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ABSTRACT

The influence of free surface on melting and crystallization processes in nickel and copper was studied
using molecular dynamics simulation. It was shown that crystallographic orientation of the surface and,
accordingly, the energy of atoms on the surface affect the melting onset temperature of the simulated
metal cell. The melting onset temperatures from the surface are arranged in the following order of increase
for the considered orientations: (110), (112), (100), (111). When studying the formation of crystalline nuclei
during gradual cooling from the molten state, it was found that most of the nuclei are formed near the
surface. The orientation of the crystal structure in the nuclei near the surface in most cases was such that
the crystalline plane (111) was formed on the surface, which is the most energetically favorable.
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Introduction

The unique properties of metallic nanomaterials are largely due to the high volume
fraction of surfaces and interfaces in them. One of these properties, important from the
point of view of the operation and manufacturing technology of nanomaterials, is the
dependence of the melting point on their effective size: grain size, film thickness,
nanoparticle diameter. The so-called "size-dependent melting point depression
phenomenon” has been most thoroughly studied for metallic nanoparticles. It is currently
known that the melting point of round nanoparticles is inversely proportional to their
diameter, which has been demonstrated both experimentally [1-5] and using molecular
dynamics simulation [6—10], and also explained in theoretical works, in particular [11-16].

As for materials with a nanocrystalline structure, it was shown in [17-22] using
molecular dynamics simulation that melting in them is not a homogeneous process; it
usually begins from free surfaces and grain boundaries. A decrease in the average grain
size in the aforementioned studies (in the range of sizes of about several nanometers) led
to a decrease in the melting temperature of nanocrystalline Ag [18,19] and Al [20,21].
In [10,23], we also observed a decrease in the melting temperature for Ni nanoparticles
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with a nanocrystalline structure compared to single-crystal particles. The crystallographic
parameters of the surface and interfaces should obviously affect the temperature at which
melting begins to initiate on them; however, this issue remains open at present. It can be
assumed that this is affected by the energy of defect formation or, more precisely, the
difference in the potential energy of atoms in the material from the energy in an ideal
crystal, since it is precisely by this value that one should expect a decrease in the heat of
fusion, which, in turn, is proportional to the melting temperature. The most effective
method for studying this issue at present is computer simulation, namely the molecular
dynamics method.

This work is devoted to the study of the influence of the crystallographic orientation
of the free surface on the melting onset temperature of the modeled metal using the
molecular dynamics method. Nickel and copper are considered as metals, which, on the
one hand, have a wide practical application, and, on the other hand, the various properties
of which are well reproduced in molecular dynamics models. In addition, this work studies
the influence of the free surface on the crystallization process during gradual cooling
from the molten state. In [10,24], when studying the crystallization of nickel and copper
nanoparticles, we noted that the surface affects the probability of formation of crystalline
nuclei: crystalline nuclei more often appeared near the surface, and as the temperature
decreased in [10], an increase in the probability of formation of nuclei near the surface
was noted. Obviously, in this case, there is an effect of two competing factors. On the one
hand, atoms near the surface are more mobile than in the volume, and structural
rearrangements, including the formation of crystalline nuclei, occur comparatively faster.
However, on the other hand, the atoms on the surface are in shallower potential wells,
and they are less stable and leave these wells more easily due to thermal vibrations,
which, on the contrary, reduces the probability of forming a stable crystalline nucleus.
We previously observed the effect of the surface on the formation of crystalline nuclei
in [10,24] using the example of round metal nanoparticles. In this work, in addition to
melting, we focused on studying the influence of a flat surface on the crystallization
process in nickel and copper.

Description of the model

To describe interatomic interactions in nickel in the molecular dynamics model, the EAM
potential from [25] was used, and in copper — from [26]. These manybody EAM potentials
were obtained based on comparison with experimental data and ab initio calculations for
various properties of the metals under consideration. They reproduce well a wide range
of their mechanical and structural-energetic properties [25-29], and have proven
themselves well in various molecular dynamics studies, including the processes of
melting, crystallization and self-diffusion in the melt [10,23,24,27,30].

The study was carried out using the software package for molecular dynamics
calculations MDR [31]. The computational cells had the shape of a parallelepiped with the
dimensions of approximately 28.2 x 11.3 x 18.3 nm?® for nickel and 29.1 x 11.7 x 19.1 nm?
for copper and contained about 380,000 atoms (Fig. 1). The boundary conditions along
one axis were free (a free surface was modeled — the right and left edges of the
computational cell in Fig. 1), and there were periodic conditions along the other two axes.
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Four crystallographic surface orientations were considered: (100), (110), (111), and (112).
Apart from the surface, the simulated fcc crystals of nickel and copper did not contain
any defects. The NPT canonical ensemble in combination with the Nosé-Hoover
thermostat was used in the model [30,32]. The time integration step in the molecular
dynamics method was equal to 2 fs.

Periodic boundary

Periodic boundary Periodic boundary

@) (b)

Fig. 1. Melting of the nickel computational cell from the (110) surface: (a) temperature 1770 K, time 30 ps;
(b) temperature 1770 K, time 170 ps. Blue atoms represent the FCC crystal, while gray atoms represent
the amorphous phase

Figure 1 shows an example of the movement of the melting front from the (110)
surface in nickel using a crystalline phase visualizer based on the CNA (Common Neighbor
Analysis) method [33], which clearly illustrates that melting starts from the surface. For
different surface orientations, the destruction of the crystal structure on the surface and
the beginning of the melting front movement occurred at different temperature values.
To determine the melting temperature of the computational cell, the gradual heating
method was used with the plotting of the average potential energy of the atom as a
function of temperature, which is often used in similar problems [6—10,23,24,34]. In this
case, the rate of temperature change is usually set from 10 to 10* K/s. According to our
previous works [10,23], the rate of 10'? K/s turned out to be optimal for our research.
In the model, the temperature was increased linearly by a corresponding increase in the
moduli of the atomic velocities after a certain time step (5 ps in this case).

Results and Discussion

With a gradual increase in the temperature of the computational cell, upon reaching a
certain value, the crystalline structure on the surface was destroyed (Fig. 1). Then the
crystal-liquid front moved from the surface to the center of the computational cell at a
speed of about several tens of meters per second, which, however, depended on the
temperature and increased with its increase [35,36]. The influence of the orientation of
the crystal-liquid front in the crystal on its speed and dependence on temperature was
considered in [37—41], where it was noted, in particular, that the highest speed of the
front movement is observed at the orientation (100) compared to the orientations (110)
and (111).

Figure 2 shows the dependences of the average potential energy of an atom on
temperature for the computational cells of nickel and copper with gradual heating. With
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increasing temperature, the average energy of an atom for the same phase increases
almost linearly due to an increase in atomic oscillation and thermal expansion. A sharp
increase in the average energy of an atom on the graphs corresponds to a phase
transition, i.e. melting. In this case, melting of the computational cell did not occur
instantly, as was already mentioned above — the front propagated from the surface to the
center of the cell with a finite velocity. Therefore, we determined the melting temperature
based on the moment of the phase transition onset, which, in turn, was determined by
the intersection of the approximation lines before and after the onset of melting. The
speed of the front increased with increasing temperature, due to which the slope of the
part on the graphs corresponding to the movement of the melting front is steeper at a
higher temperature. Having reached a liquid state in the entire computational cell, the
average energy of an atom again grew linearly with increasing temperature.
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Fig. 2. Dependences of the average potential energy of an atom on temperature during heating for
different surface orientations: (a) nickel; (b) copper

In Fig. 2, it is clearly seen that the orientation of the surface does influence the
melting temperature of the computational cell. Moreover, this influence is quite strong
in our case: the temperature at which melting began from the (111) surface was 6.5 %
higher for nickel and 5.6 % higher for copper than the melting onset temperature from
the (110) surface. It should be emphasized that the model is an idealized version, in which
it is possible to single out one influencing factor and discard the others. The melting
onset temperatures are arranged in the following order in ascending order: (110), (112),
(100), (111). For nickel these are 1735, 1740, 1778, and 1847 K, respectively (Fig. 2(a)),
for copper: 1381, 1393, 1417 and 1459 K (Fig. 2(b)).

Melting from the surface begins due to the comparatively easier destruction of the
crystal structure on it, due to the fact that the atoms on the surface are in shallower
potential wells compared to a pure crystal and it is easier for the atoms to leave them as
a result of thermal vibrations. After the destruction of the structure on the surface, the
formed front does not stand still (no static two-phase state was observed), it begins to
move from the surface into the crystal volume. The atoms near the crystal-liquid front on
the side of the crystal phase are also in comparatively shallower potential wells than in
the crystal volume, due to the more disordered arrangement of the atoms on the side of
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the melt. In addition, the melt has more intense self-diffusion and more free volume
compared to the crystal, which is also the reason for the easier destruction of the crystal
near the crystal-liquid front than inside the crystal volume, and the reason for the front
movement.

To confirm all of the above, we constructed distributions of the average atomic
energy depending on the distance from the surface for the crystalline state at a
temperature of 300 K and at the moment of melting front movement (Fig. 3). In the
second case, the crystalline structure was first destroyed from the surface and the front
movement began, then the same temperature was set for all orientations (1770 K for
nickel and 1380 K for copper) and the front movement was modeled to the same distance
from the surface. This was done in order to then superimpose the energy distributions for
different surface orientations under otherwise equal conditions. The distribution was
constructed by calculating the average potential energy of an atom in layers 0.2 nm wide
when moving with a step of 0.1 nm along the direction perpendicular to the surface.
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Fig. 3. Distributions of the average potential energy of an atom depending on the distance from the
surface for the crystalline state at a temperature of 300 K and at the moment of movement of the melting
front: (a) nickel; (b) copper

As can be seen, in the case of a crystalline state, the orientation of the surface
significantly affects the average energy of an atom on the surface. Moreover, the average
potential energy of an atom on the surface decreases in the same order among the
considered orientations in which the melting onset temperature increases: (110), (112),
(100), (111). The orientation of the surface affects the temperature at which the
destruction of the crystalline structure begins, but further movement of the front, as was
said above, depends on the temperature and the difference in energies in the crystalline
and liquid phases. The front velocity, as noted in [37—41], depends on the orientation of
the front relative to the crystal, but the distributions of the average atomic energy turned
out to be identical for all considered orientations. In [41], it was suggested that the
difference in the front velocity from the orientation in the crystal at the same temperature
is due to different depths of the potential wells at the boundary of the forming crystal.
Apparently, when calculating the average energy of all atoms in a layer (in our case the
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layers were 0.2 nm thick), the orientation affects the range of values, but the average
value itself is the same.

From the distributions shown in Fig. 3, one can estimate the width of the crystal-
liquid front for the temperatures under consideration: approximately 0.8 nm for nickel at
a temperature of 1770 K and 0.7 nm for copper at a temperature of 1380 K.

In addition to studying the influence of the surface on melting, this work also
studied the influence of the surface on the process of initial formation of stable crystalline
nuclei. As was already mentioned in the introduction, in this case there is an effect of two
competing factors. On the one hand, self-diffusion on the surface and near it is higher
than in the bulk of the material, i.e. all structural rearrangements near the surface should
occur faster. However, on the other hand, the atoms on the surface are in shallower
potential wells, due to which the position of such atoms is less stable than in the bulk,
they more easily leave potential wells due to thermal vibrations, which, on the contrary,
reduces the probability of formation of a stable crystalline nucleus.

In [10,24], when studying the crystallization of metal nanoparticles, we noted that
crystallization most often begins from a free surface. In this paper, the formation of stable
crystalline nuclei at the initial stage was studied using a rectangular computational cell
with flat surfaces (Fig. 4). The computational cells for nickel and copper were the same
as in the case of melting simulation, i.e., the boundary conditions along one axis were set
as free, and along the other two, as periodic. First, the metal was melted by holding at a
temperature above the melting point for a time sufficient to melt the entire volume of
the computational cell. After this, gradual cooling was simulated. The forming crystalline
nuclei were studied using a crystalline phase visualizer.

@

Fig. 4. Formation of crystalline nuclei during cooling of the melt at a rate of 10*2 K/s: (a) nickel; (b) copper

Figure 4 shows examples of crystal nuclei formed during cooling of the melt in
nickel (Fig. 4(a)) and copper (Fig. 4(b)). As can be seen, a significant portion of the nuclei
are indeed formed near the surface, but no clear dominance of the surface factor was
observed: nuclei also arose far from the surface. It should be noted that the orientation
in the nuclei near the surface was, as a rule, such that a crystal plane (111) was formed
on the surface, which, as shown above, is the most energetically favorable.

For a more detailed study, distributions of the fraction of the crystalline structure in
the computational cell were constructed. For nickel and copper, four different
experiments were carried out, and the resulting distributions were superimposed on each
other (Fig. 5). The distributions were constructed by calculating the fraction of atoms
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whose environment corresponded to the crystalline structure (mainly fcc, rarely hcp) in
layers 0.2 nm wide when moving with a step of 0.1 nm along the direction perpendicular
to the surface.
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Fig. 5. Distribution of the fraction of the crystalline phase depending on the distance from the surface
during the initial formation of stable crystalline nuclei: (a) nickel; (b) copper

As can be seen in Fig. 5, the fractions of the crystalline phase near the surface (on
the left and right in the distributions) are indeed noticeably larger than in the volume of
the computational cell. This was especially pronounced for copper (Fig. 5(b)). It can also
be noted that the peaks of the distributions often do not coincide with the edge of the
surface, but are located at some distance from it. This indicates that the centers of such
nuclei are located at some distance from it, but, at the same time, their growth is due to
the influence of the surface.

The two factors influencing the probability of crystalline nuclei formation and
competing with each other, discussed above, more intense self-diffusion and relatively
shallow potential wells, seem to make different contributions depending on the
temperature. It can be assumed that at lower temperatures, for example, during the
crystallization of metallic glasses, the so-called devitrification, an even more pronounced
influence of the surface on the formation of the crystalline phase can be observed.

Conclusions

Using molecular dynamics simulation, the influence of the free surface on the processes
of melting and crystallization in nickel and copper was studied. In the case of melting,
the influence of the crystallographic orientation of the surface on the melting onset
temperature of the simulated metal is considered. In the case of crystallization, the
influence of the surface on the probability of the formation of stable crystalline nuclei
during gradual cooling from the molten state was studied.

It is shown that with gradual heating, melting begins from the surface due to the
comparatively easier destruction of the crystal structure on it, due to the fact that the
atoms on the surface are in shallower potential wells compared to a pure crystal and it is
easier for them to leave them as a result of thermal vibrations. In this case, the energy of
surface atoms and the crystallographic orientation of the surface affect the melting onset
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temperature: the lower the energy of surface atoms, the higher the melting onset
temperature. For nickel and copper, the melting onset temperatures are arranged in the
following order of increase for the orientations considered: (110), (112), (100), (111).

When studying the formation of crystalline nuclei during gradual cooling from the
molten state, it was found that most of the nuclei were formed near the surface. The
orientation in the nuclei near the surface was, as a rule, such that the crystalline plane
(111) was formed on the surface, which is the most energetically favorable.
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