresponding interactions are
equal to eO=0.0097 eV and e -Al O=0.0618 eV [8, 9]. The Al atoms with the distances
< -r rmin

O Al to the -O2 ions are removed from the system. Further, for the atoms and ions
of the lower part of the MD cell, bounded below by the fixed surface of the graphite
cathode, and above, by the surface of the frozen melt with z-coordinates of Al atoms
larger than 0.45 nm, a 105-time step MD calculation was performed. At the same time, Al
atoms with coordinates z>0.45 nm were immobile, but interacted with mobile atoms
and ions having coordinates z�0.45 nm. During this calculation, the equilibrium state
of the subsystem “Al-O2−

” was reached at a temperature of 1233 K.
3. A permanent vertically directed electric field of strength 50 Vm−1 is switched on. The

electric field strength is close to the corresponding characteristic of the real field acting in
the space between the cathode and the anode during aluminum smelting. The electric
field acts on both -O2 ions and on atoms of Al fluctuating in charge.

4. After the balancing procedure, the calculations were performed without restriction on the
mobility of atoms (ions) of aluminum and oxygen. Since the initial configuration was
prepared containing different amounts of ions (10 to 90) and the number of Al atoms
(from 1731 to 1499). The average density of the “Al-O2−

” systems varied from 2.26 to
2.11 g cm−3. In each case, calculations were performed for four different initial locations
of ions in the vicinity of the cathode at a temperature of 1233 K with PBC operating in
horizontal (ox and oy) directions and free boundary conditions (FBC) applied to the
whole system in the direction of the oz axis. The calculations were performed at two
different values of the gap between the surface of the molten metal and the graphite
anode.

The process of motion of oxygen ions through molten metal, which is possible in the
production of aluminum, is studied. This phenomenon is difficult to observe directly due to
the appearance of metallic fog. In the electrolytic bath, dissolution of aluminum in the
electrolyte is observed. Metal fog appears due to the reaction in this case.
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At the same time, oxygen ions are present in the electrolyte rush to the anode, passing through
the molten aluminum.

To study the behavior of oxygen ions in a metallic melt, we use a simple cell scheme,
shown in figure 1. The molten metal is a liquid aluminum. The used by us modeling scheme
does not reflect in detail the widely used method of aluminum smelting by Hall–Héroult
process. However, the situation with the appearance of foci of oxygen ions in the aluminum
melt can also arise in the actual process of obtaining this metal because of the strong
convection of the -O2 gas. The model uses graphite electrodes: the anode at the top, and the
cathode at the bottom. A permanent electric field of 50 Vm−1 acts between these electrodes.
Such an order of electric field strength can exist during aluminum smelting. The zone with
oxygen ions directly adjoins the graphite cathode. An aluminum melt, which has a free
boundary from the anode side, is above. A vacuum zone is between the graphite anode and
the melt. The width of this zone can be controlled. Graphite electrodes are used for elec-
trolytic aluminum smelting because they offer excellent thermal resistance and high current
carrying capacity. We have a practically closed volume of a metallic melt containing ionized
gas -O2 at a very narrow width of the vacuum zone. Space is created for the gas to escape
through the surface of the melt when a large width of the vacuum zone is created.

The total energy of free graphite at 300 K was found to be –7.22 eV in agreement with
the value obtained by MD computer simulations (–7.30 eV) [10, 11]. The calculated internal
energy U of liquid aluminum at T=1233 K was 2.88 eV/atom, which agrees well with the
value U (= 2.89 eV/atom) obtained from the U (T) dependence found by MD simulation of
the Al melt with EA potential at the same temperature [12].

Above and below the MD cell was bounded by three-layer graphite plates, each con-
taining 2100 C atoms. Calculations with two different gaps hg between the cathode and the

Figure 1. The scheme of the simulation cell. The aluminum melt is located between the
graphite electrodes. Initially, oxygen ions are located near the cathode. Between the
melt surface and the anode there is a vacuum gap whose width can be adjusted.
Periodic boundary conditions act in the horizontal directions of the cell, and free
boundary conditions are used in the vertical direction. The motion of oxygen ions and
Al atoms occurs under the action of an applied electric field.
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melt surface under the boundary conditions described above were performed. First let us
consider the case when the gap hg = sO is sufficiently small. The calculations of the second
type differed from the above-described calculations in that the graphite wall was moved away
from the melt surface at a distance of hg=7 sO (2.40 nm). Thus the possibility for -O2 ions
to freely come out of the melt was provided. If the cell were hermetic, then under such a gap
the maximum pressure created (in the case of Noxygen=90) by the atomic (electrically
neutral) oxygen entering into it would not exceed 28MPa. That does not exceed the working
pressure in the oxygen cylinder of the respiratory apparatus.

The equations of motion are integrated by the fourth-order Runge– Kutta method in time
step of Δt=10−16 s. Each calculation, differing in the initial configuration of -O2 ions or
their number, had duration of 500 ps (5 million time steps). The mean square displacement of
ions or atoms was calculated over a time interval of 100 ps, i.e. 5 calculations of this char-
acteristic were performed for each state of the system, determined by the number of -O2 ions
or by the method of their placement.

To model the Al–O interactions, the local version of the ES+ model is employed, which
can explicitly describe the varying possible level of oxidation of O with its surrounding
metallic environment [13]. The local nature of this version is due to the fact that the ES+
model functions only in a limited space around each oxygen ion. This neighborhood was
represented by a sphere of radius 0.6 nm, described around the center of the oxygen ion.
Empirically, it was determined that, with such a radius up to 25 atoms can fill the sphere. As a
rule, this is a slightly larger than the number of geometric neighbors determined by con-
structing the Voronoi polyhedron. In other words, the charge of the oxygen anion could only
be transmitted within the sphere of the established radius. Atoms of oxygen always carried an
electric charge, i.e. they were represented by anions. As a result of the transfer of charge, the
aluminum atoms could acquire both small (usually less than 0.2 e, where e is an elementary
electric charge) negative and positive charges. Therefore, the electric field influenced both the
oxygen anions and the charged aluminum atoms. The Al-Al, Al-O, and O-O interactions
obeyed the procedure described below [14].

In an effort to simulate metal/metal-oxide systems Streitz and Mintmire devised a
scheme (ES+), which merges the embedded-atom method (EAM) with an ionic potential
[15]. The model explicitly accounts for charge transfer between anions and cations by
equilibrating the ionic charge for each configuration which renders it computationally very
demanding. The ES+ scheme has been applied with some success for modelling alumina [15]
and with modifications to titania [16] and zinc oxide [17]. There is a slight difference in
results of the calculations based on the ES+ model and the first-principles calculations for
surface properties of zinc oxide since the interatomic potential developed in [17] is rather
short-ranged. The advantage of the ES+ model is that it is computationally more efficient
than models using ionic potentials which require the evaluation of long-ranged Coulombic
interactions.

The use of the (ES+) potential implies that electrostatic charges on aluminum and
oxygen atoms are variables. The total potential energyVpot in the ES+ model includes a long-
range electrostatic contribution. It is a function of the positions { }r and charges { }q of the
atoms. Besides this function contains the Veam term described by a short-range embedded-
atom method (EAM) interaction:

= +({ }) ({ }) ({ }) ( )V r q V r q V r, , . 6pot es eam

TheVes contribution consists of an atomic electrostatic energy component for all N atoms
in the system and contributions from the Coulomb pair interactions V :ij
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where ci
0 is the electronegativity and Ji

0 the hardness of atom i. The electronic charge density
ri is the sum of an effective nuclear charge Zi and a valence electron charge distribution f :i

r d= - + - -( ) ( ) ( ) (∣ ∣) ( )q Z q Z fr r r rr, . 8i i i i i i i i

The valence electron charge distribution about an atomic nucleus corresponds to a Slater-
type 1-s orbital. We use the corresponding form for this orbital

V
p

V= -⎜ ⎟
⎛
⎝

⎞
⎠( ) ( ) ( )f r rexp 2 9i

i
i

where V is the decay length of the orbital. The Coulomb pair interactions are obtained from
charge densities about each of the atomic nuclei

r r
= ∬( )

( ) ( )
( )V q q d d

q q

r
r r r

r r
; ,

; ;
. 10ij ij i j

i i j j
1 2

1 2

12

The evaluation of the two-center Coulomb integrals that appear from substituting
equations (8) and (9) into equation (10) is performed according to work [18]. The variable
atomic charges { }q in the potential are determined by minimizing the electrostatic energy
[13]. The ES+ potential parameters taken from [15] for Al and O are visible from the
summary in table 1.

The Finnis–Sinclair (the generalized EAM) potential is justified from the viewpoint of
electron theory of solid body. The total energy of an atom i is given by

å år f= +ab ab ab
¹ ¹

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟( ) ( ) ( )V F r r

1

2
11i

j i
ij

j i
ij

where F is the embedding energy which is a function of the atomic electron density ρ, f is a
pair potential interaction; a and b are the element types of atoms i and j, respectively.

The repulsive residual pair interactions of equation (11) are

*
* *f k x x= -

-
- + - ⋅ - -

⎡
⎣
⎢⎢

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

⎤
⎦
⎥⎥( ) [ ( ] [ ( ] ( )r B

r r
C r r r r2 exp

2
1 exp . 12ij ij ij

ij
ij ij ij ij ij

The parameters x ,ij kij *r ,ij B ,ij andCij for Al and O atoms and also for the Al-Al, O-O, and
Al-O pair interactions are determined by fitting the predicted cohesive energies, lattice
parameters, elastic constants of aluminum metal and alumina to experimental values. The
generalized EAM potential parameters taken from [15] for the interactions of Al-Al, O-O, and
Al-O are summarized in table 2.

It was shown in [15] that joint use of potentials (2) and (8) is effective in describing the
cohesive, structural, and elastic properties of both FCC aluminum and α-alumina. Simula-
tions of low-index faces of α-alumina are in good agreement with the results of first-prin-
ciples LDF simulations. The combination of agreement in both surface energies and

Table 1. The ES+ potential parameters for aluminum and oxygen.

χ0 (eV) J0 (eV) ζ (Å−1)

Al 0.000 000 10.328 655 0.968 438
O 5.484 763 14.035 715 2.143 957
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relaxations gives grounds to assert that the ES+ model includes the basic physics and
chemistry necessary to describe alumina systems.

The interatomic interactions inside layers of graphite were represented using the Tersoff
many-body potential [19]. This potential is based on the concept of binding order. The
potential energy between the neighboring atoms i, and j is written as

l l= - - -( )[ ( ) ( )] ( )( ) ( )V f r A r Bb rexp exp , 13ij C ij ij ij ij
1 2

p= + - -

<

< <

>

⎧
⎨⎪

⎩⎪
( ) [ ( ) ( )] ( )( ) ( ) ( )

( )

( ) ( )

( )

f r r R R R

r R

R r R

r R

1,
1

2
0

1

2
cos , . 14C ij ij

ij

ij

ij

1 2 1

1

1 2

2

where bij is the many-body binding-order parameter describing the creation of the bond-
formation energy (the attractive part Vij) for the local atomic arrangement because of the
presence of other neighboring atoms. The potential energy is a many-body function of the
positions of atoms i, j, and k and is determined by the parameters

b x= + -( ) ( )( )/b 1 , 15ij
q

ij
q q1 2

åx q=
¹

( ) ( ) ( )f r g , 16ij
k i j

C ij ijk
,

q
q

= + -
+ -

( )
[ ( ) ]

( )g
c

d

c

d h
1

cos
, 17ijk

ijk

2

2

2

2 2

where b x⋅ is the effective coordination number, q( )g ijk is the function of the angle between
rij and r ,ik which stabilizes the structure of the tetrahedron.

The Tersoff potential parameters for carbon taken from [19] are given in table 3.
The interaction of metal and oxygen atoms with a carbon wall is not decisive in the

problem under consideration and is considered in a simplified form in the form of the
atomized Lennad-Jones interaction. The following potential parameters are used: s -Al C=
0.3057 nm, e -Al C=0.04240 eV, s -O C=0.3463 nm, e -O C=0.006 68 eV [20, 21]. The C
atoms in the model were fixed and did not interact with each other. The Ewald summation
was used for evaluating the long rang Coulomb interactions. Temperature was kept equal to
given value by using Nose thermostat [22].

Table 2. The generalized EAM potential parameters for aluminum and oxygen.

r* (Å) ξ (Å−1) κ (Å−1) B (eV) C (eV)

Al 3.365 875 1.767 488 2.017 519 0.07 5016 0.159 472
O 2.005 092 8.389 842 6.871 329 1.693 145 1.865 072
Al-O 2.358 570 4.233 670 4.507 976 0.154 548 0.094 594

Table 3. The Tersoff potential parameters for carbon.

A (eV) B (eV) λ(1) (Å−1) λ(2) (Å−1) R(1) (Å) R(2) (Å)

1393.6 346.7 3.4879 2.2119 1.8 2.1
β n c d h
1.5724×10−7 0.72751 3.8049×104 4.384 −0.570 58
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Self-diffusion coefficient was calculated through the mean square displacement of the
atoms D⟨[ ( )] ⟩tr 2

=
G

D
¥

⟨[ ( )] ⟩ ( )D
t

trlim
1

2
18

t

2

where G = 3 is dimension of the space, the ¼⟨ ⟩ angle brackets denote time averaging.
The structure of this system was analyzed in detail by the statistical geometry method

[23]. The Voronoi polyhedra (VP) were constructed every 1000 time steps for all -O2 ions of
the system. The construction of polyhedra is performed for instant configurations of the
system under study. The presence of small-scale thermal fluctuations makes it difficult to
identify the structure in the MD model. A simple method of eliminating the influence of such
fluctuations on the structure is the exclusion of small geometric elements in polyhedra [24],
i.e. examination of truncated polyhedra (TP). The use of this procedure essentially means a
transition from the study of the instantaneous structure to the analysis of the averaged
structure. The distribution of TP in terms of the number of faces (n) gives an average picture
of the surrounding of ions -O2 by neighboring Al atoms, and the distribution of faces by the
number of edges (m) gives information about the average rotational symmetry in the oxygen
part of the “Al– -O2 –graphite” system.

A modified LAMMPS code [25] for parallel computing in the applied MD method was
used. The solution of the equations of motion was carried out using the procedure developed
by us for calculating the charge of oxygen ions and Al atoms. The calculations were per-
formed on a hybrid cluster calculator ‘Uran’ at IMM UB RAS with a peak performance of
216 Tflop/s and 1864 CPU.

3. Results

Configurations of simulated systems with hg = s ,O including 50 and 90 -O2 ions, at a time
point of 500 ps are shown in figure 2. Here, along the one of the axes (ox), a periodic
translation of the MD cell is performed, i.e. Figure 2 shows not only the main MD cell, but
also its two images. The graphite anode in the figure is not shown, so that one can see the
placement of oxygen ions in the upper part of the MD cell. As it can be seen from the figure 2,
up to 60% of the -O2 ions in the case of a system with Noxygen=50 and about 75% of oxygen
ions in the case of a system with Noxygen=90 passed through the melt and stayed near the
surface of the anode. When the number of ions in the system is sufficiently large
(Noxygen=90), they are located not only on the surface of the melt adjacent to the anode, but
also in the part of the melt located at a greater depth and immediately adjacent to the melt
surface. In this case, only a small fraction of the -O2 ions (∼25%) remain at the bottom of the
cell near the cathode. In both systems presented here, there is a tendency to concentrate

-O2 ions near the surface of the electrodes, only a small number of ions remain in the melt
volume. Thus, the simulation performed indicates a very low solubility of oxygen in the
metallic melt. It is known that with the solidification of the melt, the oxygen content in it is
further reduced.

Figure 3 shows the trajectory of one of the -O2 ions reaching the surface of the Al melts
in the system with Noxygen=20. The path refers to a time interval of 500 ps. Each subsequent
location of the ion in the trajectory is determined by1 ps. Before reaching the surface of the
melts, at first ion performs random motion in the vicinity of the bottom of the basic MD cell
and then moves along a complex trajectory passing through the entire volume of the melt and
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rises upwards. Upon reaching the surface, the ion moves randomly in a thin surface layer of
the MD cell.

Figure 4(a) represents the mean time t1 of the first ion -O2 appearing on the surface of the
molten metal in the vicinity of the top impermeable wall. The simulation was performed with
four different random locations of oxygen ions near the cathode for each value of N .oxygen The
first event of the ion reaching the melt surface varied during these tests. The error bar near
each point in figure 4(a) indicates the interval of the spread of the values of t1 in each
particular case. Time t1 consistently decreases when the Noxygen ion number in the system
increases. As a result, by increasing the concentration of -O2 ions by the factor 9 (from 10 to
90 ions) the t1 time decreases by 6 times. Reducing the t1 time with increasing ion con-
centration is primarily due to amplifying of repulsion between ions with increase in N ,oxygen

since the collision frequency is directly proportional to the number of ions. The decrease in
the density of the system with increasing Noxygen also has an effect on the reduction of t .1 So
due to the method used for generating initial configurations the system number density at
Noxygen = 90 was reduced by 7% compared to the density at Noxygen=10.

The value of ^v increases with increasing concentration of -O2 ions near the cathode
(figure 4(b)). However, the growth of ^v occurs with some deceleration in comparison with
the increase in the -O2 concentration. The increase in the value of ^v is facilitated by a
decrease in density of the system after each addition of a new portion of -O2 ions. However,
in this case, there is an additional inhibition to lift ions under the action of an electric field.
This slowdown is associated with the appearance of new fast particles— -O2 ions. The
collision of -O2 ions with each other creates a certain obstacle to their rise to the anode.

Figure 2. Configurations of the “Al-O2−-graphite” system corresponding to the time
point of 500 ps, with the number of oxygen ions: (a) Noxygen=50, (b) Noxygen=90.
The electric field strength of 50 V m−1 has vertical direction (along the axis oz). Both
the basic MD cell and its periodic images are presented along the ox axis. The graphite
electrode located above the melt is not shown in the figure.
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Eventually the ^v value at Noxygen=90 becomes higher than that at Noxygen=10 by the
factor 5.8. Such a large discrepancy in the lifting velocity of the ions appears to be due to low
concentrations of -O2 ions that without frequent collisions with other ions diffuse into the Al
melts. When the ion concentration becomes high enough their frequent collisions in con-
junction with the lifting force of the electric field help to push -O2 anions to the melts’
surface. Note that the most probable velocities = /v kT m2mp of the Al atoms and -O2 ions’
movement at the temperature of 1233 K are 871.7 and 1132.0 m s−1, respectively. Thus, the

Figure 4.Distributions (a), (b) obtained at the number of ions Noxygen=90 with the gap
hg = s :O (a) the time of the first ion reaching the melt surface with thickness of 0.4 nm;
(b) the average speed of -O2 ions rising to the surface of the molten metal.

Figure 3. The trajectory of the ion -O2 moving within 500 ps at T=1233 K in the Al
melts (Noxygen=90, hg = sO) under the action of the vertical electric field of 50 V m−1

strength: 1—the initial point, 2—the final point of the trajectory.
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magnitude ^v =810.0 m s−1 at Noxygen=90 approached to the vmp value for Al but is still 1.4
times lower than the vmp value for -O .2

Previously, we have calculated the self-diffusion coefficient of pure molten aluminum. In
the framework of classical molecular dynamics we have shown that the calculated self-
diffusion and shear viscosity are sensitive to the choice of the density. Thus, at the temper-
ature of 1200 K, the values of DAl = ⋅ -1.5 10 8 m2 s−1 and ⋅ -1.3 10 8 m2 s−1 were obtained,
which refer to densities ⋅2.18 103 kg m−3 and ⋅2.28 103 kg m−3, respectively. The latter DAl

value agrees well with the experimental value ( ⋅ -1.28 10 8 m2 s−1) obtained at the same
density and temperature (1200 K) [26]. The Al self-diffusion coefficient DAl and the self-
diffusion coefficient of -O2 ions increase with increase in concentration of oxygen ions in the
system (figure 5). Increasing the mobility of Al atoms with a high content of oxygen ions
appears to be due to increased “friability” of the system when Noxygen is big. Note the value of
the ion mobility by the order, and in some cases even two orders higher than the mobility of
Al atoms, which is associated with strong mutual Coulomb interaction of ions as well as
presence of a constant electric field. There is no complexation in the "Al- -O2 " system. Each
point in the figure has an error bar that was established based on different initial locations of
oxygen ions (4 options) and different initial time instants (5 options) used to calculate the
mean squares of ion displacements.

The estimated value of the h shear viscosity of a pure aluminum melt (0.52 ⋅mPa s)
obtained according to the Stokes-Einstein relation: h p= ( )kT DR6 , where R is the radius of
the Al atom, is significantly lower than the experimental value (2.17 ⋅mPa s) not free of
impurities at the same temperature [27]. This is mainly due to the use of a macroscopic

Figure 5. The self-diffusion coefficients: (a) Al and (b) O2− depending on different
contents of oxygen ions in the system “Al-O2−-graphite” with the gap hg = sO at
1233 K. The insert represents the dependence of the shear viscosity of the Al melt on
the content of O2− ions in it.
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description for phenomena occurring at the atomic level. The viscosity decreases with the
addition of -O2 ions to the aluminum melt (see the insert in figure 5(b)) this is because the
system becomes more friable, and the movement of Al atoms, which make up the vast
majority, is freer.

The structure of the system averaged over the entire calculation interval can be repre-
sented by means of the partial functions of the radial distribution. The intensity of the peaks of
the partial radial distribution functions (RDF) - ( )g rAl Al increases with growing concentration
of oxygen ions in the melts (figure 6). Since the height of the first peak increases by 25%,
while Noxygen is changed from 10 to 90. This is due to the local atomic densification taking
place in Al melts. Increased local pressure is caused by collisions of Al atoms with fast
oxygen ions. Function - ( )g rAl Al of the melts with the lowest oxygen content (Noxygen=10) is
in agreement with the experimental RDF of liquid aluminum [28] as shown in figure 6.
Location of the first peak ( =r 0.273max1 nm) of the - ( )g rAl Al function remains constant at
varying Noxygen number, while the location of minimum separating two first peaks of the

- ( )g rAl Al function is only slightly shifted (in the range of  r0.393 0.399min1 nm). Alu-
minum is a very un-noble element and its melts forms insoluble oxides rapidly. In other
words, there is almost no free oxygen in aluminum. The only dissolved gas in aluminum
melts is hydrogen. This is since it does not form compounds with aluminum as other gases do
(e.g. nitrogen forms AlN, oxygen forms Al2O3). Besides, in the presence of oxygen the oxide
film at the site of liquid Al contact with graphite surface at the temperature of 1273 K can be
formed [29]. In the absence of an electric field oxygen ions in molten aluminum can be
concentrated near the graphite wall. A small concentration of oxygen ions does not have a
significant effect on the structure of molten aluminum.

The construction of Voronoi polyhedra allows us to determine the distances between the
nearest geometric neighbors. In the case of a homogeneous arrangement of atoms in the
system the polyhedra have a shape well approximated by the sphere. In this case, the char-
acteristic distances between nearest neighbors established with their help are consistent with
peaks’ location of the radial distribution function. However, when the distribution of particles
of interest to the analysis in the system becomes inhomogeneous, the polyhedra related to
them acquire an elongated shape. In this case, the characteristic distances between the nearest
geometric neighbors cease to correspond to the locations of the peaks of the spherically
symmetrical function ( )g r . The distances (O-Al and O-O) between the geometric neighbors

Figure 6. The partial radial distribution function - ( )g rAl Al for the melt containing
Noxygen oxygen ions at T=1233 K (hg = sO) and RDF of molten aluminum at 1023 K,
experiment. [28] John Wiley & Sons. Copyright © 1974 WILEY-VCH Verlag GmbH
& Co. KGaA.
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established by means of the VP are shown in figure 7. The peaks in the distances distribution
between the geometric O-Al and O-O neighbors are at -rO Al=0.28, 0.58, 0.73 nm and

-rO O=0.28, 0.68, 0.77 nm, respectively. In the range of distances considered, the partial
functions of the radial distribution - ( )g rO Al and - ( )g rO O have only two peaks, which fall to
0.27, 0.53 and 0.35, 0.62 nm, respectively. The mismatch of the number of peaks and dis-
tances rO-Al and rO-O with the locations of the characteristic peaks of the corresponding
functions ( )g r also indicates the inhomogeneous placement of -O2 ions in the system. On
average, the largest number of Al atoms surrounding the -O2 ion is at a distance

-rO Al=0.58 nm, while the maximum number of oxygen ions around the corresponding
center is found at a distance -rO O=0.77 nm. Thus, the aluminum atom for the -O2 ion is a
closer neighbor than the oxygen ion.

The traditional way of finding structural differences between the systems is to calculate
the RDF ( )g r . However, a one-dimensional function ( )g r may not reflect all the features of
the three-dimensional structure. A partition of the space occupied by the atoms by con-
structing the Voronoi polyhedra allows getting the structural differences in the systems more
accurately. As a rule, small elements of VP generated by small-scale thermal fluctuations
make it difficult to detect structural features and these elements are excluded from the sta-
tistical analysis [30]. Since the most significant structural changes have occurred with the
oxygen of the system, we carry out a structural analysis of the VP built around ions only.

The use of small geometric elements elimination in polyhedra allows to eliminate noise
associated with thermal fluctuations and follow change in the averaged structure of the system
more clearly. Distribution of the TP faces on the number of sides (m-spectrum) reflects the
statistics of the cyclic atomic formations surrounding the -O2 ions in the absence of small-
scale fluctuations. It is generally assumed that the maximum of the m- spectrum also reflects
the rotational symmetry of the system [24]. Disordered systems, such as a liquid, are more
characterized by the symmetry of order 5 (m=5), which does not apply to ideal crystals.
Distribution of the TP faces on the number of sides for a system with 90 oxygen ions has the
form characteristic for a liquid (figure 8(a)). In m-distribution, faces with the number of sides
m=5 predominate. Consequently -O2 ions are surrounded by a disordered aluminum melt.
The number of sides in faces varies over a wide range of 3�m�11so that the resulting
m-spectrum is fairly representative. This is due to the high temperature of the simulated melt
resulting in a strong diffusion of atoms. A wide representation of the types of polyhedra in
n-spectrum (4�n�26) is also due to high mobility of atoms and ions in the system

Figure 7. Distributions of the -rX Y distances between the nearest geometric neighbors:
oxygen-aluminum and oxygen-oxygen in the “1499 Al–90 O2−

–graphite” system with
the gap hg = s .O The arrows show the locations of the main maxima of the distributions
presented.
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(figure 8(b)). The TP distribution on the number of faces is dominated by14- faceted poly-
hedra. Thus, 14 Al atoms can most often be in the nearest environment of oxygen ions, while
the fifth order rotational symmetry, which is considered around the oxygen centers, is the
most significant.

In order to estimate the effect of a limited volume on the yield of ions from Al melts, we
expanded the gap and performed similar calculations with a free boundary condition (FBC)
acting in the oz axis direction and PBC acting in the other two directions. Such calculations
were performed using two types of initial configurations with the oxygen ion number from 10
to 90. The configurations of the first type completely corresponded to the initial configura-
tions used in the calculations with a gap hg = s ,O i.e. all previously described calculations
were repeated at hg=7 s .O The configurations obtained at a time point of 500 ps in calcu-
lations with a gap of hg = sO were used as initial configurations for calculations of the second
type. In other words, the previous calculations were continued with a gap of hg=7 s .O The
simulation results with the same initial configurations as for the gap hg = sO for each system
with Noxygen�70 and hg=7 s ,O were pretty much the same. In these systems, oxygen
gradually rose upwards, reached the surface of the melt and, without encountering resistance,
emerged from it into the space below the anode. At the time of 200 ps there were less than
20% ions -O2 near the cathode. However, when Noxygen=90, the situation changed dra-
matically. The oxygen began to expand, raising the melt above itself, so that the gap between
the anode and the surface of the melt disappeared by the time point of 200 ps (figure 9(a)). As

Figure 8. Distributions of the polyhedra built around centers of ions -O2 when the
nearest geometric neighbors are Al atoms in the system with Noxygen=90 and hg = sO

where (a) is the mean number of Al atoms forming rings, i.e. faces of hybrid polyhedra
after the exclusion of edges with a length <l l0.5 , where l is the average edge length
of the polyhedron; (b) the mean number of Al atoms in the environment produced for
the oxygen ion by hybrid truncated polyhedron.
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a result, a system was obtained in which molten aluminum was higher than gaseous ionized
oxygen containing individual metal atoms. Modeling with initial configurations of the second
type at any Noxygen ended with the output of an overwhelming majority (not less than 98%) of

-O2 ions from molten aluminum. Oxygen ions occupied a free space above the surface of the
melt. Only single ions -O2 remained near the surface of the melt. As a result, by the time of
200 ps (after preliminary MD simulation of 500 ps duration), a system was obtained with an
oxygen-filled space beneath the anode and molten aluminum adjacent to the cathode. The
corresponding configuration for the case Noxygen=90 is shown in figure 9(b). It is seen that,
along with -O2 ions, some of the Al atoms also left the melt.

4. Discussion

The change in the behavior of oxygen ions in the aluminum melt as a function of the oxygen
concentration and the boundary conditions has been studied by molecular dynamics. If there
are graphite electrodes in the cell, the oxygen ions under the action of a constant electric field
are concentrated mainly near the surface of the anode, but some of them can be retained at the
cathode for at least 0.5 ns. The kinetic properties and structure of the “Al– -O2 ” system at a
temperature of 1233 K were studied. The ions moved upward from the bottom of the MD cell
to the surface of the melt under the action of a constant electric field. The event of reaching
one of the ions of the surface of the Al melt was accelerated as oxygen ions were added to the
melt. The average waiting time was reduced by 6 times with a change in the number of ions in
the system from 10 to 90. At the same time, the relative error in determining the waiting time

Figure 9. The “Al-O2− graphite” system configurations (Noxygen=90) obtained with
hg=7 sO by the time point of 200 ps, when the initial configurations corresponded to
ones of calculations with hg = s :O (a) t=0 and t=500 ps. The electric field strength
of 50 V m−1 has vertical direction (along the oz axis). The basic MD cell and its
periodic images are presented along the ox axis.
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for the appearance of an ion on the surface of the melt increased from 8% to 38%. The
average rate at which ions reach the surface of the melt increases as the number of ions
increases and reaches 72% of the most probable velocity for -O2 ions at T=1233 K in the
absence of an electric field. An increase in the oxygen content in the system leads to an
increase in the self-diffusion coefficients D of both Al and -O .2 At the same time, the
viscosity of the gas-containing molten metal is reduced. The relative error in calculating the D
value for -O2 ions was approximately 3 times greater than the analogous value for Al atoms.
With an increase in the concentration of oxygen ions in the system, the relative error of the D
coefficient for oxygen decreases from 17% at Noxygen=10 to 12% at Noxygen=90, although
the absolute error increases by a factor of 2.5.

It follows from a comparison of the model and experimental radial distribution functions

- ( )g rAl Al that the averaged structure of the Al melts obtained with a small content of -O2

(Noxygen=10) ions is close to the corresponding structure of the real liquid Al. The increase
in the number of ions in the melt has an effect similar to the increase in density on the

- ( )g rAl Al function, since the intensity of the first two peaks of this function increases. This
effect is associated with a high value of the coefficient of self-diffusion in -O2 ions, which
can be two orders of magnitude higher than the value of D for Al atoms. An increase in the
number of rapidly moving -O2 ions in the molten metal produces an effective compression of
the aluminum subsystem and causes an increase in the height of the peaks of the - ( )g rAl Al
function. The mutual arrangement of Al atoms and -O2 ions in the model is studied on the
basis of constructing truncated polyhedra. It is established that among the rings of Al atoms
located around the -O2 ions, five-membered rings are predominant in the averaged structure.
The broad representation of the Al rings, shown by the m-spectrum, indicates a substantially
irregular character of the environment of the -O2 ions by Al atoms. This conclusion is
confirmed by the shape of the n-spectrum, which is represented by 23 types of topologically
distinguishable polyhedra, the most probable of which is a fourteen-tetrahedron.

Modeling has shown that changing the boundary conditions in time can have a significant
effect on the behavior of the “Al-O2−-graphite” system with a high content (Noxygen=90) of
oxygen ions. Since the change in the boundary conditions is quite likely when aluminum melt
enters the electrolyte, then during the smelting of aluminum, both relatively slow and rapid
processes of oxygen release can occur.

The oxygen content in molten aluminum is not precisely determined but there are
measurements of the oxygen concentration in other metallic melts. The oxygen concentration
in liquid lead, tin and copper were determined by a coulometric titration method [31–33]. The
total quantity of electrical charge due to ion was defined by oxygen concentration in liquid.
The oxygen activity in liquid antimony in the high oxygen partial pressure range was mea-
sured [34]. Authors reported the deviation from Henry’s law for oxygen in liquid antimony.
In addition, they pointed out that the oxide might be formed at the metal-electrolyte interface
under their experimental conditions upon passing a current. The temperature dependence of
oxygen solubility in liquid lead–bismuth eutectic alloy was expressed by the following
equation [35]

 = - ´ + ( ) ( ) ( ) ( )mass ppm T Tlog C 4.74 10 7.06 0.03 878 K 1073 19O
3

The electrons are delocalized in solid metal. The metal is held together by strong forces
of attraction between positive nuclei and delocalized electrons. In a molten metal, the metallic
bond is still present, although the ordered structure is broken down. The metallic bond is not
fully broken until the metal boils. The tendency to oxidation of molten metal is not observed
because of very rapid movement of oxygen ions in the melt volume in the presence of
metallic bond.
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The chemical stability of oxygen ion is lost when it meets aluminum ion. However, for
the primary ionization of an aluminum atom the energy 37 times greater than kinetic energy
of an Al atom is required at T=1233 K. The formation of oxides of liquid melts is a complex
physicochemical phenomenon. This phenomenon has not been studied at the molecular level.
Existing theoretical studies have rough assumptions [36, 37]. It is usually assumed that the
oxidation of an aluminum alloy takes place in the gas phase [38]. One side of the reaction
front contains metal vapor, while the other side contains only oxygen. Therefore, con-
centration of oxygen on the liquid side of reaction front is zero, while on another side the
metal concentration is zero. Strong oxidation of an aluminum alloy has been observed in the
presence of elements like magnesium, sodium, lithium and zinc (singly or in combination).

5. Conclusion

Some of the ions entering in the Al melt as well as liberated at the cathode by the reaction in
the electrolytic cell can behave differently depending on the concentration, on the layer
thickness of molten metal over ions and on the number of negative ions at the border with the
melt in the intended withdrawal site. If the exit of ions from the melt into the electrolyte is
easy to realize, then depending on the concentration of oxygen the passage of ions through the
electrolyte can pass slowly (by single and small groups), but also can occur in the bubble
oxygen output mode, which is accompanied by disturbance of the melt surface and spraying
the liquid Al. In presence of temporary obstacles to the output of ions from the melt oxygen
can accumulate in the vicinity of the melt–electrolyte boundary. Ion flux into the electrolyte
can occur when removing the restrictions on the release of oxygen ions from the melt. This
anomalous behavior of oxygen ions takes place when high concentration of -O2 is contained
in the Al melts. Release of oxygen disturbs the laminar motion of ions in the electrolyte and
creates conditions for the emergence of electric breakdown. Spraying of Al melts increases its
solubility in the electrolyte and increases metal loss produced by electrolysis. Furthermore, an
extremely large number of rapid flows of ions directed to carbon anodes may cause a sharp
increase in the formation of СO2 gas. In the case of СO2 film formation on the anode (one of
the main causes of anode effect) the voltage of the operating cell increases to a large extent,
and the gas ionic discharge breaks the film of gaseous СO .2
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