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Melting temperature of Ti and TiAl nanoparticles in vacuum and
in Al matrix depending on their diameter:
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The dependence of the melting temperature of Ti and TiAl nanoparticles on their diameter in vacuum and in Al matrix was
studied by the method of molecular dynamics using EAM potentials of Zope and Mishin. Particles with a diameter of 2.5 to
12 nm were considered. The obtained values of the melting point are in good agreement with the approximation curves
constructed on the basis that the decrease in the melting temperature is proportional to the ratio of the surface area of the
particle to its volume. Wherein the values of the melting temperature of Ti and TiAl particles in the aluminum matrix turned
out to be lower than those of particles in vacuum, which is explained by the smearing and disordering of the interface due
to mutual diffusion. As the size of particles in vacuum and in aluminum increased, the values of their melting points tended
to the same value, which is explained by the decrease in the role of the diffusion-blurred interface with an increase in the
particle diameter. The particles began to melt from the surface. The velocity of movement of the melting front depended on
temperature and increased with increasing temperature. In the case of particles in aluminum matrix, at temperatures close
to the particle melting point, mutual diffusion was significantly accelerated due to melting of the particle boundary layer.
Al atoms penetrating into the particle accelerated the movement of the melting front, rapidly occupying the next destroyed
layer of the particle.
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Temneparypa nnasnenns HaHovactuly Ti u TiAl B Bakyyme
1 B MaTpuie Al B 3aBMcMOCTH OT MX iMIaMeTpa:
MOJIEKY/IAPHO-IMHAMNYECKOE VICCIelOBaHNIe

[Toneraes I M., CutHukoB A. A., Dunnmonos B. IO.

AnTaiicknit rocyflapCcTBeHHbI TexHmdeckuit yausepcuteT uM. V. V. Ilonsynosa, bapnayn, 656038, Poccusa

MeTomoM MOJEKY/IAPHON OVHAMUKI IIPOBEIEHO MCCIeOBaHNMe 3aBUCUMOCTI TeMIIEPATyphl IUTaBeHNA HaHodacTui Ti
u TiAl oT ux guamerpa B BakyyMe U B aJIIOMMHIEBOJ MaTpulie ¢ yucronb3oBaneM EAM norennuanos 3oyna 1 MumnHa.
PaccmaTpmBanuch dacTunpl guamerpom oT 2.5 o 12 HM. IlomydyeHHble 3HauyeHMA TeMIepaTyphl IJIaBI€HUsA XOPOIIO
COBII/IM C AIIIPOKCYMAIIVIOHHBIMY KPUBBIMIY, IIOCTPOCHHBIMY 13 COOOPaXKEHN, YTO CHVDKEHYIE TeMIIepaTyphbl IIaBIeHV
IPONOPLMOHATILHO OTHOLIEHWIO IUIOLIAf) IIOBEPXHOCTM YacTMIBL K ee oObeMy. IIpum 9TOM 3HaueHUA TeMIlepaTypbl
wiasnenusa vactur Ti u TiAl B amoMuHMeBOI MaTpulle OKasaluCh HIDKe, YeM YacTHUIl B BaKyyMe, 4TO OODBACHAETCH
pasMbITHEM U Pa3yNnopsfioYeHIeM I'PaHMIBl pasfiena BCIefcTBUe B3auMHON guddysun. ITo Mepe yBenndenus pasmepa
YacTUI] B BaKyyMe ¥ aJIOMUHUM 3HA4EeHUA UX TeMIIepaTypbl IUIABIEHMA CTPEMUINCH K OJHON M TOM >Ke BeIUYMHE,
YTO OO'BACHACTCS CHIDKEHUEM POJIM PAa3MbITON M3-3a AU Qy3yu IpaHUIIb pasfieNia ¢ pOCTOM AuaMeTpa yactuubl. [Iiasrenne
YaCTUL] HAYVHAIOCh C MOBepXHOCTU. CKOPOCTD ABVDKeHNUA (pPOHTA IUIABJICHNUA 3aBMCeTa OT TeMIIepaTyphbl U BO3pacTaja
C IIOBBILICHVMEM TeMIIepaTypbl. B ciydae dacTui, B MaTpulle aJlIOMUHNSA, IPU TeMIepaTypax ONMM3KMX K TeMIlepaType
IUIaBJICHN YaCTULBL, B3auMHas 11 Qysns CyleCTBEHHO YCKOPS/IACh ¥3-3a IUIABJICHUA IPUTPAHIYHOTO CI0S YaCTULIBL
ITpoHukaromue B gacTuiy atoMsl Al yckopsimu fiBrokeHme GpoHTa IUIaB/IeHN:A, OBICTPO 3aHMMas OYepeLHON pa3pyIIeHHBbII
CJION YaCTULIBI.

KnroueBbie c1oBa: MOJIEKY/IAPHAA IMMHAMMKa, HAHOYAaCTULA, TEMIIEpATypa IUVIaBJIEHN, TUTAH, a/IIOMUHNI] TUTaHA.
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1. Introduction

Titanium aluminide TiAl is an important intermetallic
compound that has considerable development potential as
a high-temperature structural material for the aerospace
and automobile industries [1-4]. Its advantageous features
are low density, high melting temperature, excellent
oxidation and corrosion resistance. A promising direction
for obtaining new composite materials is the creation of
intermetallic alloys of the Ti-Al system in a nanostructured
state. One of the technological methods for the formation
of such a state is mechanoactivation treatment, which
makes it possible to achieve the limiting degree of grain
refinement [5-7]. In the process of mechanical activation,
the so-called mechanocomposites are formed, which are, as
a rule, a matrix of a more plastic component, in the volume
of which there are small particles, including nanosized, of a
more fragile component of the mixture [6,7]. Such a system
is characterized by a high degree of non-equilibrium due
to a high concentration of defects, interfaces and internal
stresses.

It is known that the melting point of nanosized particles
decreases due to the high fraction of the surface in relation to
their volume [8-13]. A decrease in the melting temperature
of metal nanoparticles with a decrease in their diameter
has been well studied and has been repeatedly confirmed
experimentally, for example [9-11]. Strictly speaking, a true
phase transition, of course, should be considered a transition
in an infinitely large thermodynamic system, as suggested
in [8], but, nevertheless, a decrease in the melting point of
nanoparticles is a real fact that should be taken into account
in models and technological operations.

In the mechanocomposites of the Ti-Al system, small Ti
particles and intermetallic nuclei are located in the aluminum
matrix, which obviously changes the relationship between
the particle size and their melting point as compared to
the presence of the corresponding particles in vacuum.
Moreover, the influence of the matrix can be ambiguous.
On the one hand, the presence of aluminum can reduce the
average energy of the atoms of the particle near the interface,

a

i.e. reduce the effect of the surface on the melting point.
But, on the other hand, at temperatures close to the melting
temperature, mutual diffusion proceeds intensively, as a
result of which the boundary is blurred, and the number of
conventional “boundary” atoms becomes larger. This work is
devoted to a molecular dynamics study of the dependence
of the melting temperature of Ti and TiAl nanoparticles on
their diameter in vacuum and in aluminum matrix using
EAM potentials.

2. Description of the model

The study was carried out using the own program for
molecular dynamics calculations MDR [14]. EAM potentials
constructed by Zope and Mishin [15] were used to describe
interatomic interactionsin the Ti- Al system. These potentials,
which were obtained by fitting to both experimental and first-
principles data of various crystal properties and structures
in Ti-Al system, give a good description of basic properties
such as lattice parameters, elastic constants, point and planar
defects energies, thermal expansion [15-17].

To simulate a particle in a vacuum and a matrix of another
metal, a model similar to the models in [13,18] was used. The
particle was created in the model by cutting out a ball of the
corresponding size from an ideal crystal. An example of a
TiAl particle with a diameter of 7 nm is shown in Fig. la. To
simulate the aluminum matrix, a shell was created around the
particle, containing about the same number of atoms as the
particle (Fig. 1b).

Particles with a diameter of 2.5 to 12 nm were considered.
After cutting out a particle from the crystal, structural
relaxation was carried out at a starting temperature of 0 K, at
the end of which the particle was cooled. The particle was in a
computational cell in the form of a rectangular parallelepiped.
For this model, both free and periodic boundary conditions
can be used. We used periodic ones, because in this case the
atoms evaporating from the surface always remained inside
the computational cell. The distance between the walls of the
cell was large enough to exclude the interaction of the particle
with its virtual twin.

b

Fig. 1. (Color online) Examples of starting nanoparticles: TiAl with a diameter of 7 nm (a); Ti particle with a diameter of 10 nm in Al shell

(section) (b). Ti — blue atoms, Al — red atoms.
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The temperature in the model was set through the initial
velocities of the atoms according to the Maxwell-Boltzmann
distribution, wherein the thermal expansion of the calculation
blocks was taken into account [19-22]. Due to the fact that
at high temperatures diffusion at the Ti-Al interface proceeds
actively and the boundary is rapidly blurred, the method of
searching for the melting temperature by gradually increasing
the temperature, as in [12,13], was excluded. In our work, we
began each experiment with a starting structure, setting one
or another temperature, keeping it constant using a Nose-
Hoover thermostat. One experiment lasted from 20 to 500 ps,
depending on particle size and melting front velocity. The
time integration step in the molecular dynamics method was
2 fs. The melting point of the particles was determined from
a relatively sharp increase in the average potential energy
of Ti atoms (Fig. 2). In addition, melting, as will be shown
in the figures below, was often clearly visible visually. For a
rough estimate of the melting point, the temperature was
first changed with a step of 100 K. Then, for a more accurate
determination, near the melting point, the step was decreased
down to 5 K.

3. Results and discussion

Fig. 3 shows the obtained dependences of the melting
temperatures of particles on their diameter in vacuum and in
aluminum matrix. The figures also show the corresponding
approximation curves obtained with the assumption that the
decrease in the melting temperature is proportional to the
ratio of the surface area of the particle to its volume:

a
T, (d)=T, 5

Here T, and T are the melting temperatures of the particle

and the bulk material, d is the particle diameter, a and § are

parameters, wherein § in a sense characterizes the thickness

or smearing of the particle>s surface layer.

The obtained values are in good agreement with the
approximation curves, which confirms this thesis and the
well-known fact about a decrease in the melting temperature
of nanoparticles as their diameter decreases [8-13]. For
particles in aluminum matrix, in this case, it was necessary
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Fig. 2. Change with increasing temperature of the average potential
energy of Ti atoms in a particle with a diameter of 6 nm.
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to make a correction (to increase the parameter 0), as if the
real diameter of the particle was less than the specified one,
which was obviously caused by the blurring of the boundary
due to diffusion. A decrease in the melting point of particles
initially of the same size in aluminum matrix was observed
for both Ti (Fig. 3a) and TiAl (Fig. 3b) particles. At the same
time, as the particle size increased, the values of their melting
temperatures tended to the same value, which is explained by
the decrease in the role of the diffusion-blurred interface with
an increase in the particle diameter.

The obtained data are also additional approbation of
Zope-Mishin EAM potentials. The melting point of titanium
(1995 K in the model) coincided well with the reference value
(1943 K). However, for the TiAl intermetallic, a value of
2330 K was obtained, which is 35% higher than the reference
value (1720 K [1]). Obviously, this is a weak point of the
Zope and Mishin potentials; nevertheless, as was shown in
[15-17], these potentials describe quite well simultaneously
a wide range of other characteristics of the intermetallic
compound, which makes them one of the best for describing
the Ti-Al system in molecular dynamics models.

The particles began to melt from the surface. The
movement of the melting front was clearly visible visually in
the model, especially in the case of relatively large particles.
Fig. 4a shows Ti particle with a diameter of 10 nm during
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Fig. 3. (Color online) Dependences of the melting temperature on the particle diameter in vacuum (blue) and in aluminum matrix (red):

Ti (a), TiAl (b).
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a

Fig. 4. (Color online) The structure of the central layer of a particle during melting: melting front moving from a free surface in Ti particle
with a diameter of 10 nm at a temperature of 2000 K at a time of 150 ps (a); blurred, as a result of diffusion, boundary between Ti and Al,
Ti particle with a diameter of 9 nm in Al shell at a temperature of 1970 K at a time of 45 ps (b).

melting, which is specially rotated so that the atomic rows
of the crystal core are clearly visible. The velocity of the front
movement depended on temperature and increased with
increasing temperature. According to [23,24], the melting-
crystallization front in metals moves at a velocity of the
order of several tens of m/s, decreasing almost to zero at the
melting temperature. The front velocity was not constant and
increased as the size of the crystal core decreased. Near the
melting point, two-phasity (the simultaneous presence of a
solid core and a liquid shell) in the case of relatively large
particles could be observed for a relatively long time in the
model. Nevertheless, eventually, it disappears and ends either
with the complete melting of the particle or its crystallization.

In the case of the presence of aluminum shell around the
particle, at temperatures above the melting point of aluminum
(about 900 K in the model), intense mutual diffusion began
at the Ti-Al or TiAl-Al interface, the rate of which, however,
in most cases was lower than the velocity of the melting front
(Fig. 4b). The expanding diffusion zone loosened up the
boundary to a large extent, disrupting its crystal structure.
At temperatures close to the melting point of the particle,
diffusion intensified even more due to the melting of the
boundary layer of the particle. Al atoms penetrating into
the particle accelerated the movement of the melting front,
rapidly occupying the next destroyed layer of the particle.

In the TiAl+(Al) system at the same temperatures,
diffusion proceeded weaker than in the Ti+(Al) system,
which is explained by the comparatively stronger interatomic
bonds in the intermetallic compound. However, near the
melting point of TiAl, a similar situation arose as in the case
of the Ti+ (Al) system — the resulting liquid-liquid-phase
contact at the interface led to intense diffusion and practically
the same effect of decreasing the melting point as in the case
of a Ti particle.

4. Conclusion
The dependence of the melting temperature of Ti and

TiAl nanoparticles on their diameter in vacuum and in Al
matrix was studied by the method of molecular dynamics

using EAM potentials of Zope and Mishin. The obtained
values of the melting point are in good agreement with
the approximation curves constructed on the basis that
the decrease in the melting temperature is proportional to
the ratio of the surface area of the particle to its volume.
Wherein the values of the melting temperature of Ti and
TiAl particles in the aluminum matrix turned out to be
lower than those of particles in vacuum, which is explained
by the smearing and disordering of the interface due to
mutual diffusion. As the size of particles in vacuum and
in aluminum increased, the values of their melting points
tended to the same value, which is explained by the decrease
in the role of the diffusion-blurred interface with an increase
in the particle diameter.

The particles began to melt from the surface. The velocity
of movement of the melting front depended on temperature
and increased with increasing temperature. In the case of
particles in aluminum matrix, at temperatures close to the
particle melting point, mutual diffusion was significantly
accelerated due to melting of the particle boundary layer.
Al atoms penetrating into the particle accelerated the
movement of the melting front, rapidly occupying the next
destroyed layer of the particle.
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