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Abstract

Tantalum (Ta) is used in a wide variety of technological fields such as production of high-temperature superalloys,
microelectronics and nuclear power, because of its high melting temperature and strength. It is known that nanoparticles
can exhibit unusual chemical and physical properties from those of the bulk metals. In this work, molecular dynamics
simulations were performed to investigate the thermal properties of unsupported metallic Ta nanoparticles. The size
dependent structural properties of Ta nanoparticles were analyzed by caloric curves and radial distribution functions. We
observed that the melting temperatures of Ta nanoparticles is lower than that of bulk Ta, and it decreases with reducing
diameter in nanoscale regime.
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INTRODUCTION

Nanomaterials have a great attraction from
researches because of having different
physical and chemical properties from their
bulk counterparts because of structural
characteristics and size effects [1]. Due to high
surface to volume ratio, the decreasing of the
melting temperature of a metallic system is
one of the important results of the reduction of
size of that system. Some thermodynamic
approximations have been made to give a
predictions on decreasing melting temperature.
As we know, a general theoretical model that
predicts the melting mechanism for all nano-
systems has not been developed, vyet.
Molecular dynamics simulations (MD) are
effective solution to observe time evolution of
any system. They are used to give detailed
information on melting process such as
melting of clusters having higher melting point
than bulk material [2], premelting behavior
[3], dynamic coexistence states near melting
[4].

Tantalum (Ta), which is body-centered-
cubic (bcc) transition metal with no confirmed
experimentally observed solid-solid phase
changes with pressure or temperature, is used
in a wide variety of applications ranging from
microelectronics to nuclear power because of

its high melting temperature and strength [5].
For example, to increase the quality and
reduce the size of the packaging, researchers
need thin and flexible Ta powders. So nano Ta
has a wide range of applications[6].

In this work, we mainly focused on the
thermal properties of Ta nanoparticles (NP).
MD simulations with embedded atom method
potentials (EAM) proposed by Daw and
Baskes [7] were performed to observe melting
process and size dependent structural properties
which analyzed by caloric curves and radial
distribution functions.

EXPOSITION
The EAM potential describing the
energetics of pure and multicomponent

metallic systems, accurately predicts physical
and thermodynamic properties of them such as
the melting temperature, phase transition,
liquid density and local atomic environment
[8]. The total energy of the metals is written
as:

1
Eror = Li Fi(pi) + 522 () (D
where r is the distance between atoms, and
@), p(r), and F are the pair, density, and

embedded functions, respectively [7]. More
details on the validation of the developed
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EAM potential for metallic systems can be
found elsewhere...

All simulations in this work were
performed by wusing large-scale atomic/
molecular massively parallel  simulator
(LAMMPS) package [9]. To define the
interactions between Ta atoms in simulation
box, we used the EAM potentials
parameterized with the force-matching method
based on ab initio molecular dynamics by
Sheng et al[10]. The developed EAM
potentials can be found in a tabulated form at
https://sites.google.com/site/ eampotentials/Ta.

For the case of simulation of bulk material,
MD simulation box was ideal bcc lattice with
6750 atoms. Periodic boundary conditions
were applied for all directions. The timestep
was 1fs. The system was equilibrated for 0.5
ns and subjected to continuous heating process
from 300 K to 4200K for 6 ns within the
restrictions of the constant pressure-
temperature-number  of  atoms  (NPT)
ensemble. The nanoparticles were extracted
from the large perfect bce supercell with the
eight different diameters. Prepared initial
nano-systems were annealed at room
temperature to obtain stable structure for 1 ns
using constant volume-temperature (NVT)
ensemble. Then, they gradually heated with
the heating rate of 5.3-10° K/s up to 3500 K,
which is higher than the melting point of bulk
Ta.

First, we tested the EAM potential by
calculating some ground state properties such
as lattice parameter, cohesive energy elastic
constants and melting point of bulk Ta. Table
1 lists simulated solid state properties of bulk
Ta along with the experimental data. The solid
state properties are in good agreement with
literature. We should note that we have used
two-phase simulation scheme to obtain
melting point because the continuous heating
yields overheated bcc Ta. In this context, the
half of the simulation box was initially bcc
solid state and another half liquid. MD
simulations were performed in the constant
pressure-enthalpy-number of particle (NPH)
ensemble. Entire system was equilibrated at a
certain temperature for a 4 ns. If the
equilibrium temperature of the simulation is
too low, the solid volume will begin to melt.
We can determine the melting point whether

below or above the melting temperature of real
system by observing the moving of solid-
liquid interface line. The determined melting
temperature within this method was 3290 K
(+20K) which is in very good agreement with
experimental value.

Table 1. Ground state properties of buk Ta

property EAM Expt.

ay(A) (300 K) 3298  3.306'
E.(eV/atom) (0 K) -8.10  -8.10'
Ci1 (GPa) 283 2617
C1, (GPa) 169 157*
Cas (GPa) 95 82?

T (K) 3290 3290°

1http://www.webelements.com/tantalum/crystal_s
tructure.html

*Ref.[11]

Ref.[12]

Figure 1 plots the pair distribution functions
(PDF) for solid and liquid bulk Ta along with
the available other theoretical result of Jakse et
al. [13]. Inset shows a comparison of the static
structure factor obtained by Fourrier transform
of PDF with experimental [5]. For the solid
state, PDF has sharp and narrow peaks
reflecting long range crystalline bcc lattice. An
agreement in terms of peak position between
simulated and other theoretical result is fair,
except for amplitude of oscillations. From the
results listed in Table 1 and PDF at low and
high temperatures, we conclude that EAM
potentials used in here successfully produce
solid state properties of Ta and can be
transferred to high temperatures to study liquid
state of Ta NPs.
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Fig. 1. Pair distribution functions for solid and
liquid bulk Ta. The inset plots static structure
factor from MD with experimental data
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Figure 2 displays the temperature dependence
of potential energy for Ta NPs with the
comparison of the simulation results for
continuous (direct) heating of bulk Ta. The
potential energies of NPs which has large
surface to volume ratio, is much higher than
that of bulk. A sharp increasing in the potential
energy was observed at the temperature of first
— order phase transition during heating both
NPs and bulk. As we mentioned above, this
temperature is very high with respect to
experimental melting point of bulk material
because the continuous heating leads to
overheating. The height of the sharp increasing
is a measure of heat required for melting, and
it increases as the size of nanoparticle
increases. The melting temperatures, which
are the midpoints of the sharp increase,
obtained by present MD simulations of Ta NPs
are listed in Table 2. The melting point of NP
increases with increasing the size of NP, which
reveal that the thermal stability of small
nanoparticles must be carefully investigated
before they can be used in applications such as
nano-devices [14].
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Fig. 2. Potential energy as a function of
temperature for bulk and Ta NPs

Table 2. The diameter, number of atoms and melting
points of Ta NPs in present simulations

D (nm) N (atoms) T, (K)

2.42 531 2520+20K
3.14 1037 2660+20K
3.75 1810 2860+20K
4.20 2864 2930+10K
4.97 4285 2970+10K
5.62 6161 3055+10K
6.27 8393 3065+10K
7.22 11182 3070+£10K
Bulk™ 6750 3710+10K
Bulk 48000 3290+10K

“The result for continuous heating simulation.
The result for two-phase melting simulation.

We have calculated the melting points of ta
NPs by using the theoretical model for
nanosolids developed by Li et al.[15]. The size
dependence of melting point of NP is plotted
in Figure 3 with the theoretical model of Li et
al [15]. It is clear that the melting points of the
NPs decrease non-linearly with inverse size,
the melting point predicted by the theoretical
model reaches the experimental value of the
melting limit for the bulk Ta at around 3300 K.
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Fig. 3. Simulated melting temperature versus
invers diameter with the results of theoretical
model of Li et al. [15]

CONCLUSION

We have investigated the size effect on
melting of Ta nanoparticles with spherical shape
by the MD simulations in which interactions
defined by means of EAM potential. We
observed that melting temperatures of Ta NPs
are lower than those of bulk Ta and decrease
with the reducing diameter, in nanoscale
regime. We conclude that the EAM Potential
parameterized by Sheng et al [10] is
successfully used for understanding the liquid
structure of Ta and the size dependent
thermodynamic properties of spherical Ta
NPs.

REFERENCES

[1] J.Li, L. Wang, L. Berkeley, Shape Effects on
Electronic States of Nanocrystals, Nano Lett.
3(2003) 1357-1363. doi:10.1021/n10344880.

[2] A.A. Shvartsburg, M.F. Jarrold, Solid Clusters
above the Bulk Melting Point, Phys. Rev.
Lett. 85 (2000) 2530-2532.
doi:10.1103/PhysRevLett.85.2530.

[3] U. Domekeli, S. Sengul, M. Celtek, C. Canan,
The melting mechanism in binary Pd 0.25 Ni
0.75 nanoparticles: molecular dynamics
simulations, Philos. Mag. 98 (2018) 371-387.

582 International Scientific Conference “UNITECH 2018 — Gabrovo



doi:10.1080/14786435.2017.1406671.
[4] C.L. Cleveland, U. Landman, W.D. Luedtke,

Phase Coexistence in Clusters, J. Phys. Chem.

98 (1994) 6272-6279.
doi:10.1021/5100076a007.

[5] L.Zhong, J. Wang, H. Sheng, Z. Zhang, S.X.
Mao, Formation of monatomic metallic
glasses through ultrafast liquid quenching,
Nature. 512 (2014) 177-180.
doi:10.1038/nature13617.

[6] Y. Wang, Z. Cui, Z. Zhang, Synthesis and
phase structure of tantalum nanoparticles,
Mater. Lett. 58 (2004) 3017-3020.
doi:10.1016/j.matlet.2004.05.031.

[7] M.S. Daw, M.I. Baskes, Embedded atom
method: derivation and application to
impurities,surfaces and other defects in metal,
Phys. Rev. B. 29 (1984) 6443—6453.

[8] Y.Q.Cheng, E. Ma, H.W. Sheng, Atomic
Level Structure in Multicomponent Bulk
Metallic Glass, Phys. Rev. Lett. 102 (2009)
245501.
doi:10.1103/PhysRevLett.102.245501.

[9] S. Plimpton, Fast Parallel Algorithms for

Short-Range Molecular Dynamics, J. Comput.

Phys. 117 (1995) 1-19.
doi:10.1006/JCPH.1995.1039.
[10] H.W. Sheng, M.J. Kramer, A. Cadien, T.

Fujita, M.W. Chen, Highly optimized
embedded-atom-method potentials for
fourteen fcc metals, Phys. Rev. B. 83 (2011)
134118. doi:10.1103/PhysRevB.83.134118.

[11] C. Kittel, Introduction to solid state physics,
8th editio, John Wiley & Sons Inc., New
York, 2005.

[12] G. Simmons, H. Wang, Single Crystal Elastic
Constants and Calculated Aggregate
Properties, 2nd ed., M.L.T. Press,
Cambridge,MA, 1971.

[13] N. Jakse, O. Le Bacq, A. Pasturel, Prediction
of the local structure of liquid and
supercooled tantalum, Phys. Rev. B -
Condens. Matter Mater. Phys. 70 (2004) 1-6.
doi:10.1103/PhysRevB.70.174203.

[14] A. Moitra, S. Kim, J. Houze, B. Jelinek, S.G.
Kim, S.J. Park, R. M. German, M.F.
Horstemeyer, Melting tungsten nanoparticles:
A molecular dynamics study, J. Phys. D.
Appl. Phys. 41 (2008). doi:10.1088/0022-
3727/41/18/185406.

[15] Y.J. Li, W.H. Qi, B.Y. Huang, M.P. Wang,
S.Y. Xiong, Modelling the
meltingtemperature of metallic nanowires,
Mod. Phys. Lett. B. 24 (2010) 2345-2356.
doi:10.1142/50217984910024699.

International Scientific Conference “UNITECH 2018 — Gabrovo 583



	introduction
	exposition
	CONCLUSION
	REFERENCES

