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Solidification process plays a significant role inmacroscopic properties ofmetallicmaterials. However, the under-
standing of this process at the atomic level is still far from complete. In this work, for the first time, the first-
principles molecular dynamics simulations are carried out to systematically explore the structural evolution
and transport properties of Ti-6Al-4V alloy, one of the commonly used alloys for selective laser melting technol-
ogy, upon cooling from 2400 K to 1300 K. Firstly, themelting range of this alloy is predicted by simulated density
to be about 1850–1950 K, which is in good agreement with the experimental value of 1875–1925 K. Afterwards,
the local atomic structure variation with temperature is statistically analyzed by structure factors, partial radial
distribution functions, coordination number, bond angle distributions, and Voronoi tessellation. It reveals that
Ti-6Al-4V alloy experiences a phase transition from 2400 K to 1300 K. The system changes from a liquid domi-
nated by the icosahedral-like cluster to a solid with body-centered cubic structure, where the 〈0, 5, 2,
6〉 and 〈0, 4, 4, 6〉 polyhedra play an important role. Eventually, the diffusion coefficients of Ti, Al, and V are esti-
mated to investigate the kinetic property of liquid Ti-6Al-4V alloy. From 2400 K to 1950 K, the diffusion coeffi-
cients of atoms all obey Arrhenius function, and V atom has the largest diffusion coefficient, followed by the Ti
atom, which is very close to the self-diffusion coefficient of pure liquid Ti, and finally the Al atom. This abnormal
mass dependence of diffusion coefficient is well explained by activation energy. In conclusion, the present work
provides insights into the understanding of structural dynamics and the kinetic properties of such alloy melts,
which could guide selective laser melting technology to obtain desired microstructure.

© 20 Published by Elsevier B.V.20   
1. Introduction

Solidification process, a common phenomenon in nature, has an im-
portant influence on the properties of materials, especially metals. This
is because the macroscopic properties of metallic materials are essen-
tially determined by their variousmicrostructures, which in turn are ex-
tremely affected by the initial state of melt and various external
conditions during the solidification process [1–6]. Therefore, it is neces-
sary to have a very clear understanding of the evolution mechanism of
themicrostructure during the solidification process, so that it is possible
to control the evolution and formation of the microstructure by chang-
ing the initial state of the melt or external conditions and then obtain
the desired microstructure. However, metal solidification is a compli-
cated process [7], involving the conduction of heat andmass, the release
of latent heat, beginning and continuous growth of crystal structure and
), zhibin.gao@nus.edu.sg
so on, which is difficult to directly observe from traditional experiments
because the temperature of the metal solidification process is generally
high and the time is extremely short.

Nowadays, computer simulation has become a bridge between the
theory and experimental research of metal solidification, especially in
areas where the current experimental conditions cannot be reached.
Molecular simulations have brought a lot of valuable data and conclu-
sions to the investigation of the solidification process, which has greatly
promoted our understanding of the solidification principle and control-
ling the solidification process. Xiong et al. [8] studied the structural
properties of liquid Ag74Ge26 alloy at multiple temperatures by ab initio
molecular dynamics simulation. They found that a highly dominated
short-range order associatedwith the nearest-neighbors shell could im-
prove the development of medium-range order and the formation of
metallic glasses. Debela et al. [9] simulated the structural evolution of
liquid niobium from 3000 to 1500 K and found that abundant icosahe-
dra existed in the liquid and undercooled liquid, which symbolized
the existence of numerous precursor phases in the liquid melt at low
temperature, especially body-centered cubic (bcc) structure. By using
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Fig. 1. The FPMD and experimental densities of Ti-6Al-4V alloy as a function of
temperature.
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ab initiomolecular dynamics simulation to research the transport prop-
erties and Stokes-Einstein relation in liquid Al alloying with elements
Ni, Cu, and Zn, respectively, Jakse et al. [10] found that the competition
between local icosahedral ordering and local chemical ordering may
cause the breakdown of the Stokes-Einstein relationship even in metal-
lic melts, which provided a unique framework to study the relationship
between structure, thermodynamics, and dynamics in liquid alloy.

Ti-6Al-4V alloy is an α+ β titanium alloy with approximately 6 wt%
Al stabilizing theα phase and 4wt%V stabilizing theβ phase. Theα-Ti is
a hexagonal close-packed (hcp) structure and β-Ti is a bcc structure.
Due to the special structure of Ti-6Al-4V alloy, it has excellent property
and is widely used in many fields, such as biomedicine and aerospace
[5]. Besides, it is also one of the commonly used alloys for selective
laser melting (SLM) technology [6]. When we talk about SLM of Ti-
6Al-4V alloy, the process of alloymelting and solidifying must be inves-
tigated. Unfortunately, there is almost no any molecular dynamics sim-
ulations about Ti-6Al-4V alloy melting and solidifying, only the
molecular dynamics simulations of other titanium alloys, such as Xia
et al. [3] simulating the rapid quenching process of pure Ti, Zhang
et al. [11] researching the phase transformation of Ti\\Al alloy with
low Al content, Shimono et al. [12] studying the formation and crystal-
lization of Ti\\Al amorphous alloys, Fujinaga et al. [13] investigating
the nucleation dynamics in Al solidification with Al\\Ti refiners, and Li
et al. [14] revealing the structural evolution of TiAl during rapid solidifi-
cation processing.

To sum up, this paper aims to explore the structural evolution and
dynamical properties of Ti-6Al-4V alloy in a temperature range between
2400K and 1300 K via first-principlesmolecular dynamics (FPMD) sim-
ulations. The simulated density of the alloy is calculated first at different
temperatures and validated by experimental values. Moreover, the
structural evolution from FPMD simulation is statistically analyzed by
using structure factor, partial radial distribution function (PRDF), coor-
dination number (CN), bond angle distribution function (BADF), and
Voronoi tessellation. In the end, the dynamical properties of liquid Ti-
6Al-4V alloy are discussed via diffusion coefficients and viscosity.

2. Methodology

2.1. Density functional theory calculations

FPMD simulations of the Ti-6Al-4V alloy are performed by the Vi-
enna Ab-Initio Simulation Package (VASP) [15–18]. The generalized gra-
dient approximation (GGA) in the form of Perdew-Burke-Ernzerhof
(PBE) functional is used to treat the exchange-correction energy of the
electron [19,20]. The wave functions of valence electrons, Ti
(3p63s24p2), Al (3s23p1) and V (3p63d34s2), are expanded in the
plane-wave basis set with a cutoff energy of 500 eV [21], which is
roughly 1.3 times higher than the default value. The core electrons are
approximated by Projector-Augmented-Wave (PAW) pseudopotentials
[22]. In FPMD simulations, the equation of motion is solved through the
velocity algorithmwith a time step of 3 fs. The energy convergence cri-
terion of the electronic self-consistency is set to 10−6 eV per atom. The
spin polarization is always applied for all FPMD simulations to properly
depict the unpaired electrons in valent shells [15].

In this study, the simulated Ti-6Al-4V alloy is comprised of 110 Ti
atoms, 14 Al atoms, and 4 V atoms with approximate mass fractions of
Ti, Al, and V at 0.90, 0.06 and 0.04. All simulation cells are cubic with a
periodic boundary to eliminate boundary effects. Only the Γpoint is con-
sidered to sample the Brillouin zone of the supercells in the simulations
[23]. The initial configuration of Ti-6Al-4V is fully melted at 2400 K,
much higher than the experimental melting point value of 1943 K of
pure Ti [24], to remove the crystalline symmetry, followed by step-
wise cooling to 2200, 2000, 1950, 1850, 1800, 1700, 1500, and 1300 K.
At each temperature, 5000 steps (15 ps) of simulations are carried out
in the NPT ensemble (constant number, pressure, and temperature)
with a Langevin thermostat and a Parrinello-Rahman barostat
controlling temperature and pressure to optimize the cell volumes of
Ti-6Al-4V alloy [25,26]. The cell volumes are evaluated as the average
between 9 ps and 15 ps of simulations and used as input structure in
the following NVT ensemble simulations (constant number, volume,
and temperature) with a Nosé-Hoover thermostat controlling tempera-
ture [26]. In the NVT ensemble, the structural relaxation continues for
10,000 steps to reach thermal equilibrium. Afterward, an additional
4000 FPMD steps in the NVT ensemble are used for the analysis of the
structural and dynamical properties.

3. Results and discussion

3.1. The density of the Ti-6Al-4V alloy

Density is an essential property of a material. Generally, the density
differs greatly between different states, for instance, density jump near
the melting point. Fig. 1 shows both the simulated densities evaluated
from the equilibrium volume and experimental densities originated
from previous reports. The density calculated from FPMD simulations
increases from 4.038 to 4.356 g·cm−3 as the temperature decreases
from 2400 to 1300 K.Meanwhile, the corresponding experimental den-
sity, as suggested by Li et al. [24], decreases from4.006 to 4.363 g·cm−3.
Our FPMDdensity is close to the experimental densitywith the absolute
deviation between 0.09% and 0.80%, reflecting a good description of in-
teratomic interaction in the Ti-6Al-4V alloys by PBE functional. The tem-
perature dependence of density can be fitted satisfactorily to a linear
relationship at different temperature ranges,

ρ ¼ a−bT ð1Þ

In the temperature range of 1850–1300 K, a and b are parameters
evaluated from experimental density at 4.600 g·cm−3 and
1.828 × 10−4 g·cm−3·K−1, and from FPMD density at 4.565 g·cm−3

and 1.590 × 10−4 g·cm−3·K−1, respectively; In the temperature range
of 2400–1950 K, parameters a and b evaluated from experimental den-
sity are 4.620 g·cm−3 and 2.557 × 10−4 g·cm−3·K−1, and from FPMD
density are 4.616 g·cm−3 and 2.409 × 10−4 g·cm−3·K−1.

Compared with the experimental results, at T ≥ 1950 K, the simu-
lated density clearly belongs to the liquid branch, and at T ≤ 1850 K,
the simulated density distinctly belongs to the solid branch. In addition,
it is worth noting that the simulated density of Ti-6Al-4V alloy drops
sharply from 1850 to 1950 K. This phenomenon can be attributed to
the melting of the system. Therefore, the temperature range from
1850 to 1950 K corresponding to density jump in the density-
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temperature curve is defined as the theoretical melting range of the Ti-
6Al-4V alloys, extremely consistent with the melting range from 1873
to 1923 K (Goodfellow Cambridge Ltd. data) measured from the exper-
iment [27]. It is concluded that themethod of simulating density used in
this study is reasonable.

3.2. Structure factor

The total structure factor, S(q), is calculated by the Faber-Ziman for-
malism [28],

S qð Þ ¼ a2α f
2
α Sαα qð Þ−1½ � þ 2aαaβ f α f β Sαβ qð Þ−1

� �þ a2β f
2
β Sββ qð Þ−1
� �

aα f α þ aβ f β
� �2 ð2Þ

in which aα (or aβ) is the atomic density of corresponding species, fα (or
fβ) is neutron scattering length of corresponding species, and Sαβ(q) is
partial structure factors. Fig. 2 illustrates the total structure factor of
Ti-6Al-4V alloy from 2400 to 1300 K. As temperature decreases, the
main peaks of S(q) become narrower, their peak values gradually shift
to the right, and their amplitudes increase. These phenomena indicate
that short-range order (SRO) increases during the solidification of Ti-
6Al-4V alloy. The secondpeaks of S(q) can be applied to characterize dif-
ferent types of SRO in the liquid, for example, a shoulder on the high q
side of the second peak is a signature of icosahedron. From inset of
Fig. 2, it can be seen that the shoulder of the second peak near
5.25 Å−1 becomes more pronounced from 2400 to 1950 K. Taking the
position of themain peak as qmain and that of second peak and shoulder
as qsecond and qshoulder, the qsecond/qmain and qshoulder/qmain are calculated
to be approximately 1.74 and 1.98 at 1950 K, respectively, correspond-
ing to the ideal icosahedron [9]. To further investigate the local structure
evolution of Ti-6Al-4V alloy during cooling, we will discuss PRDF, BADF,
and Voronoi tessellation in the following sections.

3.3. Partial radial distribution function and coordination number

The partial radial distribution function (PRDF) is themost important
structural information obtainable from FPMD simulations. It is defined
as follows,

gαβ rð Þ ¼ V
NαNβ

XNα

α¼1

nαβ r;Δrð Þ
4πr2Δr

* +
ð3Þ

where V is the volume of the supercell, α is the central atom, β is the co-
ordination atom, Nα and Nβ are the numbers of α and β atom in the
Fig. 2. The structure factor, S(q), in Ti-6Al-4V alloy at multiple temperatures.
supercell, nαβ(r, Δr) is the number of β species in the sphere shell from
r to r + Δr, and the symbol 〈⋯〉 represents the time average.

Due to the low content of V atoms in this ternary alloy, the PRDF of
V\\V lacks statistical significance and is thus not considered in the pres-
ent work. Fig. 3 shows the PRDFs of Ti\\Ti, Ti\\Al, Ti\\V, Al\\Al, and
Al\\V couples at different temperatures. Our calculated PRDF of Ti\\Ti
has an acceptable agreement with previous MD simulations reported
by Xia et al. [3]. It indicates that our simulations are reasonable. In the
temperature range of 2400–1950 K, all PRDFs show an obvious first
peak, visible second peak, and weak third peak, which is the common
behavior of liquids at high temperatures. The amplitude of these peaks
grows bit by bit with temperature decreasing. At 1850 K, the first peak
suddenly becomes intense, the second and third peaks both split into
two peaks and a small peak appear at about 6.5 Å, suggesting that this
alloy reaches a higher extent of SRO, and a significant structural transi-
tionmost likely occurs at 1850 K [9]. As temperature further goes down,
the characteristic peaks of each PRDF become amplified and coincide
with that of bcc structure from 1850 to 1300 K [4], that is, Ti, Al, and V
atoms are arranged according to the bcc structure in this temperature
range. The last interesting finding is that the first peak of gAlV(r) tends
to become much sharper with decreasing temperature as compared
with those of gTiTi(r), gTiAl(r), gTiV(r), and gAlAl(r) in the solid. This obser-
vation is indicative of a preferred neighboring of Al\\V couple over the
others [29]. Therefore, it is probable that Al\\V interactionwould play a
more important role in determining the local structure of solid Ti-6Al-
4V alloy.

From the PRDFs, the coordination number (CN), Nαβ, can be esti-
mated from the relation,

Nαβ ¼ 4π
Z rmin

0
r2aβgαβ rð Þdr ð4Þ

in which aβ is the atomic concentration of species β, and rmin is the cut-
off distance, determined by the first-minimum position of gαβ(r), here
rmin = 3.9 Å. Figs. 4a-c demonstrate the distributions of atomic clusters
versus temperature. At T ≥ 1950 K, the CNs of Al- and Ti-centered clus-
ters dominate in 11–14, while the V-centered clusters prefer a lower
CN between 10 and 13. From2400 to 1950K, the percentage of CN=12
decreases from 26.05% to 22.63% for Ti-centered cluster and keeps con-
stant values of 31% for Al-centered cluster and 27% for V-centered clus-
ter. Since one of the prerequisites for an atom to form an ideal
icosahedron is that it should have 12 adjacent atoms, the high percent-
age of CN = 12 on the Al-centered cluster provides a good foundation
for ideal icosahedral formation. At T ≤ 1850 K, the Al-, Ti-, and V-
centered clusters prefer a CN between 13 and 14, and the sum of frac-
tions of the two CNs is above 90%. Because the CNs of perfect and defec-
tive bcc structure are 14 and 13, it can be speculated that there are
plentiful bcc structures in the system after 1850 K. As temperature
drops, the fraction of CN=13decreaseswhile that of CN=14 increases
for all clusters, meaning that the defective bcc structure may transform
to a perfect bcc structure during the process of continuous cooling.

Fig. 4d shows the total CN (Nα
tot) of each atomand the internal energy

(E) versus temperature during the solidification process of liquid Ti-6Al-
4V alloy. Overall, the NTi

tot is the largest, followed by NAl
tot and then NV

tot,
compatible with the order of atomic Goldschmidt radii, rTi
(1.46 Å) N rAl (1.43 Å) N rV (1.34 Å). Larger atoms possessmore neighbor
space to accommodate more atoms. From 2400 to 1950 K, the Nα

tot line-
arly varies between 12.97–13.19, 12.37–12.61, and 11.36–11.73 for Ti,
Al, and V, respectively. This is because the internal energy of the system
increases with temperature increasing, as shown in Fig. 4d, namely, the
atoms become freer at high temperatures, resulting in a reduction in the
number of atoms participating in the coordination. Afterward, the total
CNs of Ti, Al, and V jump to 13.93, 13.71, and 13.23 at temperature
1850 K, and the corresponding internal energy decreases to
−7.1865 eV/atom. Further lowering the temperature from 1850 to



Fig. 3. The PRDFs of (a) Ti\\Al, (b) Ti\\Ti, (c) Ti\\V, (d) Al\\Al, and (e) Al\\V couples at different temperatures. (Note that, for clarity, each curve has been vertically displaced from the curve
below.)
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1300 K, the total CNs of Ti, Al, and V maintain constant values of about
13.95, 13.83, and 13.39.
3.4. The bond angle distribution function

The bond angle distribution function (BADF), g3(θ), is a three-body
distribution function, which is defined for the angle between the
nearest neighboring two atoms around a central atom within the



Fig. 4.Distribution of (a) Al-, (b) Ti-, and (c) V-centered cluster at different temperatures. (d) The total CN (Nα
tot) for each atom and the internal energy (E) versus temperature during the

solidification process of liquid Ti-6Al-4 V alloy.
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maximumbond length rmin. Asmentioned before, theV\\V couple lacks
statistical significance, therefore Ti-V-V triple is also not considered in
the present work. Using the bond-length cutoff of 3.9 Å, the first mini-
mum position in the PRDFs, the BADFs of the Ti-Al-(Al, Ti, V), Ti-Ti-(Al,
Ti, V) and Ti-V-(Al, Ti) triples at different temperatures are estimated
and illustrated in Fig. 5. More detailed microstructure information can
be obtained, at T ≥ 1950 K, all BADFs show two prominent peaks, the
first peak is near 58°, the second peak is near 108°. The peak at 58°-
corresponds to the close-packed structure of liquid alloy, and the peak
at 108° means that complex anisotropic local structures or incomplete
tetrahedral cells remain in liquid Ti-6Al-4V alloy [3,9,30]. The positions
of the two peaks are not far from the BADFs of perfect icosahedron
(63.5° and 116.5°), indicating the presence of abundant icosahedra in
the liquid Ti-6Al-4V alloy [9]. As the temperature decreases, the two
peaks become narrower, meaning that the structure of the liquid atom
becomes more ordered, and their positions gradually move towards
55° and 125° which are the characteristic peaks of bcc structure [9].
When the temperature drops to 1850 K, all BADFs present four peaks,
which are located at about 55°, 90°, 120°, and 170. Peaks at 55°and
120° correspond to the close-packed structure of solid alloy, a peak at
90° corresponds to a regular octahedral and a peak at 170° corresponds
to the spiral chain structure, implying that the Ti-6Al-4V alloy forms
more local structures and undergoes complicated structural transfor-
mations during the cooling process. In addition, these peak positions
from our FPMD simulations are extremely consistent with that of the
bcc structure reported by Debela et al. [30]. Thus, it can be speculated
that the disorder-to-order (liquid-to-bcc-like) phase transition of Ti-
6Al-4V alloy occurs from 1950 K to 1850 K.

3.5. Voronoi tessellation analysis

The local atomic packing in Ti-6Al-4V is further explored by Voronoi
tessellation analysis, which is a three-dimensional approach and can
provide a more complete geometrical construction of a central atom
with is neighboring atoms [31]. The Voronoi polyhedron (VP) is de-
scribed by indices bn3, n4, n5, n6N, in which ni is the number of faces
with i edges, and the total number of faces of a VP is equivalent to the
coordination number of a central atom, ∑ni = CN. The standard
Voronoi indices of bcc, face-centered cubic (fcc), and icosahedron are
〈0, 6, 0, 8〉, 〈0, 12, 0, 0〉, and 〈0, 0,12, 0〉.

Fig. 6 shows the top 16 most populated Voronoi indices in liquid Ti-
6Al-4V alloy during solidification. As previously reported in the litera-
ture, the preference of a polyhedron depends on the solute-to-solvent
radius ratio, R⁎. With decreasing R⁎, the preferred polyhedra can change
from a Frank-kasper polyhedron (R⁎ N 1.2) to an icosahedron
(R⁎ b 0.902), then to a bi-capped square Archimedean antiprismpolyhe-
dron (R⁎ b 0.835), and finally to a tricapped trigonal prism packing type
polyhedron (R⁎ b 0.732) [9,32,33]. For the ternary Ti-6Al-4V alloy, the
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0.888 (V/Ti) b R⁎ b 1.021 (Al/Ti) predicts that the icosahedron predom-
inates in liquid state. In the liquid state, the clusters tend to form poly-
hedra with Voronoi indices 〈0, 4, 4, 3〉 (D11), 〈0, 3, 6, 2〉 (C11), 〈0, 2, 8,
1〉 (B11), 〈0, 0, 12, 0〉 (Z12), 〈0, 4, 4, 4〉 (D12), 〈0, 3, 6, 3〉 (C12), 〈0, 2, 8,
2〉 (B12), 〈0, 4, 4, 5〉 (D13), 〈0, 2, 8, 3〉 (B13), 〈0, 1, 10, 2〉 (A13), 〈0, 3,
6, 4〉 (C13), 〈0, 3, 6, 5〉 (D14) and 〈0, 2, 8, 4〉 (B14), in which the symbols
in the brackets are obtained according to the method reported by Wu
et al. [34]. From 2400 to 1950 K, Z12, perfect icosahedron, rises from
about 2.3% to almost 4.2%, D11, C11, B11, C12, B12, and A13 are repre-
sentatives of distorted icosahedra [9,32] and the sum of fractions of
these clusters decreases from 42.0% to 27.9%, and the C13, C14, and
B14 are classified as deformed bcc structure [35] and the sum of frac-
tions of these clusters slightly increases from 11.7% to 15.0%. These re-
sults state that the liquid Ti-6Al-4V alloy is mainly composed of
icosahedral-like local atomic structures. At T = 1850 K, the
icosahedral-like clusters go down dramatically, and tend to be 0 with
a further decrease of temperature. However, the Voronoi indices 〈0, 5,
2, 6〉 (E13), 〈0, 4, 4, 6〉 (D14) and 〈0, 6, 0, 8〉 (F14) suddenly occur at
1850 K, approximately 9.1%, 7.5% and 34.1%, respectively. The popula-
tions of E13 andD14 increase at the beginning of the crystallization pro-
cess but other polyhedra except F14 drop, indicating the E13 and D14
play an important role in the crystallization process of Ti-6Al-4V alloy
[36]. With the temperature decrease further, the fractions of E13 and
D14 reduce, while that of F14 continue to increase substantially. Until
Fig. 5. The BADFs of (a) Ti-Al-Al, (b) Ti-Al-Ti, (c) Ti-Al-V, (d) Ti-Ti-Al, (e) Ti-Ti-Ti, (f) Ti-Ti-V, (g)
has been vertically displaced from the curve below.)
1700 K, the fraction of F14 reaches 72%. since the F14 represents bcc
structure, it can be inferred that the liquid Ti-6Al-4V alloy dominated
by icosahedral-like structures (Fig. 6b) has crystallized into a bcc struc-
ture (Fig. 6c). The result is in good agreement with the results obtained
from density, structure factor, PRDF, and BADF analyses.

3.6. Specific heat capacity

The specific heat capacity is one of the basic quantities discussed in
the phase transition because it is a representative for the quantities of
freedom and quite sensitive to structural change. The specific heat ca-
pacity Cv in FPMD simulations for the canonical ensemble can be calcu-
lated by the following equation [23,38],

Cv Tð Þ ¼ 1

kBT
2 E2

D E
− Eh i2

� �
ð5Þ

in which 〈E〉 is the average ensemble of free energy E and kB is the
Boltzmann constant.

In this section, an extra temperature, 1900 K, is added to research the
specific heat capacity of Ti-6Al-4V alloy over themelting range. The cal-
culated specific heat capacities at different temperatures are described
in Table 1. In the high-temperature range of 2400–2000 K, the specific
heat capacity increases slightly with decreasing temperature, which is
Ti-V-Al, and (h) Ti-V-Ti triples at multiple temperatures. (Note that, for clarity, each curve



Fig. 5 (continued).
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the normal behavior of an equilibrium liquid. In the temperature range
of 1950–1850 K, a conspicuous endothermic peak of 2.200 J·g−1·K−1 is
found at 1900 K. The similar trend is usually observed when a system
takes place a phase transition, further meaning that temperature
drops from 1950 K to 1850 K, the state of Ti-6Al-4V alloy changes
from liquid to solid, which is in accordance with simulated density re-
sults. In the temperature range of 1800–1300 K, the specific heat capac-
ity gradually increases with temperature increasing, which is a normal
behavior of an equilibrium solid.

The experimental specific heat capacity reported by Kaschnitz et al.
[39] is also summarized in Table 1 to verify our simulated values. Our
FPMD specific heat capacities are less than experimental values with a
max absolute error at 0.320 J·g−1·K−1 and a minimum absolute error
at 0.250 J·g−1·K−1. Although the difference between the simulated
and experimental value is quite large, the tendency of FPMD specific
heat capacity with temperature coincides with the experimental
value. Furthermore, the values measured from different experimental
methods are quite different aswell. For instance, the specific heat capac-
ities at 1000 K are 0.960 J·g−1·K−1 (Basak et al.) [40], 0.736 J·g−1·K−1

(Milošević et al.) [41] and 0.745 J·g−1·K−1 (Kaschnitz et al.), respec-
tively. The value of Basak differs from that of Milošević by
0.224 J·g−1·K−1, and that of Kaschnitz by 0.215 J·g−1·K−1. From
these discussions, it can be concluded that experimental specific heat
capacity differs greatly because the experimental measurement and
theoretical calculation are prone to errors.
3.7. Diffusion coefficients

Additional information about structure evolution can be obtained by
investigating the atom movement during solidification. For example,
the dynamical properties of Ti-6Al-4V alloy are studied by calculating
the mean-square displacement (MSD) as a function of time using the
following equation,

R2
α tð Þ

D E
¼ 1

Nα

XNα

i¼1

Riα t þ τð Þ−Riα τð Þj j2
* +

ð6Þ

where Nα is the total atomic number of α species, Riα is the coordinates
of atom i, and τ is the arbitrary origin of time. The calculated MSD of
each particle is shown in Fig. 7a-c. From the inset pictures in Fig. 7a-c,
we find that the MSD of each particle oscillates around a mean value
at different temperatures. As temperature varies from 1850 K to
1300 K, the mean values are 0.27, 0.31, 0.39, 0.46, and 0.49 Å2 for Ti
atom, 0.24, 0.28, 0.36, 0.43, and 0.48 Å2 for Al atom, and 0.56, 0.56,
0.42, 0.34, and 0.30 Å2 for V atom. These values suggest that in this tem-
perature range, the thermal vibration of V atom is the largest, followed
by Ti atom and finally Al atom. According to the transition state theory
[42], the thermal vibration of atoms in a solid is proportional to the dif-
fusion coefficient, thus, we can speculate that the order of diffusion co-
efficients is V N Ti N Al from 1850 K to 1300 K, which is compatible with
the experimental results reported by Askill at el [43]. and Lee at el [44]..



Fig. 6. (a) Fractions of main Voronoi indices in Ti-6Al-4V alloy at different temperatures and simulations snapshots at (b) 2400 K and (c) 1700 K. The atoms in snapshots are identified by
common neighbor analysis with a standard visualization tool of OVITO, where the violet balls represent bcc structure, yellow balls represent perfect icosahedron, red balls represent hcp
structure, and white balls represent other structure [37].
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In addition, we also find that most MSD values at 1950 K, 2000 K,
2200 K, and 2400 K are greater 4 Å2, while most MSD values at
1300 K, 1500 K,1700 K, 1800 K, and 1850 K are less than 4 Å2. Some pre-
vious works demonstrate that the MSD values should be greater than
4 Å2 to obtain statistically significant information on diffusivity, other-
wise it will restrict the quantitative prediction of atomic diffusivity
[35,45–47]. Thus, the MSD of 1950 K, 2000 K, 2200 K, and 2400 K are
chosen for further analysis. The nearly linear dependence of MSD with
Table 1
Specific heat capacity (units: J·g−1·K−1) of Ti-6Al-4V alloy calculated from FPMD simula-
tions together with experimental results.

T (K) Cv (Calc.) Cv (Expt.)

1300 0.434 0.733
1500 0.450 0.737
1700 0.477 0.775
1800 0.498 0.807
1850 0.506 0.826
1900 2.200 –
1950 0.700 –
2000 0.628 0.931
2200 0.623 0.931
2400 0.621 0.931

Note: The specific heat capacities at 1300 K and 1850 K are extrapolated from experimen-
tal values.
time implies that Ti-6Al-4V alloy has already melted at each tempera-
ture and the equilibrium configurations are generated from our FPMD
simulations. The inset pictures in Fig. 7a-c confirm the fact that the
MSD oscillates around a mean value in a solid [ 9,48].

The diffusion coefficients Dα for Ti, Al, V atoms are evaluated from
the slope of the MSD curve based on the Einstein relation,

Dα ¼ lim
n→∞

R2
iα tð Þ

D E
=6t ð7Þ

The estimated diffusion coefficients for each species in liquid Ti-6Al-
4V alloy at different temperatures are shown in Fig. 7d. As the temper-
ature increases from 1950 to 2400 K, the diffusion coefficients increase
from 4.46 to 7.02 × 10−5 cm2s−1 for Ti, 3.89 to 6.62 × 10−5 cm2s−1 for
Al, and 5.53 to 8.17 × 10−5 cm2s−1 for V, respectively, whose order of
magnitude agrees with assumption reported by Semiatin et al. [49]. It
can be found that the diffusion coefficient of V atom is the largest,
followed by Ti atom, andfinally theAl atom. This abnormalmass depen-
dence of diffusion coefficient can be traced back to activation energy,
which is obtained from the Arrhenius equation,

Dα ¼ D0e−Eα=RT ð8Þ

where Eα is the activation energy of α species, T is the temperature,D0 is
the pre-exponential factor, and R is the gas constant. From Fig. 7d, it is
clearly seen that the diffusion coefficients for each particle satisfactorily



Fig. 7. The MSD of Al (a), Ti (b) and V (c) as a function of time at multiple temperatures and (d) temperature dependences of self-diffusion coefficients Dα for Ti, Al, and V.
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comply with the Arrhenius relationship with R2 values of 0.97 for Ti,
0.97 for Al and 0.81 for V. Fitting lnD and 1/T to a linear function, the ac-
tivation energies of Ti, Al, and V are obtained at 38.70, 44.69, and
28.55 kJ/mol, respectively. The smaller the activation energy, the faster
the solute atom diffuse. Thus, the lower activation energy for V atom
makes the V atom diffuse much faster than the other two atoms in the
liquid Ti-6Al-4V alloy.

To our best knowledge, the diffusion coefficient in liquid Ti-6Al-4V
alloy has not been measured by experiments or calculated by simula-
tions, only the self-diffusion coefficient of a similar system, pure liquid
Ti, wasmeasured by the quasielastic neutron scatteringmethod. The ex-
perimental values for Ti between (5.0 ± 0.1) and (6.0 ± 0.3) × 10−5

cm2s−1 in the temperature range of 1953–2110 K close to our simulated
results [50]. Linearly fitting lnD and 1/T, the ETi in pure liquid Ti is calcu-
lated to be about 40.00 kJ/mol,which is smaller than the value of 52.8 kJ/
mol in the pure liquid Ti predicted by Iida et al. [51] while slightly
greater than our simulated ETi in liquid Ti-6Al-4V alloy.
Table 2
The first peak positions Rαβ (Å), viscosity η (10−3 N·s·m−2) of Ti-6Al-4V alloy in the tem-
perature range of 1950–2400 K.

T RTi-Ti RTi-Al RTi-V R η

1950 2.843 2.796 2.702 2.820 3.408
2000 2.799 2.752 2.659 2.776 3.213
2200 2.811 2.764 2.672 2.787 2.806
2400 2.822 2.727 2.680 2.775 2.711
3.8. Viscosity of liquid Ti-6Al-4V alloy

The shear viscosity, another key transport property describing liquid
state dynamics, is calculated by the Stokes-Einstein-Sutherland equa-
tion from diffusion coefficients [ 15],
η ¼ kBT
2πDαdα

ð9Þ

in which η is the shear viscosity of the liquid system, and dα is the
solvodynamic diameter of the diffusing atom. The diffusion coefficients
of Ti have been calculated in Section 3.7 and the solvodynamic diameter
of diffusing Ti atom is represented generally by averaging the first peak
positions of gTi-Ti(r), gTi-Al(r) and gTi-V(r) listed in Table 2. The viscosity
estimated from the Stokes-Einstein-Sutherland equation is critically
sensitive to the diffusion coefficients and first peak positions of PRDFs.

The inverse temperature dependence of viscosity obtained from the
Stokes-Einstein-Sutherland equation is listed in Table 2 for liquid Ti-
6Al-4V alloy. Viscosity calculated from FPMD simulations decreases
with temperature increasing. In addition, the simulated viscosities are
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smaller than the value of 4.9 × 10−3 N·s·m−2 of pure Ti at 1923 K used
by Mishra et al. [52], meaning that the addition of Al and V greatly re-
duces the viscosity of titanium alloy.

4. Conclusions

In this work, FPMD simulations are used to investigate the structural
evolution and transport characteristics of Ti-6Al-4V alloy between
2400 K and 1300 K. The density calculated from FPMD simulations in
NPT ensemble is remarkably close to the experimental valuewith abso-
lute deviation between 0.09% and 0.80%, reflecting a good description of
interatomic interaction in the Ti-6Al-4V alloys by PBE functional. Based
on simulated density, the melting range of Ti-6Al-4V alloy is success-
fully predicted to be approximately 1850–1950 K, consistent well with
experimental data.

After that, the trajectory of the system originated from the FPMD
simulations is analyzed to research the structural evolution. Various
structural analyses demonstrate that Ti-6Al-4V alloy experiences a
phase transition from 2400 K to 1300 K. The system changes from a liq-
uid dominated by icosahedral-like cluster to a solid with bcc structure,
where the 〈0, 5, 2, 6〉 and 〈0, 4, 4, 6〉 polyhedra play an important role.

From the dynamical properties, it can be found that the diffusion co-
efficients of atoms in liquid Ti-6Al-4V alloy all obey Arrhenius function.
The V atomhas the largest diffusion coefficient, followed by the Ti atom,
which is awfully close to the diffusion coefficient of pure liquid Ti, and
finally the Al atom. This abnormal mass dependence of diffusion coeffi-
cient is well explained by activation energy.

To sum up, our results provide a deeper understanding of metallic
solidification process on the atomic scale. More research to understand
the correlation between the local structure and the electrical/mechani-
cal properties in the cooling metallic liquids would be remarkably
meaningful.
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