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Using molecular dynamics simulation, the influence of the average grain size and excess energy due to the

presence of grain boundaries on the melting point of nanocrystalline aluminum was studied. In the considered range

of grain sizes from 2.5 to 10 nm, the difference between the melting point and the melting point of a pure crystal

turned out to be inversely proportional to the average grain size and directly proportional to the excess energy.

Melting proceeded heterogeneously and began primarily from grain boundaries. When studying recrystallization in

nanocrystalline aluminum, it was found that it occurs more intensely as the temperature approaches the melting

point, as well as at a smaller initial grain size.
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1. Introduction

Much attention has been paid in recent years to ultra-

fine grained and especially nanocrystalline materials, which

include polycrystals with an average grain size of less

than 100 nm. They have unusual physical and mechanical

properties associated mainly with a large volume fraction

of grain boundaries compared to the usual coarse-grained

state [1–4]. They are obtained by various methods, including

intensive plastic deformation, sintering of nanopowders,

physical vapor deposition, etc. A high degree of non-

equilibrium of the structure and large values of excess

or stored energy is a common property of nanocrystalline

materials [1–4].
The experimentally observed decrease of the ignition tem-

perature of the high-temperature synthesis reaction in the

production of intermetallides after preliminary mechanical

activation treatment of the initial powder mixture apparently

should be considered as one example of the manifestation

of excess energy in nanocrystalline materials [5–10]. The

original mixture is subjected to intense mechanical stress

as a result of such treatment frequently resulting in the

formation of nanocrystalline structure with a high concen-

tration of structural defects in metals [8–10]. The ignition

temperature coincides equals to the aluminum melting point

under the normal conditions, but it significantly decreases

after mechanical activation treatment [5–10]. Relatively high

values of excess energy due to the high concentration of

grain boundaries and other defects in the mixture after

mechanical activation, high diffusion mobility of atoms in

nanocrystalline materials, as well as a possible decrease of

the melting point of nanocrystalline aluminum compared

with conventional coarse-grained aluminum are referred as

the main reasons for such decrease.

As for the decrease of the melting point of nanocrys-

talline aluminum, it was shown using computer modeling

in [11–15] that melting is not a homogeneous process, it

begins, as a rule, with free surfaces and grain boundaries.

In addition, the melting of the structure near the interface

began in the above studies at lower temperatures than

in case of a single crystal. The nanocrystalline structure

has a relatively high proportion of non-equilibrium grain

boundaries, which, obviously, should affect the overall

melting process and the phase transition onset temperature.

Studying phase transitions in nanoparticles [16–18] we

actually observed a noticeable decrease of the melting point

of metal particles with a nanocrystalline structure.

This paper is devoted to the study of the impact of the

average grain size on the melting point of nanocrystalline

aluminum using molecular dynamic modeling. Generally,

maintaining the constant average grain size, especially in

cases of small values of the order of several nanome-

ters [12,14,15], during the entire simulation of nanocrystal

heating is one of the main problems in solving this

issue. The smaller the grain size, the more intensive is

the recrystallization and growth of the average grain size

at high temperatures. We used a special technique in this

paper to maintain permanent average size which will be

described in detail below. The study also addressed the
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impact of excess energy on the melting point. Besides the

impact of temperature and grain size on the intensity of

recrystallization was studied.

2. Model description

The interatomic interactions in the molecular dynamics

model was described using the EAM potential from

Ref. [19] where it was obtained based on comparison with

experimental data and ab initio calculations of various

properties of aluminum. This potential reproduces quite

well a wide range of mechanical and structural-energy

properties [19–21], it has proven itself well in various

molecular dynamics studies and has been successfully

tested in modeling of various processes, including melting,

crystallization and self-diffusion in melt [19–22].

The calculation cell had the shape of a parallelepiped and

contained from 80,000 to 340000 atoms, depending on the

grain size. The nanocrystalline structure was created as

follows. The centers of future grains were determined in

the initially ideal FCC crystal of aluminum depending on

the given average grain size d . These centers were located

in the volume of the calculation cell similarly to the nodes

of the HCP lattice (not atoms, but grain centers) with a

distance between the nearest nodes, grain centers, equal

to d . The structure around each center in spheres with

a diameter of 0.8 of the grain size (the closest distance

between the centers) was rotated in space at random angles.

The structure inside the spheres was fixed and the rest of

the structure was subjected to melting followed by modeling

of crystallization at a temperature of 700K for 500 ps. The

structure was cooled to 0K at the final stage.

The structure in the grain centers in spheres with

a diameter of 0.3 of the average grain size remained

fixed throughout the modeling to prevent any impact on

the results of recrystallization and grain growth during

the modeling, especially for small grains. All computer

experiments for comparison were also performed without

fixing the structure in the grain centers. Melting, as will

be shown below, began from the grain boundaries, and the

fixation of the structure in areas of a given size (0.3 of

diameter) had practically no effect on the value of the

temperature of the onset of melting.

Grains with the size range from 2.5 to 10 nm were

considered. It was difficult to determine the melting point

of nanocrystalline aluminum for grains of smaller size. As

the grain size increased, its impact on the melting point

decreased. The sections of calculated cells with grains of 4

and 8 nm are shown in Figure 1 using the crystal phase

visualizer based on the CNA (Common Neighbor Analysis)
method [23]. Blue atoms are atoms with the immediate

environment corresponding to the FCC crystal structure,

white atoms are atoms with unidentified crystal lattice or

with an amorphous structure, gray atoms are atoms that

were stationary during the modeling. The grains had the
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Figure 1. Cross sections of calculation cells of nanocrystalline

aluminum with an average grain size: a) 4 nm; b) 8 nm. 1 —
atoms with immediate environment corresponding to the FCC

crystal lattice; 2 —the atoms that remained stationary during the

simulation; 3 — the crystal lattice was not identified.

shape of regular hexagons in cross section as can be seen

from Figure 1.

Periodic boundary conditions and an NPT canonical

ensemble with a Nose−Hoover thermostat were used in the

model. The pressure was kept constant and equal to zero

during modeling, and therefore the calculation cell could

freely change the volume during heating and melting. The

thermal expansion in case of temperature variations was

taken into account, including thermal expansion in the fixed

areas in the grain center. The time integration step was 2 fs.

The gradual heating method was used for determining

the melting point with the plotting of the dependence of the

average potential energy of atoms on the temperature, which

is often used in similar tasks [12,16–18,24]. The heating was

performed at a rate of 1012K/s. It is obvious, that the lower

the heating rate, the more accurate is the determination of
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the temperature of the onset of phase transition. But, on

the other hand, the longer the computer experiment is, the

higher is the impact of recrystallization and transformation

of the grain structure on the obtained results. The rate

of 1012 K/s turned out to be optimal in this case.

3. Results and discussion

Figure 2 shows the dependences of the average atomic

energy on the temperature for nanocrystalline aluminum

with an average grain size of 4 nm (Figure 2, a) and 8 nm

(Figure 2, b) in case of heating at a constant rate of 1012 K/s

with the fixation of the structure in the central regions of the

grains (curves 2) and without fixation (curves 3). Curves

(indicated by a number 1) obtained by heating of an ideal

crystal that does not contain any defects and a free surface

are provided for comparison. In the latter case, the melting

point turned out to be significantly higher (1180 K) than the

found melting points of nanocrystalline structure. Melting

began already at a temperature of 780K with an average

grain size of 4 nm, it started at a temperature of 920K

with an average grain size of 8 nm. The melting process was

homogeneous in the case of single-crystal aluminum, which

does not contain any defects and a free surface, i. e. it was

almost simultaneous in the entire volume of the calculation

cell and for this reason the increase of the energy of atoms at

the moment of melting (curves 1) is more sharp on Figure 2

compared to the curves 2 and 3.

The melting began at the grain boundaries if the calcula-

tion cell contained any grain boundaries and then the liquid

crystal interphase boundary moved from the boundaries

into the rest of the volume. That is, melting in this

case had a heterogeneous mechanism, when the crystal-

liquid front moves at a finite speed, which depends on

temperature and, as a rule, equals to several tens of meters

per second [25,26]. We did not observe the presence of a

fixed crystal-liquid front that after formation usually moved

until the melting of the entire calculation cell. For this reason

we determined the melting point based on the moment of

the onset of the phase transition (shown by the arrows in

Figure 2), which, in turn, was determined by the intersection

of the approximation lines before and after the onset of

melting.

Four main differences can be distinguished when com-

paring the dependencies obtained for the average grain

size 4 nm (Figure 2, a) and 8 nm (Figure 2, b). Firstly,

the melting of nanocrystalline aluminum with a smaller

average grain size begins at a lower temperature (approxi-
mately 780K for 4 nm grains and 920 K for 8 nm grains).
That is, the average grain size does influence the melting

point. Secondly, the recrystallization of grains with the

size of 4 nm was much more intensive, which is evident

from the difference in dependencies 2 and 3 in this case.

The formation of the melting front and the corresponding

increase of the potential energy of the atoms without fixation

of the grain centers (curve 3) was followed by the drop of
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Figure 2. Dependences of the average potential energy of atoms

on temperature in case of heating at a rate of 1012 K/s for an

ideal crystal (curves 1) and nanocrystalline aluminum (curve 2 —
without fixation of the structure in the grain centers, curve 3 —
with fixation) with an average grain size of 4 nm (a) and 8 nm (b).

energy due to the recrystallization process. The curves 2

and 3 almost coincided with an average grain size of 8 nm

which indicates a weak contribution of recrystallization

in this case. Thirdly, the growth of the potential energy of

atoms during the movement of the melting front is slower

with a smaller grain size. The fourth difference lies in the

greater difference of the initial values of the average energy

of atoms in nanocrystalline and single-crystal structures with

an average size of 4 nm, which is obviously explained by

the higher density of the boundaries in the case of smaller

grain sizes.

Figure 3, a shows the dependence of the melting point

of nanocrystalline aluminum on the average grain size.

The values obtained in case of fixation of the structure in

the grain centers are shown with colored markers while

blank markers show the values obtained without fixation

of the structure. In the second case, the melting point

was determined by the first bend of the dependence of the

average energy of atoms on temperature (for example, as

in the case of the curve 3 in Figure 2, a), regardless of the

further drop of the energy because of the recrystallization.
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Figure 3. Dependencies of the melting point of nanocrystalline

aluminum on: a) the average grain size; b) the amount of excess

energy per atom. Markers — the model results, dotted lines —
the approximation.

Melting begins from the grain boundaries owing to the

relatively easier destruction of the crystal structure near

them because the atoms in the defects are located in

shallower quantum wells compared to an ideal crystal and

it is easier for them to leave the quantum wells in the result

of thermal vibrations. Atoms near the crystal-liquid front on

the side of the crystalline phase are also located in relatively

shallower quantum wells than in the crystal volume because

of the more disordered arrangement of atoms from the side

of the melt. In addition, self-diffusion is more intensive in

the melt and the free volume is bigger compared to the free

volume in the crystal, which is also the reason for easier

crystal destruction near the crystal-liquid front than inside

the crystal volume, and the reason for the movement of the

front.

The mechanism of decrease of the melting point of

nanocrystalline materials is close to the mechanism of

decrease of the melting point of nanoparticles, where

melting begins from the surface and spreads deep into the

particles. A simple formula is often used for a mathematical

description of the effect of the free surface of nanoparticles

on their melting point. This formula is based on the assump-

tion that the change of the phase transition temperature

compared to a massive sample is proportional to the ratio of

the surface area of the particle to its volume [27–33]. I. e.,

this change should be inversely proportional to the particle

diameter in case of a round particle. We used the same

assumption for describing the dependence of the melting

temperature of the nanocrystalline structure on the average

grain size, adding a correction δ that takes into account the

final thickness of the grain boundaries

Tm(d) = T 0
m

(

1−
α

d − δ

)

. (1)

Here Tm and T 0
m — the melting temperatures of the

nanocrystalline structure and single crystal; α — the

parameter responsible for the degree of impact of grain

boundaries on the melting point.

The dotted line in Figure 3, a shows the approximation

curve found using the formula (1). As can be seen the

values obtained in the model (round markers in the figure)
match the approximation curve quite well, which confirms

the leading role of grain boundaries in the process of melting

of a nanocrystalline structure. Values of the quantities for

the formula (1): T 0
m = 990K, α = 0.71 nm, δ = 0.4 nm. It

should be noted that T 0
m coincided with the value of the

melting point of an aluminum crystal in the presence of

a free surface, which we found in [22] using the same

potential. The value δ, which has a sense of the average

width of grain boundaries, turned out to be close to the

width determined when measuring grain boundary diffusion

(0.5−0.6 nm) [34.35]. The dependence found is close to

the obtained dependences of the melting temperature of

round nanoparticles on their diameter [27–33]. Moreover,

the value calculated for the nanocrystalline structure α

(0.71 nm) falls within the range of values given in different

sources for aluminum nanoparticles in vacuum: α ranges

from 0.6 to 1.2 nm depending on the approach and inter-

atomic potential [31–33].
We constructed the dependence of the melting temper-

ature on the excess energy per atom, 1Ēa in addition to

the dependence on the average grain size d (Figure 3, b).
The excess energy was defined as the difference between

the average values of the potential energy of an atom in the

subject structure before modeling of heating and in an ideal

crystal: 1Ēa = Ēa − Ē0
a . The obtained dependence turned

out to be close to a linear dependence within the considered

range of values of 1Ēa with the approximation line equation

Tm = −44251Ēa + 1010 (shown by dotted line).
The data obtained in the model are listed in the table.

The values of the average number of atoms in grains N̄g

and the ratio of the grain boundary area to the volume of

the calculation cell S/V are provided in the table in addition

to the above mentioned values. In the latter case, as can be

seen, the values of S/V linearly correlate with the excess

energy 1Ēa suggesting that the excess energy in this model

is determined mainly by the proportion of grain boundaries

in the cell volume.
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Sections of a calculation cell with a nanocrystalline

structure with an average grain size of 8.5 nm at different

melting points are shown in Figure 4 using a crystal phase

visualizer. The fixation of the structure in the grain centers

a

b

c

Figure 4. Melting from grain boundaries in a calculation cell

with an average grain size of 8.5 nm during heating at a rate

of 1012 K/s: a) initial structure; b) structure at a temperature

of 950K; c) structure at a temperature of 985K.
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Figure 5. Dependences of the change of the average potential

energy of an atom during relaxation process at a constant

temperature for 300 ps: a) on the average grain size at a

temperature of 700K; b) on the temperature for four values of

the average grain size: 2, 4, 6 and 8 nm.

was not used in this case. The figure clearly shows that

melting begins at the grain boundaries, that is, where the

atoms are located in shallower quantum wells compared to

an ideal crystal. Then the crystal-liquid front moves from

the boundaries to the center of the grains, which melts in

the last turn as seen in Figure 4, c.

It should be noted that not all grain boundaries equally

acted as melting initiation sites. It depends on the energy of

the boundary formation, that is, again, on the excess energy.

The melting from boundaries with low energy of formation,

for example, small-angle, special boundaries with a high

density of coincident nodes and especially twins, began at

higher temperatures than melting in the case of large-angle

boundaries.

An intensive recrystallization was observed during mod-

eling of heating, as mentioned above, especially in the case

of small grain sizes. The concentration of defects decreased

and grains grew during recrystallization. We conducted an

additional study of the impact of grain size and temperature

on the amount of decrease of the average potential energy

2 Physics of the Solid State, 2024, Vol. 66, No. 4
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The average number of atoms in a grain N̄g , the ratio of the grain boundary area to the volume of the calculation cell S/V , excess

energy 1Ēa , melting temperatures without fixation T 0
m and with fixation T f

m of the structures in the grain centers depending on the average

grain size d

d, nm N̄g S/V , nm−1 Ēa , eV T 0
m , K T f

m , K

2.5 702 0.788 0.070 689 699

3 1103 0.764 0.068 737 730

3.5 1824 0.592 0.051 772 782

4 2744 0.550 0.049 786 783

4.4 3450 0.491 0.042 807 806

5.1 5616 0.433 0.038 828 830

5.5 6979 0.411 0.037 820 842

6 9261 0.370 0.033 845 845

6.6 12167 0.369 0.034 857 862

7.1 15625 0.342 0.033 870 865

7.4 17576 0.319 0.034 895 885

8 21952 0.269 0.021 924 918

8.5 26108 0.262 0.023 907 916

9.1 32768 0.239 0.020 915 921

10 42875 0.221 0.022 920 927

single-crystal − 0 0 990 990

of an atom during relaxation. The fixation of the structure

in the grain centers was not used. Figure 5, a shows the

dependence of the change of the average energy of an atom

on the grain size during relaxation at a constant temperature

of 700K for 300 ps. The change of the average potential

energy of an atom was calculated as the difference between

the average energies at the beginning of the computer

experiment and after 300 ps: Ēr
a = Ēa(t0) − Ēa(t). As can

be seen, recrystallization was more intensive as the grain

size decreased and the change of the average energy of

atoms was higher in this case. Recrystallization had the

highest intensity in the case of grain sizes below 4 nm.

The dependences of the change of the average potential

energy of atoms on the temperature during relaxation

for 300 ps are shown in Figure 5, b. Constant temperature

was maintained during these experiments. Dependences

were obtained for four values of the average grain size: 2, 4,

6, and 8 nm. The recrystallization was more intensive with

an increase of the temperature, especially when the temper-

ature approached the melting point. The dependences are

close to exponential, which is probably attributable to the

determining roles of self-diffusion and migration of grain

boundaries in the recrystallization process, the intensities

of which are known to have an exponential (Arrhenius)
dependence on the temperature. The transformation of

the structure was more intensive during relaxation at the

same temperature, as already shown using the dependence

in Figure 5, a.

4. Conclusion

The impact of the average grain size and excess energy on

the melting point of nanocrystalline aluminum was studied

using molecular dynamic modeling. It is shown that the

smaller the average grain size is and the greater the excess

energy is due to the presence of grain boundaries the lower

is the melting point. In addition, the difference between

the melting temperature in the considered grain size range

from 2.5 to 10 nm and the melting temperature of a single

crystal is inversely proportional to the average grain size and

decreases linearly with an increase of the excess energy.

The melting was more heterogeneous in the modeled

polycrystal and began primarily from the grain boundaries,

after which the melting front moved towards the rest of

the volume. Melting in the model was homogeneous in an

ideal crystal that does not contain any defects and any free

surface, that is, melting was immediate throughout the entire

volume, and began at a temperature significantly higher

than in the case of presence of grain boundaries (by more

than 250K compared, for example, with a nanocrystal with

an average grain size 10 nm).

It was found in the result of study of the recrystallization

in nanocrystalline aluminum that it proceeds more inten-

sively when the temperature approaches the melting point,

as well as with a smaller initial grain size, that is, with a

higher density of grain boundaries.
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