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Abstract: Isothermal molecular dynamics simulations were carried out with the embedded-atom method as a potential to
predict the melting and crystallization temperatures of nanometric sized aluminum particles in the range of 2—4nm.
Simulated data predicted a decrease in the melting point 7,, of aluminum nanoparticles with an increase in their inverse
radius 7! according to an almost linear law. The data obtained predicted a higher value of melting temperature compared
to crystallization by AT = 272K for a size of 4nm and, AT = 193K for 2nm. The T, of the nanoparticles augmented with
increasing size, from 720K for 2nm to 827K for 4nm. Furthermore, a linear extrapolation of the 7T, as a function of the
inverse of the cubic root of the number of atoms yielded a melting temperature of aluminum of 947 £ 8K, which is similar
to previous estimations. Finally, when the number of atoms increased the number of face-centered cubic (FCC) structural
units also increased, and the amorphous structure decreased.
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1. Introduction

Computer simulation has become a fundamental tool in
scientific research since it has made possible to describe
physical, chemical, and biological phenomena [1, 2].
Specifically, in computational physics, simulations have
played a very important role when studying the behavior of
nanoparticles since experimental research is difficult to
carry out due to their limitations when performing precise
experiments at the nanoscale [3]. Therefore, different ato-
mistic simulation techniques such as molecular dynamics
(MD) are used. This technique is a powerful tool that can
provide physical information to understand phenomena at
the atomistic level, that is, it can directly trace the atomic
behavior during a phase transition in metals [4-6].

At the nanoscale, the particles exhibit different thermo-
physical characteristics compared to those found at the
microscale. As the size decreases beyond a critical value
generated by the increase in the surface-to-volume ratio,
the melting point temperature deviates from the value on
the macroscopic scale, becoming a size-dependent property
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[7, 8]. Zhdanov [9] was the first to experimentally observe
the hysteresis loop of melting and crystallization for metal
samples. Then, Skripov and Koverda [10] carried out a
detailed thermodynamic analysis of the problem for small
objects in the 1980s. They found an intersection point of
the melting curve T, to be a function of the inverse of the
radius of the nanoparticle ! and the crystallization curve
T.(r~'). Since then, several works have shown a reduction
in the melting temperature due to the decrease in particle
size [11-14]. This is of great importance in determining the
ignition and combustion characteristics of nanoparticles
[15-20].

In particular, aluminum nanoparticles (AINp) have dif-
ferent characteristics and applications. They have unusual
energetic properties such as higher catalytic activity and
higher reactivity [17-19]. In addition, Ivanov and Tepper
[21] found that the addition of aluminum nanoparticles can
improve the burning rate of propellants by 5 to 10 times
more than conventional aluminum particles. The above
characteristics contribute to the excess energy of the sur-
face atoms and the reduced activation energy of chemical
reactions [22]. All these characteristics are important for
the development of next-generation nanoenergetic materi-
als with functional properties [23-27].
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Phase transitions, that is, melting and crystallization
hysteresis in nanoparticles are interesting processes
because they are different from those in bulk metals. A
significant number of studies on the simulation of the
particle size effect on AINp melting have been published
[28-34]. Likewise, the effect of AINp size on solidification
has been reported in different studies [3, 35-37]. Although
there has been considerable interest in the study of alu-
minum phase transitions, studies simulating both the
melting and crystallization of aluminum nanoparticles are
scarce and therefore, the effect of the size of aluminum
nanoparticles on a phase transition should be examined.
Hence, the purpose of this work was to explore the effect of
size on the melting and crystallization temperatures by MD
simulation in the canonical ensemble (NVT). In addition,
the crystalline structure of AINp was examined by evalu-
ating the radial distribution function (RDF). Finally, the
topological analysis method known as the common
neighbor analysis (CNA) was used to track the population
of structural units formed during the solidification process.

The article is structured as follows: First, the method-
ology used to simulate the melting and crystallization
process of AINp for different sizes is explained. Next, the
results and discussions about AINp size under heating and
cooling procedures are presented. The final section sum-
marizes the main conclusions.

2. Methodology

The MD simulation was carried out using of the free open-
source code LAMMPS [38]. The embedded atom model
(EAM) was used as an interaction model to describe the
aluminum bonds (see Eq. 1) [39]:

N-1 N N
U= pln) + 3 0l0) )

i=1 j=it1

where go(r,-j) is the pair potential contribution to the
cohesive energy as a function of the interatomic distance r;;
between atoms i and j, and ¢ is the energy to embed an
atom in a charge density p;, where p;:

pi = Z‘//(’z])

where 1/ is the contribution from the neighboring atom j.

Overall, four MD simulations were carried out in the
NVT without periodic boundary conditions, leading to free
cluster surfaces [40].

The initial positions of the atoms were assigned ran-
domly, and the initial velocities of each of the atoms were
established under a Maxwell-Boltzmann distribution. The
equations of motion were integrated using the

Table 1 Diameter and number of atoms of the simulated AINp

Diameter (nm) N
2.00 252
2.26 380
2.50 493
2.75 656
3.00 852
3.25 1082
3.50 1352
3.75 1674
4.00 2048

Verlet algorithm with a time step (Af) of 1fs. Momentum
and the angular momentum were removed at each step to
avoid involuntary rotation of the aluminum nanoparticles
during temperature control. The vibrational temperature
control in each step was carried out by implementing a
Nose—Hoover thermostat with a temperature damping
parameter equal to 100 fs.

Initially, nanoparticles of 500 randomly distributed
atoms were prepared and equilibrated for 4 different
relaxation times (0.5, 1.0, 1.5, and 2.0 ns) at a temperature
of 300 K. After relaxation, AINps were heated from 300 to
1000 K at a constant heating rate of 10 K/ps. At a tem-
perature of 1000 K, the system was relaxed for 30 ps and
then the crystallization process was started at a cooling rate
of 0.2 K/ps until reaching 300 K again.

The best relaxation time was determined to be 1.5 ns
based on a smaller variation in crystallization temperatures.
Once the relaxation time of 1.5 ns was selected the simu-
lations were performed for different AINp sizes (see
Table 1) and they were calculated according to Eq. (2):

FNS = 1.5825 x 10°% (2)

This equation can be obtained using the volumetric
density definition p = 2 where m is the mass and V is the
volume of the nanoparticle. Knowing the atomic weight
(P4), Avogadro’s number (N,), and the number of atoms
(N) we want to simulate, the mass can be calculated, thus:

NPy1 4 4

Ny p 3
And from here, straightforwardly, we can obtain Eq. 2.
For the different sizes of AINp, the same process of

relaxation, heating, relaxation, and subsequent crystalliza-

tion described above was followed. Afterwards, the crys-
tallized AINp were subjected to a heating process at a rate
of 0.2 K/ps until reaching a temperature of 1000 K again.



Effect of aluminum nanoparticle size on phase transitions

4249

The crystallization (T¢) and melting (7,,) temperatures
of the aluminum nanoparticles were determined by ana-
lyzing the variations of the potential energy in the crys-
tallization and melting processes. Structural analysis was
carried out using the RDF obtained directly from
LAMMPS. To carry out a deeper analysis of the AINp
structure for different sizes, the CNA method was used.
The free software OVITO [41] was used to visualize the
AlINp and the CAN values obtained.

3. Results and discussion

The effect of the size of the aluminum nanoparticles on
melting and crystallization temperatures is shown in Fig. 1.
Both 7, and T, are linear functions of the reciprocal
nanoparticle radius (r~1) and, therefore, at N3, The
deviations of calculated points from a straight line for the
T,, dependence are quite small, that is, the nanoparticle
size dependence of T,, and T, agree with the Gibbs—
Thomson equation [42, 43] (see Eq. 3). This equation
describes the dependence of the melting temperature 7', on
the particle radius r.

Tnoqc - Tm _ 2GSIVS
T> rL>®

m

(3)

Where T is the macroscopic melting temperature, oy
is the solid/liquid interfacial energy, v, is the specific
volume of the solid phase, and L* is the macroscopic heat
of fusion. Equation 2 is valid for spherical nanoparticles.
Skripov [10] made a thermodynamic consideration of
phase transition in nanoparticles. According to Skripov, the
melting temperature T, decreases almost linearly with the
increment of r~!. Figure 1 also shows an intersection point

850 —— Fitting T¢
—— Fitting Trm

= T
i -

T(K)

0.08 0.10 0.12 0.14 0.16
N71/3

Fig. 1 Dependence of the melting and crystallization temperatures of
aluminum nanoparticles on N~

of the curves T, and T, for the radius of the nanoparticle
that corresponds to a certain characteristic temperature 7;.
This temperature corresponds to a very small nanoparticle
radius r;. A radius of 0.288 nm (r;), which corresponds to
N = 42 atoms as a point of intersection, was estimated in
this study. This value differs from those reported in [10], in
which the r; found was between 0.8 and 1.0 nm.

This discrepancy could be due to the different potentials
used for the simulations. Furthermore, for an infinite radius
of a large particle, that is, for 1 =0, Fig. 1 does not
show a tendency for the melting and crystallization curves
to merge at a point that correlates with the melting tem-
perature at bulk, which is equal to the equilibrium tem-
perature Ty between the solid and liquid phases [44].
Linear extrapolation of T,,(N~'/3) to N — oo yields the
macroscopic (bulk) melting temperature. In this study, the
bulk melting temperature of aluminum was found to be
947 + 8K, which is comparable to experimental results of
933 K [8].

Figure 2 shows the dependence of the diameter of the
nanoparticles in A and NV 3 where N is the number of
atoms contained in the nanoparticle. Considering that the
melting temperature 7, is proportional to the number of
atoms in AINp as T, o« N~'/3, the next step was to check
whether there is a reasonable relationship between the size
of AINp and the number of atoms. A plot of d as a function
of N'/ shown in Fig. 2, yields a linear dependence that
satisfies the formula d(A)=3. 199N, Hence, obviously, for
N —0,d — 0.

Figure 3 shows the RDF of the simulated aluminum
nanoparticles at 300 K, and under a cooling rate of 0.2 K/
ps. According to Fig. 3, when the number of atoms
increases from N = 256 to N = 2048, the position of the
first peak dominates and changes slightly from r = 2.81 to
r=2.85A, respectively. This value is consistent with the
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Fig. 2 Dependence of the aluminum nanoparticle size on N'/



4250

I D Arellano-Ramirez et al.

N
o
S
@

-
(o]
]
EN

N
w
o
o

)
[e°) N
[e2] o
& | ®
N

allo
o||®
QM

w
[¢]
o

N

56

4 5 6 7 8
r(A)

o
-
N
w

Fig. 3 Radial distribution function of the simulated nanoparticles at
300 K under a cooling rate of 0.2 K/ps

experimental results of r =2.75 A [29] and r =2.80 A [36].
Furthermore, the first peak is narrow (0.62 A) and regular
which indicates that the lattice of aluminum crystal was
periodically distributed in the nanoparticles. Also, as the
number of atoms increases, g(r) increases slightly. The
second highest peak position slightly shifts from r = 4.91
to 4.95 A when the number of atoms increases from N =
256 to 2048.

The shape and the structural units of three simulated
AlNp are shown in Fig. 4 (the figures for all the simulated
AlNp are presented in the SI). At a cooling and heating rate
of 0.2K /ps AINp tends to have an oval shape, in which the
atoms are evenly distributed. Figure 4(a) shows an AINp
consisting of N = 256 atoms, and a mostly amorphous
structure. In Fig. 4(b) (N = 864 atoms) the percentage of
amorphous structure and FCC structure is equal and,
finally, for N = 2048 atoms (Fig. 4(c)) about 50% of the
structural units are FCC and the amorphous structure is
reduced considerably in comparison to the smallest simu-
lated AINp.

The CNA was used to determine the number of struc-
tural units of the AINp studied. Figure 5 shows that for the

Fig. 4 Shapes and structural a
units of the simulated AINp.
(a) N = 256 atoms, (b) 864
atoms, and (¢) 2048 atoms.
Amorphous structural units are
shown in white, FCC structural
units in green, and hexagonal
close-packed (HCP) structural
units in red (color figure online)

100
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T T T T
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Fig. 5 Common neighbor analysis method for different sizes of AINp
at 300 K. The values presented are the average of 4 different
crystallization simulations. White represents FCC structure; tiny dots
represent HCP structure; and oblique lines represent other (amor-
phous structure)

smallest nanoparticles, corresponding to Al256 and Al1380
atoms, the total percentage of FCC structural units is 24%,
around 14% is HCP, and 62% is amorphous (AM). As the
number of atoms from Al380 to AI2048 increase, the
percentage of the structural units of FCC increases from 24
to 48, the percentage of HCP remains almost unchanged,
and the percentage of AM reduces from 62 to 39. The CNA
results show that A11674 and A12048 have the least number
of AM structural units, which indicates that these
nanoparticles have the highest crystallization.

The melting-crystallization hysteresis loop was analyzed
for the smallest (N = 256) and largest (N = 2048) simu-
lated AINp, which are shown in Fig. 6(a) and (b), respec-
tively. T, significantly differs from T, in ™! <ri‘1, where
the melting and crystallization hysteresis curves appear.
The essence of this situation is that T, is greater than 7.
The main method to determine 7, and T, is associated
with the detection of jumps in the temperature dependence
cohesive energy U of the nanoparticle. In Fig. 6(a) for N =
256 atoms, the melting point was determined from a jump
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Fig. 6 Temperature dependence of specific internal energy per atom of (a) 256 AINp atoms and (b) 2048 AINp atoms, demonstrating the melting

and crystallization hysteresis loop

in cohesive energy ranging from —3.11 to —3.06eV /atom
at a temperature of 720K. Crystallization was determined
at a temperature of 527K with a cohesive energy ranging
from —3.10 to —3.14eV /atom. In this study the tempera-
ture difference AT =T,, — T., which is considered a
quantitative measure of the hysteresis, reached 193K for
AlNp consisting of 256 atoms. In Fig. 6(b), the melting
point was determined from a jump in cohesive energy
ranging from —3.18 to —3.11eV/atom at a temperature of
827K, which is interpreted as the melting point 7, of AINp
consisting of N = 2048 atoms. This AINp undergoes a
crystallization phase transition upon cooling up to 555K,
the cohesive energy ranging from —3.17 to
—3.23eV/atom. The temperature difference AT =T, —
T. reached 272K for AINp consisting of 2048 atoms.

Although any hysteresis indicates that the conditions for
the corresponding process are not equilibrium, heating and
cooling conditions can be treated as quasi-equilibrium
conditions for this study, but only in the sense that melting-
crystallization hysteresis of pure metals can still be clearly
observed for heating and cooling rates of the order of
1K /ps [44] which is in the range of this study.

4. Conclusion

Molecular dynamics simulations were conducted to
investigate the effect of size on the melting and crystal-
lization temperatures of aluminum nanoparticles. The
crystalline structural units of AINps during the crystal-
lization process were examined using potential energy
variation, the radial distribution function, and the common
neighbor analysis method.

The Gibbs—Thomson relation appropriately describes
the dependence of the melting temperature on the radius of
aluminum nanoparticles between 2 and 4 nm in diameter.

On the other hand, the macroscopic melting temperature
was obtained with an error between 0.6 and 2.3% with
respect to the experimental value. This means that the
embedded atom method (EAM) proposed by Mendelev
[39] adequately models the interatomic interactions, to
study phase transitions, of aluminum nanoparticles
between 2 and 4 nm of diameter.

In addition, the theoretical predictions made by Skripov
and Koverda [10] concerning the behavior of the size
dependence of the melting and crystallization temperatures
of nanoparticles were observed, namely that at r~' <r; !,
T. significantly differs from the T,,, from where the hys-
teresis of melting and crystallization curves appears. For
the largest simulated AINp (N = 2048) the value of AT
was equal to 272K, and for the smallest 193K.

Radial distribution function analysis showed that the r =
2.85 A result is in good agreement with previous results
[29, 36]. When the number of atoms increases, AINp size
also increases, the number of FCC structural units increa-
ses, and the number of AM structural units decreases, while
the HCP structural units remain almost invariable. These
results indicate that as the number of atoms increases, the
ratio between area and volume decreases yielding the for-
mation of a greater number of FCC structural units.

The authors limited this study to the phase transitions of
aluminum nanoparticles that are not located in a particular
condensed matter, a consideration that goes beyond the
scope of this research.
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