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ABSTRACT

Using molecular dynamics simulations, this study investigates the influence of grain size of nanocrystalline
titanium on its dissolution intensity in aluminum at various temperatures, compared to the dissolution of
monocrystalline titanium. It is shown that the grain size in nanocrystalline titanium significantly affects the
intensity of mutual dissolution of the components. This is explained by the fact that grain boundaries act
as channels for accelerated diffusion, and as the average grain size decreases, the density of grain
boundaries increases. In the case of grains on the order of several nanometers, the density of grain
boundaries and the contribution of grain boundary diffusion are relatively high. For example, at a
temperature of 800 K, which is significantly below the melting point of aluminum, dissolution in the model
occurred more intensely for grain sizes smaller than 9 nm than for monocrystalline titanium at 1100 K —
this temperature is not only 300 K higher but also corresponds to liquid aluminum. Thus, the
nanocrystalline structure and high density of grain boundaries in titanium may be one of the reasons,
alongside the energy stored in defects due to deformation, for the reduction in activation energy for the
synthesis reaction in the Ti—Al system following mechanical processing of the initial mixture.
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Introduction

Intermetallic compounds of the Ti—Al system and their alloys possess a combination of
properties such as high yield strength at elevated temperatures and good oxidation and
corrosion resistance, along with relatively low density, making them promising for use as
high-temperature structural materials, particularly in the aerospace and automotive
industries [1-5]. It is known that non-equilibrium processing methods, including
intensive deformation, mechanical alloying, rapid quenching, etc., allow for the creation
of various unique non-equilibrium microstructures capable of enhancing the mechanical
properties of intermetallic alloys [6-9]. One promising method for producing
intermetallics, including those in the Ti-Al system, is pre-treatment before the high-
temperature synthesis reaction stage through mechanical processing of the initial metal
powders, such as by milling in planetary ball mills [10-16]. During this mechanochemical
activation process, so-called mechanocomposites are formed, consisting of a matrix made
from a more ductile component (in this case, aluminum), within which nanosized particles
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of a more brittle component (titanium) are located [15,16]. Mechanical milling of the
initial powders and the resulting nanocomposites are used, in particular, in the rapidly
developing field of additive manufacturing [15,17]. This system is characterized by a high
degree of non-equilibrium due to the high concentration of defects, interfaces, and
internal stresses. One of the most interesting properties of such non-equilibrium systems
consisting of nanocomposites is a significantly lower effective activation energy for the
synthesis reaction compared to conventional powders: the synthesis reaction (ignition)
begins at a temperature substantially lower than the melting point of aluminum [10-16].

Currently, the question remains open regarding what exactly is the main factor in
the reduction of ignition temperature in mechanically activated mixtures. Among the
reasons typically considered are the following: 1) preliminary mixing of components and
a significant increase in their contact area; 2) accumulation of excess energy due to
deformation in the form of various structural defects, which can be released as additional
heat during structural relaxation; 3) a decrease in the melting point of aluminum due to
the presence of a high concentration of defects or even an amorphous phase; 4) more
intense mutual diffusion due to the presence of a high density of diffusion channels in
the form of grain boundaries, predominantly in titanium.

The first reason mentioned, namely the increase in the contact area of the
components, is sometimes cited as the main reason for the decrease in the activation
energy of the synthesis reaction, often in combination with the second one, i.e. the
accumulation of excess energy in the form of defects, as, for example, in [18,19], where
molecular dynamics simulation of the deformation of round metal particles, their
subsequent deformation and the initial stage of mutual diffusion was carried out.
However, strictly speaking, an increase in only the contact area of the components cannot
lead to a decrease in the activation energy of the synthesis reaction and, accordingly, the
ignition temperature. This only leads to an increase in the intensity of dissolution, which,
in particular, was shown by us in the study of the dissolution of a round titanium particle
in aluminum [20], as well as in the simulation of mutual diffusion in the case of a flat
interphase boundary [21].

The second mentioned reason is the accumulation of excess energy during
deformation in the form of non-equilibrium defects in the structure of the components,
such as grain boundaries, dislocations, disclinations, point defects, and their complexes.
This cause for the reduction of activation energy for the synthesis reaction is identified
as a primary factor in works such as [22-24]. Indeed, excess or accumulated potential
energy can be released upon heating due to partial healing of the structure and a
reduction in defect density. For instance, in [25,26], we demonstrated that during the
recrystallization of metals with a nanocrystalline structure, characterized by a very high
density of grain boundaries compared to conventional polycrystals, the release of energy
and temperature increase can be significant and substantially influence diffusion
processes.

Sometimes, another reason for the reduction of ignition temperature in
mechanically activated powders is considered to be the possible decrease in the melting
point of nanocrystalline aluminum compared to conventional coarse-grained aluminum.
It is known that the onset temperature for the high-temperature synthesis reaction in
systems such as Ti—Al and Ni—Al, in the case of conventional powders, coincides with the
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melting point of aluminum. Numerous studies, primarily conducted through simulations,
have indeed shown that nanomaterials exhibit what is known as the "size-dependent
melting point depression phenomenon”, meaning that the melting temperature of
nanomaterials depends on their effective size: grain size, film thickness, and nanoparticle
diameter. Regarding materials with a nanocrystalline structure, works [27-32] have
demonstrated through molecular dynamics simulations that melting in these materials is
not a homogeneous process; it typically begins at free surfaces and grain boundaries.
A reduction in average grain size led to a decrease in the melting point of nanocrystalline
Ag [28,29] and AL[30,31]. In [25,26], we also observed a decrease in the melting point for
Ni nanoparticles with a nanocrystalline structure compared to monocrystalline particles.
However, in another of our studies [20], dedicated to investigating the dissolution of a
titanium nanoparticle in aluminum, it was shown that the structural state of titanium has
a much greater influence on the intensity of mutual diffusion than the structural state of
aluminum. Therefore, the reason related to a possible decrease in the melting point of
aluminum does not seem to be primary in the case of reducing the onset temperature for
the synthesis reaction in powders subjected to mechanical activation.

The fourth possible reason, which this work addresses, is the formation of a high
concentration of accelerated diffusion channels in titanium due to intensive deformation,
manifested as grain boundaries, dislocations, and pores. The role of these additional
channels (primarily grain boundaries) is seen as one of the main factors, alongside the
energy accumulated in defects. It is known that diffusion along grain boundaries is orders
of magnitude more intense than diffusion in the bulk involving conventional point
defects, and the presence of a high density of grain boundaries can lead to a sufficiently
high rate of mutual diffusion, comparable to diffusion at the onset temperature of the
reaction. This work aims to test this hypothesis and is dedicated to investigating, using
molecular dynamics methods, the influence of grain size of nanocrystalline titanium on
its dissolution intensity in aluminum at various temperatures compared to the dissolution
of monocrystalline titanium.

Description of the model

To describe the interatomic interactions in the Ti—Al system, EAM potentials from [33]
were used, which were derived based on comparisons with experimental data and ab
initio calculations for various properties and structures of the metals Ti, Al, and the
intermetallic compounds TisAl and TiAL These potentials have proven effective in various
studies and have undergone successful validation across a wide range of mechanical and
structural-energy properties of Ti-Al alloy systems [33-36].

The interphase boundary between Ti and Al was created at the center of the
simulated computational cell along the XY plane, as shown in Fig. 1(a). The number of Ti
atoms was approximately equal to the number of Al atoms. Periodic boundary conditions
were applied along all axes. A vacuum layer was created along the Z-axis, parallel to the
interphase boundary (Fig. 1(a)), allowing the bimetal to freely change volume during the
simulation of mutual diffusion. When varying the temperature, thermal expansion of the
metals was taken into account, and the dimensions of the computational cell were
adjusted accordingly. The dimensions along the X and Y axes were chosen to be



16 G.M. Poletaev, Y.V. Bebikhov, A.S. Semenov

multiples, with minimal possible deviation, of the periodicity of both Ti and Al crystal
lattices. Additionally, the unequal thermal expansion of metals was also considered for
each specific temperature at which the simulation was conducted. The dimensions of the
cell along all axes were approximately 20-25 nm, and the total number of atoms was
around 300 thousand. Thus, an NPT canonical ensemble was used in the model. To
maintain a constant temperature, a Nose-Hoover thermostat was applied. The time
integration step in the molecular dynamics method was set to 2 fs.
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Fig. 1. Example of a computational cell containing the interface between aluminum and
nanocrystalline titanium with an average grain size of 8.8 nm: (a) section in the XZ plane;
(b) section of titanium in the XY plane

In works [20,21], we previously established that the intensity of mutual diffusion at
the Ti—Al interface is primarily influenced by the structure of titanium: the presence of
defects, the orientation of the interphase boundary relative to the titanium lattice, etc.
The structure of aluminum is much more easily transformed and tends to adapt to the
orientation of the titanium lattice near the interphase boundary [21]. When aluminum has
a nanocrystalline or amorphous structure, rapid recrystallization or crystallization (in the
case of an initially amorphous structure) would occur at temperatures close to its melting
point (which are considered in this work). Therefore, creating a nanocrystalline structure
not only in titanium but also in aluminum does not make sense.

The nanocrystalline structure of titanium with initially uniform grain sizes was
created as follows. In the ideal titanium crystal, prior to the stage of bonding with
aluminum, the centers of future grains were determined based on the specified average
grain size. These centers were located in the computational cell at the nodes of a
superlattice with hexagonal packing in the XY plane, parallel to the interphase boundary
(Fig. 1(b)). The structure around each center was rotated in space at random angles within
spheres with a diameter of 0.8 times the specified grain size (the nearest distance
between centers). With the structure inside the spheres fixed, the remaining structure
was melted and then subjected to crystallization simulation by holding it for 500 ps at a
temperature of 1500 K. In the final stage, the structure was cooled to O K. The rotation of
grains when creating their arbitrary orientation in space was performed around two axes
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by random angles. In this regard, the boundaries were generally of a mixed type and
mostly high-angle. Boundaries of a special type were not observed in the model.

To prevent the influence on the results of recrystallization and grain growth during
the simulation, especially for small grains, the structure at the centers of the grains within
spheres with a diameter of 0.3 times the average grain size remained fixed throughout
the simulation. The fixed regions at the centers of the grains are highlighted in dark gray
in Fig. 1(b). This was done to conduct the study of mutual diffusion under conditions of
unchanged grain size.

The average grain size varied from 2.7 to 8.8 nm. In Fig. 1(b), sections of the
computational cells with grains sized 8.8 nm are shown using a crystal phase visualizer
based on the Common Neighbor Analysis (CNA) method [37]. Green Ti atoms are those
whose nearest environment corresponds to the HCP crystal structure, white atoms
indicate that the crystal lattice is either undefined or corresponds to an amorphous
structure, and dark gray atoms are those that remained stationary during the simulation.
The grains in the model had a shape close to that of an icosahedron. In most cases, the
grain boundaries were of a mixed type.

After the stage of creating the nanocrystalline titanium structure, the next step was
to create a layer of aluminum with approximately the same number of atoms as that of
titanium and to bond it with titanium. Following this, the structure was relaxed once more,
but at a low starting temperature, with subsequent cooling to a temperature close to 0 K.

In addition to the interfaces between nanocrystalline titanium and aluminum, the
boundaries between monocrystalline titanium and aluminum were also considered for
comparison. Two orientations of the boundary relative to the crystal lattices of Ti (HCP)
and Al (FCC) were examined: (0001):(111) and (0011):(001).

Results and Discussion

For a quantitative assessment of mutual diffusion at the interphase boundary, we found
the use of a traditional diffusion coefficient, derived from real experiments, to be
inconvenient and fraught with several drawbacks, primarily related to the necessity and
complexity of isolating only the mutual component of diffusion alongside, for example,
self-diffusion and other possible atomic movements in the model. In a computer model,
it is possible to utilize more precise and specific characteristics. In our case, to evaluate
the dissolution of atoms of one metal in another, a special characteristic was used — the
specific number of dissolved atoms AN/S, where AN is the difference in the number of
dissolved atoms of the metal in question at the current and initial time points, and S is
the area of the interphase boundary. An atom of the metal in question was considered
dissolved if the number of atoms of the other metal in its immediate vicinity exceeded
50 %. The immediate vicinity was defined as a volume within a radius of 0.37 nm, which
includes only the first coordination sphere. At the initial stage of mutual diffusion, that
is, when one of the metals contains a relatively low concentration of the second metal,
which is considered in the present work, the mutual diffusion coefficient of titanium
atoms is linearly proportional to the specific number of dissolved atoms.

Figure 2 shows examples of the dependence of the quantity AN/S on the time of
computer simulation for cases with average grain sizes in titanium of 3 and 7.4 nm at
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constant temperatures below and above the melting point of aluminum: 800 K (Fig. 2(a))
and 1100 K (Fig. 2(b)). In all cases, as seen in the figures, dissolution initially occurred
rapidly, then the rate decreased and subsequently remained approximately constant. A
similar dissolution behavior was observed by other researchers, for example in [38,39],
as well as by us in [20] during the investigation of the dissolution of titanium
nanoparticles in aluminum. This behavior is explained by the formation of a diffusion
zone saturated with atoms of both components during the initial stage.
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Fig. 2. Dependencies of the specific number of dissolved atoms AN/S on the time of computer simulation
for average grain sizes in titanium of 3 and 7.4 nm at constant temperatures: (a) 800 K, (b) 1100 K

As can be seen from the provided dependencies, titanium diffuses into aluminum
significantly more intensively than aluminum diffuses into titanium. With increasing
temperature, and especially after the melting of aluminum (Fig. 2(b)), this difference only
increases. This is a well-known phenomenon that, in the case of solid-state contact, is
explained by the relatively lower mobility of atoms in the titanium lattice, primarily due
to the greater depth of the potential wells in which titanium atoms are located. Upon
melting aluminum, both self-diffusion in aluminum and the diffusion of titanium atoms
in liquid aluminum significantly increase, while titanium remains in a crystalline state.

The graphs presented in Fig. 2 also show that the diffusion of both titanium atoms
into aluminum and aluminum atoms into titanium occurs significantly more intensively
for a grain size of 3 nm compared to a grain size of 7.4 nm. This already serves as
qualitative evidence that grain size, or more precisely, the density of grain boundaries in
titanium, affects the intensity of mutual diffusion.

To investigate this issue in more detail, we obtained the dependencies of the
specific number of dissolved atoms AN/S on temperature after computer simulations
lasting 300 ps for all considered grain sizes in titanium (Fig. 3). The temperature was
maintained constant during the simulation, with values ranging from 500 to 1200 K.
For comparison, similar dependencies were also obtained for the cases of the interphase
boundary between monocrystalline titanium and aluminum with boundary orientations
relative to the crystal lattices of Ti and AL (0001):(111) and (0011):(001) (the lower graphs
in Fig. 3, highlighted in red).
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Fig. 3. Dependencies of the specific number of dissolved atoms AN/S on temperature after computer
simulation for 300 ps for various grain sizes in titanium. Solid curves represent the dissolution of titanium
in aluminum, while dashed curves represent the dissolution of aluminum in titanium

As the temperature increases, the intensity of diffusion also increases, which is
consistent with the classical Arrhenius equation for diffusion, according to which the
probability of elementary diffusion events exponentially rises with temperature.
However, it should be understood that the classical Arrhenius equation is intended to
describe steady-state diffusion, meaning that the diffusion flux and diffusion coefficient
remain constant over the time interval considered. In our case, however, the diffusion
process is more complex: as shown above (Fig. 2), it involves at least two stages
characterized by different diffusion rates of the components. A third stage is also to be
expected — gradual slowing of diffusion due to the equalization of component
concentrations in the mixture.

As seen in Fig. 3, with increasing temperature, the intensity of titanium dissolution
in aluminum increases faster than that of aluminum in titanium, especially after the
melting of aluminum. Titanium remained in a solid state throughout the entire
temperature range considered — the mobility of atoms in titanium was significantly lower
than that of atoms in aluminum.

After the melting of aluminum (in the model, the melting temperature of aluminum
was approximately 1015 K), a noticeable jump can be observed in the graphs, which
became more pronounced with increasing average grain size. The most significant step
was observed in the case of monocrystalline titanium (the lower graphs in Fig. 3). This
clearly demonstrates the influence of the aggregate state of aluminum on the diffusion
rate: in the case of monocrystalline titanium, this influence is decisive; however, in the
case of a nanocrystalline structure with grain sizes on the order of several nanometers,
this influence is significantly weaker, and for grain sizes less than approximately 6 nm, it
is almost negligible.

It should be noted that the authors of the potential for Al obtained a melting
temperature value of 1042 K [40]. However, this value was found in [40] for
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computational cells that contained no defects, including surfaces. In [32], we
demonstrated that in the presence of grain boundaries or free surfaces, melting occurs
heterogeneously and begins at these locations, resulting in a lower melting temperature
in the model compared to that calculated by the authors of the potential for a defect-free
crystal. For example, it was shown in [32] that the melting temperature depends on the
crystallographic orientation of the surface. The following values were obtained for
aluminum in [32]: (110) - 990 K, (100) - 1004 K, (111) - 1016 K.

In [21], we previously demonstrated that the orientation of the interphase boundary
relative to the titanium lattice (and to a significantly lesser extent, relative to the
aluminum lattice) affects the intensity of mutual diffusion. For the orientations
considered in this work, diffusion is more intense for the orientation (0011):(001) and less
intense for the orientation (0001):(111), as clearly seen in the graphs in Fig. 3 (lower
graphs). This is explained by the density of atoms in the near-surface layer of titanium,
specifically by the difference in depths of the potential wells in which they are located.
Different energies are required to detach them from the plane and draw them into the
aluminum phase for different orientations.

The main conclusion that can be drawn from the graphs in Fig. 3 is the critical
influence of grain size in titanium on the intensity of mutual dissolution of the
components. Indeed, as seen in Fig. 3, as the average grain size decreases, and
consequently the density of grain boundaries in titanium increases, the specific number
of dissolved atoms AN/S significantly increases. This is particularly evident when
comparing the values of AN/S obtained for monocrystalline titanium (the lower red graphs
in Fig. 3) and for the nanocrystalline structure (the upper graphs). It is well known that
grain boundaries act as channels for accelerated diffusion, with diffusion along grain
boundaries occurring orders of magnitude faster than in the bulk of the grains [41]. As
the average grain size decreases, the density of grain boundaries increases. In our case,
with grains only a few nanometers in size, the density of grain boundaries and the
contribution of grain boundary diffusion are relatively very high.

For clarity, to demonstrate that a sufficiently high density of grain boundaries in
titanium can significantly reduce the activation energy of the synthesis reaction, Fig. 4
presents the dependencies of AN/S on the average grain size d in titanium. Three pairs of
graphs are shown for the dissolution of titanium and aluminum: at temperatures of 800
and 1100 K. For comparison, the values of AN/S for the case of monocrystalline titanium
with the initial orientation of the interphase boundary (0011):(001) at 1100 K are
indicated by dashed lines (at this temperature, aluminum is liquid, so its initial orientation
is irrelevant). In the case of the (0011) orientation, dissolution occurs faster than with the
(0001) boundary orientation; therefore, the first option was chosen for comparison.

As the average grain size d decreases, the specific number of dissolved atoms AN/S
for both titanium and aluminum increases, which clearly illustrates the influence of grain
boundary density in titanium on the intensity of mutual diffusion. Figure 4 also clearly
shows that even at a temperature of 800 K, which is significantly below the melting point
of aluminum, dissolution is more intense for grain sizes less than 9 nm than for the case
of monocrystalline titanium at 1100 K. This latter temperature is not only 300 K higher
but also corresponds to aluminum that is already in a liquid state.
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To demonstrate that the grain boundaries in the model indeed served as channels
for facilitated diffusion for both aluminum atoms diffusing into the titanium phase and
titanium atoms migrating more intensively into aluminum from the grain boundaries,
Fig. 5 presents an example of the distribution of titanium atoms (Fig. 5(a)) and aluminum
atoms (Fig. 5(b)) in a layer of the other metal near the interphase boundary. These images
were obtained for an average grain size of 7.4 nm and after 500 ps of simulation at a
temperature of 900 K, which is below the melting point of aluminum.
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Fig. 5. Distributions of titanium (a) and aluminum atoms (b) in a layer of the other metal near the

interphase boundary after simulation at a temperature of 900 K for 500 ps. Average grain size is 7.4 nm.

Atoms of the second metal, into which the atoms have diffused, are not shown. The positions of the grain
boundaries in titanium are indicated by wide blue lines
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In the figures, especially in the case of aluminum diffusion into titanium (Fig. 5(b)),
it is clearly visible that diffusion predominantly occurs along the grain boundaries (the
positions of the boundaries are indicated by wide blue lines in the images). The intensity
of diffusion along different boundaries, as can be observed, varied. This is evidently
related to the characteristics of the boundaries that affect diffusion permeability,
particularly their energy and specific free volume [41].

In the case of titanium atoms diffusing into the aluminum phase (Fig. 5(a)), a greater
blurring is observed compared to the diffusion of aluminum atoms into titanium. This is
apparently related to the relatively "looser” structure of aluminum and the comparatively
greater mobility of titanium atoms in aluminum than vice versa.

Thus, based on the results obtained in this study, as well as on the findings of our
previous works [20,21,25] and works of other authors [22—-24], we can conclude that
among the four potential factors mentioned in the introduction that may influence the
reduction of the activation energy of the synthesis reaction in the Ti—Al system after
mechanical treatment of the initial mixture, two factors make the primary contribution:
the energy stored in defects and the high density of grain boundaries in titanium. In the
first case, as a result of structural transformations, part of the energy stored in defects
created during intense deformation is released upon heating and "healing” of the
structure. This additional energy reduces the amount of energy required to initiate the
synthesis reaction. In the second case, grain boundaries in titanium serve as channels for
accelerated or facilitated diffusion. As their density increases, the intensity of mutual
diffusion also increases proportionally, while the activation energy for diffusion and,
consequently, the activation energy for the synthesis reaction also decrease.

Conclusions

Using molecular dynamics simulations, this study investigates the influence of grain size
of nanocrystalline titanium on its dissolution intensity in aluminum at various
temperatures, compared to the dissolution of monocrystalline titanium.

In the modeling of mutual diffusion, it was shown that, regardless of the grain size in
titanium, the diffusion process involved two stages. Initially, the dissolution of the
components occurred intensely, then the dissolution rate decreased and subsequently
remained approximately constant. This pattern of dissolution is explained by the formation
of a diffusion zone saturated with atoms of both components during the first stage. A third
stage is also to be expected, which lies beyond the time frame of the model — gradual
slowing of diffusion due to the equalization of component concentrations in the mixture.

In our work, it has been shown that the grain size in nanocrystalline titanium
significantly affects the intensity of mutual dissolution of the components. This is
explained by the fact that grain boundaries act as channels for accelerated diffusion, with
diffusion along grain boundaries occurring orders of magnitude faster than in the bulk of
the grains. As the average grain size decreases, the density of grain boundaries increases.
In the case of grains on the order of several nanometers, the density of grain boundaries
and the contribution of grain boundary diffusion are relatively very high. For example, at
a temperature of 800 K, which is significantly below the melting point of aluminum,
dissolution in the model was more intense for grain sizes less than 9 nm than for the case
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of monocrystalline titanium at 1100 K, which is not only 300 K higher but also
corresponds to aluminum that is already in a liquid state.

Thus, the nanocrystalline structure and high density of grain boundaries in titanium
may be one of the reasons, alongside the energy stored in defects due to deformation,
for the reduction in activation energy for the synthesis reaction in the Ti—Al system
following mechanical processing of the initial mixture.
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