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Mini Review

Today there are a large number of studies of solidification
processes. They give a general picture of the process based on
equilibrium, quasi-equilibrium and kinetic models which describe
a mechanism of nucleation and growth of bulk crystals and
layers, taking into account thermodynamic, quantum mechanical
and molecular statistical analysis of elementary acts. Different
models of crystallization complement each other and differ in the
consideration of various processes: the movement of the phase
boundary, the distribution of crystals by size on the surface and
fillingthe crystallattice nodes, etc. [1-4]. Butat present, a satisfactory
theory of the formation of crystals has not yet been created. This is
the result, first of all, of great complexities that real crystals hide. If
from a thermodynamic point of view it is possible to explain more
or less the phenomena of solidification processes, on some issues,
there is a lack of clear answers regarding the understanding of the
mechanisms of these processes at the atomic level. For example, it
is not entirely clear what causes the release of latent heat and a
jump-like decrease in volume during crystallization while in the
case of amorphous substances solidification these phenomena are
not observed.

Short description of a model

Today, there are a large number of computer simulation
programs and advanced techniques that are used to reproduce
processes including of liquids processes
solidification and crystallization [5-7]. But the use of sophisticated

various physical

techniques and models requires a sufficient amount of computer
resources and time consuming to deal with a large quantity of data,
the analysis of which is extremely difficult, or even impossible.
Since we were interested in the qualitative side of the process liquid
solidification without taking into account its specific characteristics,
we used a simple one-dimensional atomic model, the study of which
was carried out by methods of molecular mechanics. Previously, the
same model was used by Ya.l. Frenkel [4] in analyzing the stability
of solids. In general, the potential energy of a discrete model is
obtained by summing up the energies of N atoms, of which the
model is composed
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U@;-7) is the energy of the interaction of a pair of atoms
with coordinates r;i r

where

The energy of the interaction between two atoms was
determined from the general equation:

a b
Ue—r, @

where a=1, ,-m, %" - isconstants,

r is distance between atoms; r, is equilibrium distance, when
the minimum of the potential energy of interaction is reached;
m and n are exponents for the energy of the forces of attraction
and the forces of repulsion, respectively. Since the calculations
are carried out to determine the qualitative characteristics of the
model, the data in equation (2) are arbitrarily selected, but they are
close to the values that are characteristic of real solids. In our case,
we consider constant 4 and the exponent of m equal to one, and the
exponent n = 8 and the equilibrium distance - r, = 2.5 A
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Figure 1: Three-atomic model.

Three-atomic model: In the three-atomic model (Figure 1),
the interaction energy of the average atom EA2 with two extremes
1 and 3 as the sum of the pair interaction with each of them was

determined:
E,=U,+U,, 3)

Where U,, =U,;, is energy of the pair interaction of atom B with
atoms A and C;
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In the case of the average atom displacement at a distance z
(Figure 1), the energy of its interaction with atoms A and B is
determined by

b 1 b 1
S Ry P 3)

(r-z)" r-z

z - displacement of atom B relative to atoms A and C

The interaction energy of the middle atom E, with two
utmost atoms A and B in the case of different temperatures was
determined. The temperature change was modeled as an increase
of the interatomic distance due to the action of the internal
pressure of the atoms thermal motion. Three cases of changing the
distance between atoms were considered r, = r, = 2.5 A; r,=3.1
A; r, =3.15 A. The potential energy for one-dimensional models
was also determined by equation (1). For the three-atom model,
we considered two cases that differed in the nature of interatomic
interaction. We considered the case of short-acting forces and long-
acting forces. (Interatomic interaction is characterized by a radius
of action r¢ on which the attraction forces are small F < 0.1Fmax.
For the radius r¢ & r,, the forces are short-acting, when the radius
r¢ >> r,the forces are long-acting). In the first case, the energy
of interaction between the nearest neighbors of the atom was
considered, in the second - the interaction between the near and
father neighbors of the atom. Additionally, the forces of interaction
between atoms were calculated. The results of the calculations are
presented in the form of graphs.
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Figure 2: Change of the potential energy of average atom
2 when it is displaced z in the three-atomic model for the

o

distance between atoms (A)1-r=25; 2-r=3.1i3-r=3.2
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The potential of interatomic interaction with the short-
acting forces
of atom B at different temperatures (Figure 2). The position of

Let us consider the change in the potential energy

atoms at the equilibrium distance r = r0 = 2.5 A corresponds to a
temperature of 0 K (curve 1 in Figure 2). This position is stable,
since the displacement z of the atom relatively atoms A and C leads
to an increase in its potential energy. This is a solid state. At the
interatomic distance r3 = 3.15 A, the position of atom B becomes
unstable due to the appearance of a “ridge” on the dependence
curve of the potential energy change (Figure 2, curve 3). In this
case, atom B will try to shift to either atom A or atom C. In a one-
dimensional model at this temperature, the atoms are grouped

by two, and the interaction between such groups is reduced or is
absent. This process can be seen as evaporation. At an intermediate
temperature, when the distance between atoms is r2 = 3.1 A (Figure
2, curve 2), the interatomic interaction is preserved. A flat bottom
of curve 2 means that atom B can move freely between atoms A and
C. So, it means that at this temperature, the one-dimensional model
is in a liquid state. The potential of interatomic interaction with
the long-acting forces of attraction If the interatomic interactions
are long-range (r > 5 A), the utmost atoms A and C also interact.
Between them there is a force of attraction, which is balanced by
repulsive forces between atom B and atoms A and C. In this case,
the three-atomic model is compressed to r10 = 2.44 A. In the case
of short-acting forces, the interatomic distance r0 = 2.5 A.The effect
of compression of real crystals was mentioned earlier [8-10]. It
has been experimentally discovered that the distances between
the nearest neighbors are slightly shorter than the normal “own”
diameter of the atoms [10].
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Figure 3: Potential energy of three-atom model: 1 -
interaction between nearest atoms; 2 - the interaction
between of all atoms.

The interatomic distance r10 = 2.44 A of the three-atomic
model was calculated from the condition of the minimum value of
the potential energy. The dependence of the potential energy of the
three-atomic model on the interatomic distance for the case of the
interaction of long-range atoms is represented by curve 2 on (Figure
3). The curve 1 in this figure reflects the same dependence, but
for the case of the interaction only with near-neighbor atom. The
differences between these energies are the latent crystallization
heat. Thus, a jump-like decrease of the interatomic distance from
r0 = 2.5 A to r01 = 2.44 A and the decrease of the potential energy
(Figure 3) of the three-atom model is connected with the formation
of the interaction between the utmost atoms. And this can be
considered as a process of crystallization, for which release of
latent heat and volume change is characteristic. It should be noted
that in the case of short-acting forces, an amorphous body forms
in the process of solidification. An indication of this is the absence
of release of latent heat and volume changes. Let us consider the
crystallization process in more detail, taking into account the
interaction forces of atom C with atom B and A (Figure 4). At high
temperatures, the distance between the atoms is bigger, as well
as the high degree of mobility, so the atoms mostly interact with
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the nearest neighbors. As the temperature decreases, the distance
between the atoms reduces, and the interaction between the utmost
atoms increases. The strengthening of the interaction occurs at
the some temperature. According to the graphs of the interaction
between atoms (Figure 4), when the interatomic distance r,= 3.15
A, the atom C is located to the right of the maximum of curve 1 (on
figure 4 a position of the atom C is fixed and is shown by the vertical
line passing through the point z = 0).
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Figure 4: Dependence of the force interaction of atom 3
with atoms 1 and 2 at the interatomic distance:
1-1r1=32A; 2-r2=25A.

That position is unstable, since in the case of the displacement of
atom C from its neighbors, the force of attraction decreases and the
atom C will easily shift from due to the action of insignificant force.
Therefore, this state of the three-atom model corresponds to aliquid
state. When the interatomic distance isr, = 2,5 A (Figure 4, curve 2),
atom C is at the left of the maximum of the curve of the dependence
of the interatomic interaction. This is a stable state, since in the case
of atom C moving away from the neighbors, the force of attraction
increases, forcing the atom C to return to its previous position.
Getting in the stable zone of the attraction forces of atoms A and B,
the atom C “sucked” into the potential “pit”, to get out from which
is problematic. This case corresponds to crystallization of a three-
atom model. The described above mechanism of homogeneous
crystallization can be used to eliminate the inconsistencies of
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the molecular-kinetic theory of crystals growth of V. Kosel and L
Stransky.

Conclusion

The tendency of liquids to solidify with forming a crystalline or
amorphous structure depends from the properties of interatomic
interaction potentials. In the case of short-acting potentials, atoms
interact with their closest neighbors and form amorphous solids.
If the interatomic interaction potentials are long-acting forces,
atoms interact with their long-distance neighbors and form of
crystalline bodies. When the interaction between atoms and their
long-distance neighbors is formed, the potential energy of atoms
is reduced again, and the latent heat of crystallization is released.
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