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Atomic simulations by using an embedded-atom-method potential were used
to study changes of packing patterns in melting, freezing, and coalescence of
titanium particles that contained tens to thousands of atoms. The packing
evolution under dynamics processes leads to shape fluctuations. Small parti-
cles prefer icosahedron configurations. Large particles undergo hexagonal
close-packed (HCP)–body-centered cubic (BCC) and BCC-melt transitions in a
heating–cooling cycle. Calculations of specific heat are higher than those
predicted from the classical Dulong–Petit law. Upon cooling, the hysteresis
transition temperatures depend on the particle size and surface morphologies.
The connection at room temperature results from contact and deformation
between near facets of two particles. Complex facets exist after coalescence. A
single-domain structure occurs for the coalescence of two relatively small
particles. The occurrence accompanies the HCP–BCC transition, and the
melting temperature is improved. In these large particles, coalescence parti-
cles consist of domains before melting.

INTRODUCTION

As a bridge between isolated atoms and bulk
materials, metallic nanoparticles have attracted
significant interest over several decades.1–8 Studies
have shown that the most important chemical and
physical properties of these particles are dependent
on their geometrical structures and sizes.9–11

Hexagonal structures have received significantly
less attention than particles having bulk-phase
structures of cubic crystals. Titanium (Ti) and
titanium alloys exhibit a low density and adequate
toughness, corrosion, wear, and fracture resistance.
These make Ti an excellent choice in biomedical
applications, such as orthopedic or dental
implants.12–19 The biocompatibility of Ti alloys has
been the subject of particular focus. In the most
common medical-grade alloys, alloying elements
such as aluminum and vanadium have been
reported to be potentially harmful and toxic to the
human body.20–25 This has created a need to
improve mechanical properties of commercially
pure (CP) Ti to a level comparable to other Ti
alloys. Ti implants with porous structure would be

an alternative clinical option in order to match the
mechanical properties of bone and increase integra-
tion. In addition, the porous structure can offer
space for bond regeneration without the aid of
additional coating. However, conventional manu-
facturing technologies have great difficulties in
processing the hexagonal a-Ti with complex geome-
tries. In addition, there is the structural transition
to the BCC b-Ti at high temperatures. Additive
manufacturing (AM) technology integrates mechan-
ical, physical, chemical, biologic, and materials-
science engineering. In the AM processes, com-
puter-aided design (CAD) software establishes the
model and optimized topology of the products based
on the three-dimensional (3D) data from computed
tomography (CT) and magnetic resonance imaging
(MRI). A computer controls movements of a local
high-power heat source to melt individual or
agglomerate Ti particles in large domains on a
powder bed in a vacuum chamber, and let them
solidify into one solid piece as the heat source moves
away. After multiple melting-solidification cycles,
this layer-by-layer fabrication can create near net
parts with complex 3D morphology and internal
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microstructures with shorter lead times and raw
material consumption.26–37 To date, nanoparticles
have been used in the AM process.38,39 Their
decrease in size results in different characteristics
from their bulk counterparts and changes the
atomic packing as well as yielding a temperature
effect. The following interesting issues will natu-
rally arise when considering the size dependence of
Ti nanoparticles on their melting and freezing and
coalescence involving combined behaviors of atomic
packing changes and atomic movements. Because of
lacking appropriate experimental techniques and
the prohibitive computational expense of sophisti-
cated ab initio approaches, molecular dynamics
(MD) is a well-established technique to model
various static and dynamic properties of metals
reliably, in bulk or surface configurations.3,40–50

At the nanoscale, as the number of atoms in one
particle increases, the computational cost increases
exponentially, and the data complexity increases. In
this MD work within the framework of the embed-
ded-atom method (EAM), the validation of an
atomic simulation by comparing the structural
evolution and thermal behavior is of significant
importance. Because bulk Ti has two structures,
including HCP at low temperatures and BCC at
high temperatures,51 there appears to be a dichot-
omy between high-temperature thermodynamic
properties and low-temperature static configura-
tions. A solution uses one potential for the BCC
phase and the other for the HCP phase. By intro-
ducing an interpolating tanh function, a tempera-
ture-dependent Sommerfeld potential in the EAM
form is produced as a linear combination of the two
potentials. This potential preserves the low-temper-
ature behavior up to room temperature and retains
the high temperature behavior.52 However, the
potential energy exhibits an apparent decrease in
a temperature regime that corresponds with the
HCP–BCC transition. The decrease results in a
negative specific heat, but it should be positive.53

This work uses an EAM potential to describe the
HCP–BCC and solid–liquid transitions, and
microstructural simulations can be directly com-
pared with the structural evolution and the heat
capacity. The coalescence is of primary importance
to understand the produced structures. Particles on
a bed can come sufficiently close to agglomerating
into larger particles. Thermodynamics indicates
that under a focus heat, the shape evolution of
coalescence particles has important consequences
on the morphology-compact or ramified-depends,
which indicates whether or not a smooth, uniform
structure results. MD simulations provide the pos-
sibility of understanding processing-structure–
property–performance relations in the AM pro-
cesses. The information from the simulations is
helpful in producing desirable microstructural fea-
tures and thus achieving comparable or even supe-
rior mechanical properties to conventionally
manufactured parts.

COMPUTATIONAL DETAILS

To simulate particles containing more than hun-
dreds of thousands of atoms, it is necessary to resort
to an empirical description of the interatomic forces.
We use the EAM interatomic potential for Ti
derived by Pasianot and Savino.54,55 MD calcula-
tions were performed by using modified code from
an old version of Moldy. The code uses a predictor–
corrector algorithm to integrate equations of
motion, and it provides the option to conduct
extended-system simulations (for example, constant
temperature and constant volume).

The initial structures of these particles were
prepared as follows. ‘‘Spherical’’ particles were
extracted from a 17.8 nm 9 25.7 nm 9 24.2 nm
crystal cell of HCP Ti. Particles of 23 sizes were
considered, from 13 to 3995. They were labeled as
Ti13, …, and Ti3993, respectively, with diameters
from 0.54 nm to 5.2 nm. In MD simulations, if
atoms are located near the boundary of the simu-
lated cell under periodic boundary conditions, they
should interact with other atoms in the imaging
cells within the cutoff distance, which is determined
from the EAM potential. To ensure the isolated
state of the simulated atoms in a central position of
the cell, the box size of the simulated central cell
must be sufficiently large to avoid atomic interac-
tion with the atoms of 26 neighboring cells. The Ti13

cluster, which is< 1 nm, can be viewed as a typical
magic cluster, and it constitutes an object of study
in its own right.56,57

After equilibration at room temperature, the
particles were subjected to a heating–cooling cycle
to identify structural transitions. Upon approaching
the transition from either side, the temperature
changed in steps of 50 K. At each temperature, the
system was first fully equilibrated in 900,000 time
steps before running to accumulate statistics. A
time step of 1.0 9 10�15 s was used for all simula-
tions. This fairly small value ensures stability of the
trajectories during the runs to study atomic packing
changes. The simulations were carried out in the
NVT ensemble.

RESULTS AND DISCUSSION

Synchrotron radiation x-ray absorption spec-
troscopy (XAS) was applied to free titanium clus-
ters/particles of< 1000 atoms. These
clusters/particles respectively include those< 55
atoms, 80–150 atoms, 300–500 atoms, and > 600
atoms. The absorption intensity evolves from a
multi-peaked complex structure similar to that of
Ti atoms toward spectra characterized by two main
absorption features as in bulk titanium.58 We chose
four particles that contained 13 atoms, 129 atoms,
305 atoms, and 611 atoms to exam their variations
in potential energy per atom Eav with temperature.
As one tensor, the moment of inertia can reflect the
particle shape and mass distribution. Three values
of principle axes were obtained by diagonalization of
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the tensor components. The shape factor was calcu-
lated from the minimum divided by the maximum
principle value. Because rotation exists for one
calculated particle, the increase in statistical time
leads to a distortion of shape from average position
coordinates, especially for small particles. There-
fore, when calculating the shape factors of Ti13 and
Ti129, we use an instantaneous position with a
minimum energy in statistical time steps of the last
100,000.

This approach is shown in Fig. 1 for four particles
from 300 K to 1200 K. The ‘‘as-made’’ HCP particles
were first equilibrated at 300 K and then heated.
After reaching 1600 K, the particles were cooled.
Because of the high ratio of surface atoms, the
energy of the small particles exceeds that of the
large particles. On heating and cooling, the energy
of the Ti13 cluster keeps a stable value, whereas the
energy changes of the other three particles present
different behaviors. As plotted data on heating, the
energy curve of Ti129 exhibits some characteristics
indicating different packing in this particle. Fol-
lowed a linear increase in 300–400 K, the energy
decreases and then changes in a fluctuating way
from 450 K to 750 K. At 800 K, there is an apparent
increase. For Ti305, before a jump at 800 K, the

energy includes three increasing ranges separately
in 300–550 K, 600–650 K, and 700–750 K. There
are more temperature ranges before the atoms in
Ti611 are packed in a disordered state, suggesting
that there are continuous adjustments of the posi-
tions< 850 K. On cooling, the energy still exhibits
different characteristics for different particles.
Therefore, in the following Figs. 2 and 3, we chose
some typical packing images in different tempera-
ture ranges.

As shown the images, the Ti13 cluster has one
stable icosahedral configuration, and its shape
approximates that of a sphere. With heating Ti129

nanoparticle, the energy decreases, indicating that
the icosahedral structure is more stable than the
HCP packing for small particles having a free
surface. The oscillating changes in data points are
characteristics of atomic-packing changes in the
icosahedral configurations. For the Ti305 or Ti611

particle, the melting transition is clearly identifi-
able from the abrupt increase in energy at a � 800
K or 900 K. Although atoms of Ti129, Ti305, and Ti611

particles still present HCP packing patterns at room
temperature; as shown by the visual packing on
heating, they differ from the initially constructed
HCP particles. Because of finite time limitations in
the MD simulations, surface atoms in these parti-
cles are packed with defects. As the temperature
increases, the Ti305 and Ti611 particles exhibit a
transition from HCP to BCC and BCC to melt. HCP
and BCC local structures coexist in the Ti611

particle before finishing the HCP–BCC transition.
Then, this particle exhibits a rearrangement of
some surface atoms prior to melting. The structural
rearrangements in the surface occur in a tempera-
ture range, and the disordered region spreads
rapidly through the particle at a high temperature.
These phenomena also occur in other particles with
larger diameters. Upon cooling, the energy of Ti129

decreases, and then only a few atoms adjust their
positions in one relatively stable configuration. The
Ti305 or Ti611 undergoes a sharp liquid–solid tran-
sition despite a strong hysteresis. After freezing,
Ti305 does not present an apparent structural
transition. However, the energy point indicates that
at 300 K the packing pattern of Ti611 differs from
that above room temperature. Figure 1b shows the
shape factors of these four particles upon cooling.
The shape factor of the Ti13 cluster closes to 1.0,
indicating its near-spherical shape. For the other
three particles, there are significant shape fluctua-
tions before crystallization. Then, their shapes keep
relative stability after freezing, where the Ti305

particle has a near-spherical shape. Except for the
Ti611 particle, the other three particles present
icosahedral configurations upon cooling, as shown
in Fig. 3.

Only Ti611 has transitions, including HCP to BCC,
solid–liquid/liquid–solid, and BCC to HCP during
melting/freezing, which can be identified with tran-
sition temperatures. Therefore, we will only discuss
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Fig. 1. Potential energy per atom and shape factor as a function of
temperature for Ti13, Ti129, Ti305, and Ti611 particles. (a) Potential
energy upon heating and cooling; (b) shape factor upon cooling.
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particles that contain > 600 atoms. The search for
melting, freezing, and packing transition tempera-
tures is performed by a ‘‘bisection’’ algorithm to
narrow the search range until the temperatures are
found. In these large particles, a considerable
proportion of atoms occurs at the surface. Their
movements and rearrangements have a large influ-
ence on the transitions. Figure 4 shows that the
melting temperature versus size increases rapidly
and then increases slowly with an increase in
particle size. The increases agree reasonably well
with predictions based on macroscopic concepts. The
freezing temperature shows only small oscillations
with an increase in diameter, and the increase in
hysteresis temperature indicates a large undercool-
ing temperature for the freezing of one large
particle. In the cases of HCP–BCC and BCC–HCP
transitions, the transition temperatures present
oscillating changes as the diameter increases.
Table I lists these melting, freezing, HCP–BCC,
and BCC–HCP transition temperatures for these
particles.

As the energy changes with increasing tempera-
ture, the thermal capacity can be determined by DU/
DT, where DU is composed of the potential energy
and kinetic energy. In the crystals, the atoms at
lattice points present thermal movements around
the points. The Dulong Petit law indicates that the
increase in slope is three for the total energy
varying with the temperature,59 where half

originates from the kinetic-energy contribution
and the other half is from the potential energy.
Compared with atoms in the inner region of the
particles, surface and near-surface atoms have
fewer coordination atoms. These atoms only need a
small amount of energy to change their positions.
Figure 5 shows that, because of the stable icosahe-
dral configuration of Ti13, the slope is zero. For the
small particles, a decrease in the proportion of the
surface atoms results in a rapid increase in the
slopes of these particles. As the proportion of surface
atoms is reduced, most of the atoms in these large
particles can hold their HCP packing patterns in a
larger temperature range. Because the HCP–BCC
transition requires more energy, the slope value
is > 1.5 for nanoparticles with diameters> 3 nm.

To understand the packing evolution of coalesced
particles upon heating, the evolution is considered
for standing free particles with the same size. The
melting temperature of the coalescence particle
differs from that of the original single particle. In
the coalescence simulations, two HCP particles at
300 K were used as the starting-point configuration.
Here, they were placed in contact with their ½�12�10�
facets, i.e., at a distance of � 0.3 nm, which is
roughly equal to the nearest-neighbor distance in
bulk Ti. To identify the atoms separately in the two
particles, we use bi-colored images to show the atom
packing in Fig. 6.

Fig. 2. Atomic packing of Ti13, Ti129, Ti305, and Ti611 particles upon heating.
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Figure 7 shows that the coalescence particles at
300 K are elongated, and a connection region is
formed. Upon heating, some surface atoms obtain
extra energy and move toward the connection
region. For the relatively small Ti611 particles in
three pairs, the coalesced particle presents apparent
packing changes compared with those of the larger
particles. Above 600 K, an HCP–BCC transition
occurs for the three pairs, and shape changes
present differences. Small shape factors indicate

that these particles have complex curvatures and
more edges in the surface, which limit the surface-
atom movements necessary for particle spheroidiza-
tion. For the two Ti611 particles, the coalesced
particle is more spherical than the other two
pairs< 900 K. At 1000 K, the spherical shape
indicates melting of the coalescence particle. The
melting temperature of a single Ti611 is 880 K.
Therefore, the melting temperature increases imply
that one uniform particle is produced after the

Fig. 3. Atomic packing of Ti13, Ti129, Ti305, and Ti611 particles upon cooling.

Packing Changes in Melting, Freezing, and Coalescence of Titanium Nanoparticles from
Atomic Simulations

4921



HCP–BCC transition. For large particles, the melt-
ing points of the coalesced particles do not present
an apparent increase compared with the single
particle. The atom packing from Fig. 6 shows that at
300 K, a connection region forms, owing to the
compressed deformation of the two Ti611 or Ti919

particles and small stretching results for the Ti1809

particles. In each of the three pairs, a relative slip
exists between two particles. At 800 K, the two Ti611

particles are combined into one Ti1222 particle with
BCC packing patterns. In the case of the two Ti919

particles, although no apparent interface exists
between them at 800 K, the shape indicates that
the two particles have not been combined into one
unity. For two Ti1809 particles, at 800 K, although
the atom packing in every particle has been trans-
formed into BCC packing, an interface region still
exists between them. An increase in temperature
changes the particle shape, and ‘‘spherical’’ particles
occur in melt states.

CONCLUSION

Atomic simulations of some dynamic and thermo-
dynamic properties of unsupported Ti nanoparticles
were used to study packing transitions in melting,
freezing, and coalescence. During melting small
particles having< 300 atoms present a transition
from HCP packing to icosahedral configurations.
The HCP–BCC transition can be found in these
particles that contain> 300 atoms. For these par-
ticles containing> 600 atoms, their melting behav-
iors present similarities including that surface
atoms rearrange in a temperature range after the
HCP–BCC transition, their melting temperatures
are identifiable, and melting rapidly proceeds from
the surface inwards. Evidence exists for a slope that
corresponds to the heat capacity, which are on the
applicability of macroscopic concepts for bulk mate-
rials. The simulation finding addresses that, owing
to the HCP–BCC transition, the slope from the
contribution of the potential is close to 2.0. During
freezing these large particles containing > 600
atoms undergo liquid-BCC and BCC–HCP transi-
tions and require a large undercooling temperature
for the liquid–solid transition. These small particles
prefer an icosahedral configuration after freezing.
After contact and deformation, a connection region
forms between two particles. Accompanied by atom
movements toward the region, it increases. Owing
to the nanocrystal facets, the coalescence particles
are not ‘‘spherical.’’ For the relatively small parti-
cles, as the HCP–BCC transition occurs, a single-
domain structure in the coalescence particle results.
For the larger particles, although atoms in the
coalesced particle are packed in the BCC structures,
complex internal structures occur. Thus, high-en-
ergy extended defects prevent crystallization into a
single domain.

Table I. Melting, freezing, HCP–BCC, and BCC–
HCP transition temperatures of the particles with
diameters> 2.76 nm

D (nm) T (K)

TMelting TFreezing THCP–BCC TBCC–HCP

2.76 (Ti611) 880 787 650 342
2.92 (Ti763) 900 777 700 450
3.20 (Ti919) 934 794 713 319
3.31 (Ti1111) 963 780 669 404
3.56 (Ti1285) 972 774 757 399
3.73 (Ti1555) 985 787 731 317
3.99 (Ti1809) 1007 796 769 402
4.21 (Ti2115) 1020 813 748 326
4.34 (Ti2403) 1028 802 760 443
4.65 (Ti2763) 1041 806 813 364
4.81 (Ti3129) 1047 796 775 348
5.01 (Ti3545) 1056 796 810 342
5.20 (Ti3995) 1064 826 778 350
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Fig. 6. Atomic packing of three pairs at different temperatures.
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Fig. 7. Shape factors of three pairs, including Ti611–Ti611, Ti919–
Ti919, and Ti1809–Ti1809 as a function of temperature.
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