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ABSTRACT

A study of the amorphous nanoparticle devitrification process of titanium during heating at a rate of 5-:10* K/s
in vacuum conditions and with the presence of aluminum shell was conducted using molecular dynamics
modeling. It was shown that the presence of an aluminum shell leads to a significant increase in the nanoparticle
devitrification temperature of titanium. For the considered particle sizes (with diameter from 1.75 to 11 nm)
the difference was approximately 200 K. In addition, it was discovered that in vacuum conditions, crystalline
embryos are primarily formed near the surface of the particle, while in the presence of an aluminum shell, they
are formed, on the contrary, first in the volume of the particle. Thus, according to the results of molecular
dynamics modeling, a decrease in the size of titanium particles and the presence of an aluminum shell increase
the temperature range for the existence of the amorphous phase of titanium.
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Introduction

In the last few decades, metallic nanoparticles have garnered substantial interest due to
their distinctive physical, chemical, and optical attributes, which stem from a high
percentage of free surface as well as quantum-mechanical and topological effects [1].
Besides crystalline metallic nanoparticles, there is currently a surge in interest for
particles with an amorphous structure [2—5]. Amorphous particles contain atoms that are
in a non-equilibrium state and possess a greater Gibbs free energy compared to atoms in
a crystal. These particles exhibit a unique electronic structure, which makes them a
promising candidate, particularly in the field of catalysis [6—8]. Furthermore, amorphous
metals, also known as metallic glasses, boast an unusual combination of magnetic and
mechanical properties, characterized by high strength, plasticity, and toughness [9,10].
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In the exploration of techniques for creating and manipulating metallic
nanoparticles, significant emphasis is placed on regulating the phase state, dimensions,
and morphology of the particles, as these factors play a crucial role in determining their
beneficial characteristics [11-14]. Consequently, investigations into the stability of phase
states, the mechanisms governing phase transitions in nanoparticles, and the variables
impacting the kinetics of these transitions and the temperature at which they occur are
gaining heightened significance.

Presently, it is established that the melting temperature of nanoparticles tends to
decrease as their size diminishes, a phenomenon attributed to the increasing ratio of
surface area to volume. This trend has been substantiated through experimental studies
[15-17] and computer modeling [18—21]. Additionally, computer simulations have
demonstrated that the crystallization temperature during cooling from the melt is
contingent upon the size and shape of the particles, which is directly related to the ratio
of surface area to volume. This temperature decreases as the proportion of surface area
to volume increases [19-22].

Furthermore, the mechanism and kinetics of the devitrification process in
nanoparticles, which involves the loss of their amorphous state due to crystallization during
heating, remain largely unexplored. The objective of this research is to investigate the
devitrification process of amorphous titanium nanoparticles at the atomic level, utilizing
molecular dynamics modeling in both vacuum conditions and within an aluminum shell.
The additional consideration of the influence of the aluminum shell is related to the
solution of the problem of reducing the temperature of initiation of the high-temperature
synthesis reaction in the Ti-Al system in mixtures subjected to preliminary
mechanochemical activation [23-25]. During mechanochemical activation, so-called
mechanocomposites are formed, which represent a matrix of a more plastic component (in
this case aluminum), in which nanoscale particles of a more brittle component of the
mixture (titanium) are located [24,25]. Such a system is characterized by a high degree of
non-equilibrium due to a high concentration of defects and even the presence of an
amorphous phase, which is formed as a result of intense deformation. It is noted that the
beginning of the burning reaction in such a non-equilibrium system begins at temperatures
significantly lower than the melting temperature of aluminum [24,25].

One of the advantages of computer modeling is the ability to study the influence of
one of the factors (presence of high density of grain boundaries, dislocations, internal
stresses, amorphous state) on the process being studied. In [26,27], it was shown that the
amorphous state of aluminum leads to a lower degree of intensification of mutual
diffusion than the amorphous state of titanium. However, with increasing temperature,
devitrification of the amorphous phase of titanium can obviously occur and its effect on
ignition will be minimal. At the same time, the presence of the Ti-Al interface can affect
the devitrification temperature and increase the temperature range of existence of the
amorphous phase. The above issue, in addition to the study of amorphous nanoparticles
of titanium in a vacuum, is also considered in this work.
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Description of the model

To model the interatomic interactions within the Ti-Al system, EAM potentials from [28]
were employed, which were derived through comparisons with experimental data and ab
initio calculations for various properties and structures of metals Ti, Al, and
intermetallides TisAl and TiAl. These potentials have demonstrated their efficacy in
various studies and have been successfully validated for a broad spectrum of mechanical
and structural-energetic properties of Ti-Al alloys [26-31]. In particular, the potentials
used by us show good agreement with experimental data on the melting temperature of
Ti and AL: in molecular dynamics modeling, they turned out to be equal to 1995 and
990 K, respectively (reference values: 1943 and 933 K).

In the initial stage, a titanium particle was created by excising a sphere of the
required size from an ideal crystal. The particle sizes considered ranged from 1.75 to
11 nm. For particles with a diameter below 1.75 nm, pinpointing the onset of
crystallization proved challenging, while for particles with a diameter exceeding 11 nm,
the impact of the free surface was already relatively small. Free space was simulated
around the particle, that is, free boundary conditions and the NPT canonical ensemble
were used. Temperature regulation was achieved using a Nose-Hoover thermostat. The
time step for integration in the molecular dynamics method was set to 1 fs.

To simulate the aluminum layer around the titanium particle, a shell was created
that contained approximately the same number of atoms as the particle. Initially, the
shell was also cut out of an aluminum crystal. The thickness of the shell was sufficient,
and further increasing it did not affect the results.
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(@) (b)
Fig. 1. Amorphous titanium nanoparticles with a diameter of 9 nm in vacuum (a) and in an aluminum
shell (b). Particle cross-sections are shown

To produce the amorphous structure of the particles, ultra-fast cooling (with a
cooling rate of approximately 10*-10% K/s) was implemented, following the melting of
the particles via heating to 3000 K. At such a rapid cooling rate, homogeneous
crystallization is unable to occur, resulting in the formation of an amorphous structure.
The quality of the amorphous structure was assessed using radial distribution diagrams
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of atoms and the average energy of atoms within the nanoparticle (with further details
provided in the subsequent section). Furthermore, the destruction of the crystalline
structure of the particles, as well as their crystallization, were typically discernible both
visually and through the use of a crystalline phase visualizer. Examples of slices of
amorphous titanium particles with a diameter of 9 nm in a vacuum and in an aluminum
shell are shown in Fig. 1.

For particles of each size, heating was simulated at a constant rate of 5-10*! K/s. In
similar tasks using molecular dynamics simulation, the rate of temperature change is
usually set from 10! to 10** K/s [19-22]. In [20-22], it was shown that temperature
change rates of 5-10*2 K/s are already sufficient for homogeneous crystallization to occur.
However, the lower the speed, the more accurately the temperature of the phase
transition onset can be determined. On the other hand, the longer the computer
experiment, the higher the mutual diffusion at the Ti-Al interface, which also affects the
accuracy of determining the sintering temperature. According to our previous works
[20,21], the speed in the range of 5-10*'-10"? K/s turned out to be optimal in this case.

Simulation of devitrification was carried out with gradual heating from 700 to 1300 K
for titanium particles without a shell and from 800 to 1400 K in the case of the presence
of a shell. In both cases, the simulation duration was 1.2 ns.

Results and Discussion

The average potential energy of titanium atoms was chosen as the main characteristic of
the nanoparticle structure state. Figure 2 shows the dependencies of the average energy
of titanium atoms on temperature for particles with diameters of 7 and 9 nm in vacuum
and in an aluminum shell. Dotted lines also show the dependencies for a monocrystalline
particle.
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Fig. 2. Dependences of the average potential energy of Ti atoms on temperature during heating at a rate
of 5:10'K/s of an amorphous Ti particle in vacuum and in an aluminum shell: (a) with a diameter of
7 nm; (b) with a diameter of 9 nm. The dotted line shows the dependence for a single-crystal particle.
Tq — devitrification temperature of an amorphous particle in vacuum, Ts - in an aluminum shell

The sharp drops in the average energy of atoms on the graphs correspond to the
phase transition — devitrification of amorphous particles during heating. As is known,
phase transitions of melting-crystallization do not occur instantly, the crystal-liquid front
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moves at a finite speed, which depends on temperature and usually amounts to several
tens of meters per second [32,33]. In connection with this, the temperature of melting
was determined by the moment of the onset of the phase transition (shown by arrows on
the graph).

For particles in vacuum (lower graphs in Fig. 2), devitrification began at a
temperature of approximately 940 K for a 7 nm diameter particle and 930 K for a 9 nm
diameter particle. These values are higher than experimental ones: according to [34], for
alloys with a high titanium content this temperature is about 700 - 800 K. However, it is
known that in the molecular dynamics model a relatively long process of nucleation of
crystallization centers is required and the beginning of this process is “delayed” at gradual
change in temperature, and the higher the rate of temperature change, the higher the
“delay” [20-22]. In addition, the potential used has some error in describing the
devitrification process, which also affects the determination of the transition
temperature.

After devitrification and crystallization of the entire particle in vacuum, the average
energy of the atoms almost coincided with the energy of the single-crystalline particle.
The considered rate of temperature increase was low enough to form a minimum density
of defects during crystallization. If grain boundaries were formed, then, as a rule, they
were low-energy — with a high density of coinciding nodes, often twins.

The graphs showing the change in average energy of titanium atoms for particles
in an aluminum shell are located above in Fig. 2. This is because some titanium atoms
diffused into the aluminum, and the potential energy of these atoms is higher than in the
particle’s bulk. The greater slope of the dependencies compared to those for particles in
vacuum is also explained by diffusion. During the devitrification process of titanium
particles in an aluminum shell, the decrease in the average energy of titanium atoms is
significantly smaller compared to particles in vacuum, again due to the contribution of
diffused titanium atoms in aluminum. After crystallization, the energy growth with
increasing temperature became less intense, and the slopes of the dependencies
decreased. This is explained by the reduction in the intensity of mutual diffusion in the
crystalline state of titanium.

The presence of an aluminum shell, as shown in Fig. 2, significantly affects the
devitrification temperature - it begins at a much higher temperature: approximately 1180
and 1130 K for particles with diameters of 7 and 9 nm, respectively.

To quantify the impact of the free surface of nanoparticles on their melting
temperature, a mathematical formula is frequently employed, which assumes that the
variation in the phase transition temperature is directly proportional to the ratio of the
surface area to the volume of the particle. In the case of a spherical particle, this change
should be proportional to N'*® or d?, where N represents the number of atoms in the
particle, and d is its diameter. For the devitrification temperature, we adopted the same
assumption, incorporating a correction é to account for the finite thickness of the surface

layer of the particle or the diffusion zone in the case of an aluminum shell [20,21,31]:

Ty(d) =T — = (1)
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Here T, and T are the devitrification temperatures of the particle and bulk
material; A is a parameter responsible for the degree of influence of the particle surface
on its devitrification.

To construct approximation curves for the devitrification temperature of titanium
nanoparticles in vacuum and in an aluminum shell, we utilized Eq. (1) and plotted them
as dashed lines in Fig. 3. The markers in the figure represent the values derived from our
model, which align quite well with the approximation curves. This agreement provides
compelling evidence for the dominant influence of the interface, whether it be the free
surface or the interphase boundary, in the devitrification process of nanoparticles. Values
for Eq. (1) for titanium particles in vacuum: T = 850 K, A5 = -600 K-nm, § = 0.4 nm; in an
aluminum shell: T; =980 K, A; = -970 K-nm, 6= 1.4 nm.

1300 -

| s
v 1200 ‘ >
4 + Ti S
~ S * +
{ N o +
&~ 1100 ‘ A P
1000 ‘ B %
A =
S-A____A
900 ‘ i Y
800 + T T ; ; -
0 1 2 3 4 5 6 7 8 9 10 11 12
d.nm

Fig. 3. The devitrification temperature of a titanium particle in a vacuum and in an aluminum shell
depending on its diameter. Markers — model results, dotted lines — approximation

As can be seen, the influence of the aluminum shell on the devitrification
temperature of titanium particles is quite significant - in the case of its presence, the
devitrification temperature is approximately 200 K higher than for particles in vacuum.
When considering the diffusion zone and the blurring of the particle boundary, the value
of 6 increased by 1 nm, which roughly corresponds to the picture observed during
modeling.

The value of A in Eq. (1) - the parameter responsible for the degree of influence of
the particle boundary on the change in devitrification temperature compared to a massive
sample - turned out to be negative. This means that if the melting temperature of
nanoparticles decreases with a decrease in particle size, the devitrification temperature,
on the contrary, increases. This can be explained as follows. The potential wells in which
atoms are located on the surface or near defects are less deep and wider, blurred, due to
less regular arrangement of neighboring atoms, thermal vibrations, and diffusion.
Therefore, the presence of defects and interfaces reduces the probability of the
nucleation of crystallization centers. However, on the other hand, the formation of these
centers requires a certain mobility of atoms, that is, self-diffusion, which is more intense
near the surface. This is well seen in Fig. 4, where the crystallization mechanism during
devitrification was studied using a crystal phase visualizer. This visualizer determines the
belonging of each atom to a certain crystalline structure based on the analysis of the
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arrangement of neighboring atoms. In this case, a Ti atom was considered to belong to
the hcp or fcc lattice if more than 75 % of its nearest neighbors (in this case, the number
of nearest neighbors for atoms on the surface is approximately two times less than in the
volume) were located close to the nodes of an ideal hcp or fcc crystal (accounting for
thermal expansion) within a specified tolerance of 25 % from the radius of the first
coordination sphere. Ti atoms that did not meet these conditions were considered to
belong to an amorphous structure. It should be noted that the values of 75 and 25% were
variable.

2 amorphous Ti
o crystal Ti

@)
Fig. 4. Atomic structure of a slice of a titanium particle with a diameter of 9 nm at different moments of
the devitrification process: (a) at the moment of formation of crystallization centers when the
temperature reaches 890 K; (b) after the completion of crystallization. Green color highlights atoms with
a nearest environment corresponding to a crystalline structure, gray — amorphous

As can be seen in Fig. 4, the formation of a crystalline structure occurs during
devitrification from the surface, which is explained by a relatively larger contribution of
self-diffusion near the surface in this case. After crystallization in the volume of the
particle, as shown in the example, three grains were formed, separated by grain
boundaries with relatively low energy (high density of coinciding nodes).

In the case of having an aluminum shell, the devitrification mechanism changed
drastically (Fig.5) - crystallization nuclei were formed not near the boundary but,
typically, within the core of the titanium particle. Here, the factor of high mobility near
the boundary disappears, and the formation of relatively deeper and narrower potential
wells in the core of the particle takes precedence. Additionally, aluminum atoms, along
with the presence of a diffusion zone, lead to the blurring of potential wells and a
decrease in the likelihood of crystallization nuclei appearing near the interfacial
boundary.

As for the aluminum shell, it was in an amorphous state throughout the entire
heating simulation. When the starting bimetallic particles were created, it suddenly
melted and cooled along with the Ti core (Fig. 1(b)). The devitrification of the Ti core
upon subsequent heating occurred at a temperature above the melting point of
aluminum.
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Fig. 5. Atomic structure of a slice of a titanium particle with a diameter of 9 nm in an aluminum shell at

different moments of the devitrification process: (a) at the moment of formation of crystallization centers
when the temperature reaches 1120 K; (b) after the completion of crystallization

The obtained result, i.e., the increase in the temperature range of the amorphous
phase of metal nanoparticles in the shell of another metal, can likely be qualitatively
extended to other binary systems. Moreover, a more significant influence of the shell on
the increase in the devitrification temperature is probably expected with a greater
difference in the radii of atoms of the two metals.

Conclusions

The molecular dynamics method was used to study the devitrification process of titanium
nanoparticles in vacuum and in an aluminum shell during heating at a rate of 5-10% K/s.
The investigation revealed that the devitrification temperature, in comparison to a
massive sample, exhibits an inverse proportionality to the particle diameter, with a
correction that accounts for the finite width of the surface layer or diffusion zone in the
case of an aluminum shell. As the particle size diminishes, leading to an increased
proportion of atoms in close proximity to the boundary, the devitrification temperature
rises. The presence of an aluminum shell significantly increases the devitrification
temperature of titanium nanoparticles - for the considered particle sizes, the difference
was about 200 K. Thus, reducing the size of titanium particles and the presence of an
aluminum shell increase the temperature range of the existence of the amorphous phase
of titanium. The mechanisms of crystalline phase formation in particles in vacuum and in
an aluminum shell differ significantly: in the first case, crystalline nuclei are formed near
the surface, while in the second, on the contrary, in the volume of the particle.
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