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Abstract. An interatomic potential for the Ti-V binary alloy focusing on the
evolution of defects, including ones arising as a result of the irradiation process,
was constructed within the Lipnitskii-Saveliev approach, which accurately
takes into account three-particle interactions and the sum of all multi-particle
interactions of a higher order in the framework of the centrally symmetric
approximation. In the new potential, Ti-V interactions were fitted to the DFT
data on a set of model structures with different coordination numbers, including
ones with vacancies. The properties used for fitting are accurately reproduced by
the present potentials for both pure elements and alloy systems. The potential was
tested on the binding energies between Ti atoms and self-point defects in bcc V,
elastic moduli, thermal expansion and melting point of some alloys, and diffusion.
We obtained qualitative agreement for these properties with available theoretical
and experimental data. Finally, we investigated the evolution of excess vacancies
in the V-4 at. % Ti alloy at 700 K, which are typical conditions of vanadium-based
alloys for fusion applications. We found that no vacancy loop is formed in the
alloy in contrast to the pure V, which agrees with the experimental observations.
The potential is expected to be especially suitable for irradiation simulations of
vanadium-based V-Ti alloys.
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Angular dependent interatomic potential for Ti-V system for molecular dynamics simulations2

1. Introduction

Vanadium-titanium based alloys are considered as a candidate material for the first
wall of fusion reactors because of the improved combination of chemical and mechanical
properties in comparison with steels or composites based on silicon [1, 2, 3, 4]. It is
experimentally established, that Ti addition in the concentration 4-5% is needed to
improve a radiation-resistant property of pure vanadium through reducing the void
swelling [5]. Experimental studying of the atomic processes is very complicated and
can provide only a limited amount of data, which is why computer modeling methods
are widely used by researchers in the world.

There are two commonly used approaches for modeling on the atomic-scale level.
Firstly, the density functional theory (DFT) methods are employed to investigate
the properties of the atomic systems by taking into account the electronic structure.
They were used to research the possible ways of Ti influence on point defects in the
bcc lattice of vanadium. Boev et al. [6] studied the interaction of Ti atoms with
vacancies and self-interstitial atoms, while authors of [7] conducted research of their
interaction with H and He in bcc V matrix. However, DFT methods have several
limitations. Namely, they allow to conduct simulations of relatively small samples
(∼ 1000 atoms), and calculations of the time evolution for larger cells will require
significant computational time. In turn, molecular dynamics (MD) is one of the
most promising tools for studying the alloying effect on the properties at relevant
temperatures for larger atomic systems. MD allows to simulate dynamic processes
such as a primary radiation cascade or an evolution of excess vacancy structure to
understand the causes of the effect of an alloying element on radiation resistance of a
material. The reliability of the MD simulations depends completely on the employed
interatomic potentials.

There are several potentials for the Ti-V system, which are the embedded atom
method (EAM) potential [8], two modified MEAM potentials [9, 10], improved Finnis-
Sinclair potential [11] and our previous one [12] developed within the Lipnitskii-
Saveliev (LS) approach [13]. Feng et al. developed the interatomic potential [9],
which correctly reproduces structural and energetic properties of ZnS- and NaCl-type
structures (TiV) as well as D03-type (Ti3V and TiV3). However, its fitting database
does not contain bcc solid solution structures, as well as information about the quality
of the description of point defects and their complexes in the Ti-V alloys. The potential
of Yang et al. [10] was constructed as part of the higher-order potential to study the
behavior of atoms of light elements (H, He, C, and O) in alloys of the Ti-V system and
does not contain information about the interaction of Ti atoms with point defects in
bcc lattice of V. In addition, the potentials for pure Ti [14] and V [15], employed for
the construction of the binary one, underestimate the melting point for both elements.
In turn, the improved Finnis-Sinclair (IFS) Ti-V potential developed by Fu et al. [11]
as part of V-Ti-Cr system accurately predicts structural and elastic properties of Ti
solid solution in bcc lattice of V; however, detailed characterization of interactions
between alloying elements and self-point defects (both vacancies and self-interstitial
atoms) was not presented.

Our previously developed interatomic potential for the Ti-V system (will be
denoted as POT TiV old) was tested in the previous works [16, 12, 17, 18].
POT TiV old showed a good qualitative description of properties at the relevant
temperatures and the cascade conditions. However, recently we constructed a new
potential for pure Ti [19], which demonstrates the improved description of phonon,
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Angular dependent interatomic potential for Ti-V system for molecular dynamics simulations3

elastic, defect and thermal properties in comparison with the previous one [12].
In the present work, the interatomic potential for Ti-V binary system based on

potentials for pure Ti and V was constructed within the LS approach [13]. The
potentials for V-V and Ti-Ti interactions are presented in detail in our previous works
[13], which was also included in the POT TiV old potential, and [19], respectively.
Both potentials are able to correctly reproduce properties of the ideal lattices, point
defects, as well as thermal ones, especially thermal expansion and melting, which are
very important for the description of diffusion properties and, as consequence, the
evolution of defects in these materials. In the present paper, all MD simulations were
performed utilizing our developed software package, which was successfully applied
in our previous works, including ones devoted to the development of the interatomic
potentials for pure Ti [19] and V [13], the binary Ti-V [12] and V-W [20] systems,
investigation of the diffusion in tungsten [21], and simulation of the cascades of atomic
displacements in the V-Ti alloys [18]. Generalization of the LS approach to the case
of multi-component systems is defined in Section 2. Section 3 describes the fitting
database and optimization procedure, the optimized Ti-V potentials’ functions, as
well as the fitting accuracy. In Section 4, tests of the constructed Ti-V potential
including energetic characteristics of point defect complexes, melting and diffusion
properties, which were not included in the fitting procedure, will be presented. Our
results and discussion on possible applications of the potentials are summarized in
Section 5.
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Angular dependent interatomic potential for Ti-V system for molecular dynamics simulations4

2. Methods

2.1. LS potential model

The LS method [13, 19], used in this work, represents the effective potential energy
Epot, defined as the series of n-body interactions, by the sum of three terms:

Epot =
N∑
i<j

Φji(Rji) +
N∑
i

N∑
k<j 6=i

n3∑
p,q

gpqi (cos(θjik))×

× fpji(Rji)f
q
ki(Rki) +

N∑
i

Fi(ρ̄i), (1)

where
ρ̄i =

∑
j 6=i

ρji(Rji). (2)

In Eq.(1) the first term describes the pair interactions Φji(Rji) between atoms
j and i separated by a distance Rji and depends on their sorts. The second term
describes the 3-body interactions, where fpji(Rji) are the basis functions depending
on the interatomic distances, and n3 is the number of these functions; they depend
on sorts of atoms j and i with the condition fpji(Rji) 6= fpij(Rij). The functions
gpqi (cos(θjik)) depend on the angles θjik between the bonds ji and ki around the i
atom and its sort. The third term in Eq.(1) is the effective representation of the
sum of n-body interactions (n > 3), defined by function Fi(ρ̄i) within the centrally
symmetric approximation (CSA), and depends on sort of atom i. Finally, ρji(Rji) in
Eq. (2) are the basis functions for description of all n-body interactions with n > 3;
they depend on sorts of atoms j and i with the condition ρji(Rji) 6= ρij(Rij).

We will denote functions Φji(Rji), ρji(Rji), Fi(ρ̄i), f
p
ji(Rji), and gpqi (x) as the

potential functions. As follows from the Eq.(1), to describe interatomic interactions
in the binary system Ti-V, it is necessary to have the potential functions of Ti-Ti and
V-V interactions, as well as ones for Ti-V interactions.

2.2. DFT calculations

For our calculations we used density functional theory (DFT) [22, 23] method
within projected augmented wave (PAW) formalism [24] and supercell approach using
ABINIT package [25] to calculate target values for the fitting database and the Vienna
ab initio simulation package (VASP) [26] through management package SIMAN [27]
to calculate values for testing the interatomic potential. In the PAW-potentials for
titanium and vanadium, 3s, 3p, 4s and 3d electrons are considered as valence in both
used packages. All chosen potentials were constructed within the generalized gradient
approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) functional [28].

ABINIT parameters. The kinetic energy cutoff of the plane wave basis set of
860 eV was chosen. Smoothing the Fermi level was carried out by the method
of Methfessel-Paxton[29] with a smearing width of 0.136 eV. Mesh of k-points,
constructed using the Monkhorst-Pack method [30], with size of 14 × 14 × 14 was
chosen for the bcc structure of vanadium. The corresponding density of k-points
was used for all other structures. DFT calculations were carried out to achieve the
convergence criterion of energy 10−6 eV and maximum forces less than 10 meV/Å.
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Angular dependent interatomic potential for Ti-V system for molecular dynamics simulations5

VASP parameters. The cutoff energy of the plane-wave basis set was chosen as
350 eV. Smoothing the Fermi level was carried out by the method of Methfessel-
Paxton[29] with a smearing width of 0.2 eV. Mesh of k-points, constructed using the
Monkhorst-Pack method [30], with size of 11×11×11 was chosen for the bcc structure
of vanadium. The corresponding density of k-points was used for all other structures.
Equilibrium self-point defect (SPD) configurations and their complexes with Ti atoms
in bcc V were determined using the full relaxation method until the maximum forces
acting on atoms in a simulation cell become less than 25 meV/Å.

To confirm the validity of the chosen parameters we performed calculations of
convergence of formation enthalpy and maximum force acting on atoms for TiV
compound with the B2 structure with respect to the cutoff energy and size of the k-
points grid. We used a 2-atom unit cell with ideal positions of atoms for the formation
enthalpy and with vanadium atom displaced along the [100] direction by ∼ 0.015 Å.
Results of calculations are presented on figure 1. It demonstrates that at chosen
parameters’ sets the convergence is reached in all cases; in ABINIT and VASP, the
formation enthalpies (forces acting on atoms) are calculated with an accuracy of ∼ 2
meV/atom and ∼ 10 meV/atom (∼ 5 meV/Å and ∼ 30 meV/Å), respectively.
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Figure 1. Results of DFT convergence calculations of formation enthalpy and
maximum force acting on atoms in the TiV compound with the B2 structure
in dependence on cutoff energy and size of k-points grid performed employing
ABINIT (a and c) and VASP (b and d) packages. For calculations of the forces,
vanadium atom was displaced along the [100] direction by ∼ 0.015 Å.
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Angular dependent interatomic potential for Ti-V system for molecular dynamics simulations6

2.3. Ti-SPD binding energy

The defect formation energies and binding energies of the Ti-SPD complexes are
calculated using the following equations [6]:

EV ac
f = EV ac(VN−1)− [(N − 1)/N ]E(VN ), (3)

ESIA
f = ESIA(VN+1)− [(N + 1)/N ]E(VN ), (4)

and

E
(A,B)
b = EA(VN−1 +A) + EB(VN−1 +B)

− EA+B(VN−2 +A+B)− E(VN ), (5)

where EV ac
f and ESIA

f are the formation energies of vacancy and self-interstitial atom
(SIA), respectively; E(VN ) is the energy of the ideal bcc supercell with N vanadium
atoms, EV ac(VN−1) is one of the supercell with vacancy, and ESIA(VN+1) is one of

the supercell with SIA; E
(A,B)
b is the binding energy between two defects (A,B = Ti

atom, SIA or vacancy), EA(VN−1 + A) and EB(VN−1 + B) are the energies of the
supercells with corresponding types of point defects, and lastly EA+B(VN−2 +A+B)
is the energy of supercell, containing both point defects.

Calculations of these energies were performed for 250-site (5×5×5 two-atom bcc
unit cells) and 2000-site (10×10×10 two-atom bcc unit cells) supercells using molecular
static method until forces acting on atoms are less than 0.001 meV/Å.

2.4. Melting point

We performed calculations of the melting point for series of alloys, for which
temperatures of liquidus and solidus almost coincide (60-80 at. % Ti) according to the
thermodynamic assessment of the Ti-V phase diagram [31]. This allowed us to employ
the approximation of the composition equality of liquid and solid phases. For each
concentration, three initial samples with a different random distribution of Ti atoms
were used. The melting temperature was calculated using an NPH ensemble (at a
constant number of atoms, pressure, and enthalpy of a system) [32] for a 19652-atom
simulation supercell (17×17×34 two-atom bcc unit cells) consisting of solid bcc and
liquid phases in contact with each other (the co-existence method). Simulations were
performed for 450 ps with a time step of 3 fs. For each concentration, three samples
with a random distribution of Ti atoms in a sample were constructed; for each sample,
sixteen supercells with different starting temperatures were employed.

2.5. Diffusion

Vacancy diffusion in bcc V-4Ti lattice was simulated by molecular dynamics method
using an NPT ensemble (at a constant number of particles, pressure, and temperature),
in which pressure and temperature were kept employing Berendsen barostat [33] and
Nose-Hoover thermostat [34] respectively, at a series of temperatures between 600 and
1900 K with a step of 100 K. The simulation time equals 8 ns with a time step of 2 fs.
Each modeled sample is a 2000-site bcc supercell with 50 randomly distributed atoms
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Angular dependent interatomic potential for Ti-V system for molecular dynamics simulations7

and 1 vacancy. Diffusion coefficient D was calculated as a function of the temperature
for a fixed concentration of vacancies, according to the expression:

D = (1/6N)(dZ/dt), (6)

where Z is the sum of the squares of atomic displacements of N atoms at time t.
dZ/dt is calculated as the slope of linear approximation of the Z(t) dependence. The
diffusion activation energy for a fixed vacancy concentration is equal to the effective
vacancy migration energy by the vacancy diffusion mechanism.

The activation energy of vacancy migration Em
v was obtained by:

D(T ) = D0exp

(
−Em

v

kT

)
. (7)

where the symbols k and T are the Boltzmann constant and the absolute temperature,
respectively.
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Angular dependent interatomic potential for Ti-V system for molecular dynamics simulations8

3. Ti-V potential construction

Phase diagram of the Ti-V system demonstrates that there are solid solution phases
only [31] above temperature of 473 K in all concentration range. Titanium and
vanadium form a complete series of solid solutions with bcc lattice at elevated
temperatures above ≈ 1150 K. Below this temperature, vanadium is slightly soluble
in hexagonal close-packed (hcp) Ti (about 3.1 at. % V at ∼ 790 K). The solubility of
titanium in bcc vanadium gradually decreases to about 9.8 at. % Ti as temperature
reduces from 1150 K to 473 K.

3.1. Fitting database

Potential parameters were optimized to describe the fitting database of DFT data.
The optimization procedure was presented in detail in [13].

DFT database consists of formation enthalpies and atomic volumes for seventeen
model solid solutions with the bcc structure, as well as compounds TiV , compounds
TiV3 and Ti3V , and compounds TiV2 and Ti2V with structures, B2, L12, and C32,
respectively. Marked twenty-two model structures are sampled atomic configurations
with titanium concentrations from 6.25 at.% to 93.75 at.%. In addition, two samples
of solid solutions of V in hcp and C32 Ti (corresponding to the V concentration ∼ 0.03
%) were included in the fitting database. To improve the description of point defect
complexes in bcc V, six samples with Ti-vacancy complexes were also employed in the
fitting procedure; this group of samples consists of five Ti-monovacancy complexes
and one Ti-divacancy complex. The equilibrium lattice parameters were determined
by fitting the dependence of atomic energy on volume E(V ) to the equation of state
of the form[35] for the bcc, B2 and L12 structures. For the bcc structure, the volume
relaxation was also employed. For the C32 structure, we calculated the dependency
of atomic energy on the lattice parameters E(a, c) for a grid of points, followed by
finding its minimum. For the bcc structure (ideal and with Ti-vacancy complexes)
16-site supercell (2 × 2 × 2 elementary cubic 2-atom cells) was used. Structures C32,
L12 and B2 were sampled employing 3-atom, 4-atom and 2-atom cells, respectively.

The formation enthalpy of the compounds in the Ti-V system (∆H(TimVn)) is
calculated using the following formula:

∆H(TimVn) =
H(TimVn)− (mHTi

hcp + nHV
bcc)

m+ n
, (8)

where H(TimVn) is the enthalpy of a TimVn compound with n+m atoms, mHTi
hcp is

the one of m titanium atoms in equilibrium hcp structure, and nHV
bcc is the one of n

vanadium atoms in equilibrium bcc structure.

3.2. Potential functions

For a complete description of the interatomic interactions in the Ti-V system, it
is necessary to describe the interactions of Ti-Ti, V-V, and Ti-V. The first one is
described by the potential functions for titanium, published in our recent paper [19].
V-V interactions are described by potential functions for vanadium, published by
Lipnitskii and Saveliev [13].

To complete the interatomic potential, it is necessary to describe the cross-Ti-V
interactions by construction of the following potential functions: Φ12(r), two functions
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Angular dependent interatomic potential for Ti-V system for molecular dynamics simulations9

ρji(r) (ρ12(r) and ρ21(r)), and four functions fpji(r) (f1
12(r), f2

12(r), f1
21(r) and f2

21(r)).
The results of the optimization of the potential parameters for Ti-V system are
presented in the figure 2 in graphical form. The potential functions are presented
in the form of cubic splines, knots of which are the potential parameters.
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Figure 2. Potential functions Φ12(r) (in eV), ρji(r) (dimensionless), fpji(r)

(dimensionless) of the Ti-V interactions in form of cubic splines. The values of the
functions at the nodes splines (the potential parameters) are denoted by squares.
The functions fpji(r) and ρji(r) are constant at r < Rmin. The pair potential

Φ12(r) at r < RZBL has the form of the universal ZBL screening function [36]
and is a continuous function along with its first and second derivatives in the
interval [RZBL,RminΦ]. Ti-Ti and V-V potential functions are presented in [19]
and [13], respectively.

Thirty spline knots were used for the function Φ12 on the interval [RminΦ, RΦ],
twenty-five spline knots for the function ρ12 and ρ21 on the interval [Rmin, RΦ] and
fifteen spline knots for the function f1

12, f2
12, f1

21 and f2
21 on the interval [Rmin, Rf ].

The inner cutoff radius for the function Φ12 equals to RminΦ = 1.75 Å. It was selected
as the average value RminΦ of the potential for pure titanium (RminΦ = 1.7 Å[19]) and
vanadium (RminΦ = 1.8 Å[13]). The inner cutoff radius for the functions ρ12, ρ12, f1

12,
f2

12, f1
21 and f2

21 equals to Rmin = 1.85 Å. It was selected as the average value Rmin

of the potential for pure titanium (Rmin = 1.9 Å[19]) and vanadium (Rmin = 1.8
Å[13]). The outer cutoff radius for the pair potential Φ12 and functions ρ12 and ρ21

is RΦ = 6.1 Å, which is equal to the average value of the values RΦ of the potentials
for pure titanium (RΦ = 6.4 Å[19]) and vanadium (RΦ = 5.8 Å[13]). The outer
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Angular dependent interatomic potential for Ti-V system for molecular dynamics simulations10

cutoff radius Rf = 4.3 Å for the functions f1
12, f2

12, f1
21 and f2

21, which is the average
value of values Rf of the potentials for pure titanium (Rf = 4.5 Å[19]) and vanadium
(Rf = 4.1 Å[13]). According to our works [13, 19], the potential functions fpji and ρji
are constant below Rmin, and the function Φ12 is a Coulomb screened pair potential
in Ziegler-Biersack-Littmark (ZBL) form [36] below RZBL with parameters EZBL and
RZBL equal to -9.36 eV and 1.0265 Å, respectively. Between RZBL and RminΦ, the
potential function Φ12 is described as a fifth-degree polynomial function; the chosen
parameters of the ZBL model ensure continuity of Φ12 and its two derivatives. The
values of the potential functions of Ti-V in the spline knots, which are optimized
parameters of the potential, are presented in table 1. Parameters ηe and ηr, used to
solve the problem of incompatibility between the DFT and experimental quantities for
the POT TiV potential, were determined by linear interpolation from the quantities
for pure titanium (1.000 and 1.006, respectively[19]) and vanadium (0.90 and 1.005,
respectively [13]) (for more details, see Section 3.1 in [13]).
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Angular dependent interatomic potential for Ti-V system for molecular dynamics simulations11

Table 1. Parameters specifying the seven cubic splines that comprise the Ti-V
interaction part of the Ti-V potential. The first part of the table lists the number
of knots N for each spline, and the range of the spline variables at tmin as well
as tmax. The middle part of the table gives the values at equally spaced spline
knots defined by ti = tmin + (i− 1) · (tmax − tmin)/(N − 1).

i t tmin tmax N

Φ12 r(Å) 1.75 6,1 30
ρ12 r(Å) 1.85 6.1 25
ρ21 r(Å) 1.85 6.1 25
f1
12 r(Å) 1.85 4.3 15
f2
12 r(Å) 1.85 4.3 15
f1
21 r(Å) 1.85 4.3 15
f2
21 r(Å) 1.85 4.3 15

i Φ12(ri) (eV) ρ12(ri) ρ21(ri) f1
12(ri) f2

12(ri) f1
21(ri) f2

21(ri)
1 4.89945371 1.15727550 0.89547741 1.23817649 1.16240748 1.01104165 1.04601059
2 2.97086133 1.15678163 0.89265451 1.21300317 1.12909915 0.98629375 1.02561916
3 1.64218155 1.15340328 0.87529033 1.07720594 0.95792630 0.85919545 0.91970995
4 0.78075229 1.13852285 0.83467496 0.82658142 0.67194501 0.65202973 0.74052292
5 0.24578894 1.09264990 0.76892782 0.52149296 0.36569442 0.45882181 0.55753271
6 -0.07090975 1.01022495 0.68241501 0.23266844 0.10120502 0.31120726 0.40604952
7 -0.25281977 0.89968787 0.58356610 0.01178745 -0.09117544 0.16836590 0.27669028
8 -0.34887621 0.78339676 0.48126686 -0.13114419 -0.20197707 0.00880167 0.16007433
9 -0.39429245 0.67932427 0.38302573 -0.20733785 -0.23682937 -0.13393998 0.06780002
10 -0.40609335 0.58327646 0.29446415 -0.22676897 -0.21147647 -0.21482858 0.01329956
11 -0.39477190 0.48499264 0.21846331 -0.19884246 -0.14970208 -0.21731132 -0.00728426
12 -0.36526470 0.38615452 0.15551805 -0.13580146 -0.08077147 -0.15541781 -0.00887193
13 -0.32382406 0.29682139 0.10458563 -0.06045289 -0.02913491 -0.06898338 -0.00421306
14 -0.28075093 0.22995443 0.06451076 -0.01021073 -0.00429175 -0.01156653 -0.00071398
15 -0.24241705 0.18966671 0.03521402 0.00000000 0.00000000 0.00000000 0.00000000
16 -0.21098407 0.16121086 0.01686151
17 -0.18573892 0.12658391 0.00802275
18 -0.16430292 0.08061355 0.00604600
19 -0.14371412 0.03018740 0.00781041
20 -0.12129113 -0.00867228 0.01012119
21 -0.09691881 -0.02441100 0.01049508
22 -0.07270405 -0.02106434 0.00792247
23 -0.05123809 -0.01019344 0.00360146
24 -0.03445487 -0.00180793 0.00060675
25 -0.02244834 0.00000000 0.00000000
26 -0.01407830
27 -0.00794093
28 -0.00321001
29 -0.00050075
30 0.00000000
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Angular dependent interatomic potential for Ti-V system for molecular dynamics simulations12

3.3. Fitting accuracy

The fitting results of formation enthalpies (calculated using Eq. (8)) and equilibrium
volumes for the series of Ti-V structures, which include model bcc and hcp
solid solutions, stoichiometric compounds with C32, L12, B2 structures as well
as configurations with Ti-vacancy complexes (see details in Section 3.1 Fitting
procedure), are presented in figure 3. They demonstrate that the atomic volumes
are reproduced closer to the DFT target values than the formation enthalpies; their
average deviations are equal to 1.9 % (maximum value of 10.7 %) and 6.7 % (maximum
value of 14.7 %), respectively. It should be noted that the average deviations for
structures with defects do not exceed corresponding values for the full fitting database
(0.3 % and 5.7 % for the atomic volumes and formation enthalpies, respectively).
Therefore, we can expect the correct reproduction of the interaction between titanium
atoms and vacancies in the bcc lattice of vanadium.
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Figure 3. Scatter plots for (a) enthalpies of mixing and (b) atomic volumes for
the series of Ti-V model structures with respect to the DFT database.
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Angular dependent interatomic potential for Ti-V system for molecular dynamics simulations13

4. Tests of the binary potential

We assessed the performance of the POT TiV potential by comparison of the
calculated properties with known experimental and DFT data. These properties
include lattice parameters, elastic moduli, complexes of point defects with Ti atoms,
thermal expansion and melting points for the series of Ti-V alloys, and diffusion.
Finally, the evolution of excess vacancies in the V-4Ti alloy in comparison with pure
V was investigated and compared with the experimental observations. In this case, the
initial vacancy concentration corresponds to one observed in defective regions, formed
as a result of a cascade of atomic collisions caused by ion or neutron irradiation.

4.1. Lattice parameters and elastic moduli

Table 3. Lattice parameters of structures of the Ti-V system in comparison with
our DFT results and known experimental data.

Parameter POT TiV Exp. DFT
TiV (bcc)

a, Å 3.147 3.150 [37], 3.136 [38] 3.124
Ti2V (C32)

a, Å 4.508 4.562 [39] 4.532
c/a 0.593 0.608 [39] 0.593

TiV2(C32)
a, Å 4.454 – 4.511
c/a 0.599 – 0.561

Table 3 shows lattice parameters of several Ti-V structures calculated with the
POT TiV potential and known experimental data. The results predicted by the
POT TiV potential deviate from the experimental data by less than 2.5%, which,
along with good satisfactory agreement for values from fitting database, demonstrates
its ability to reproduce structures with different coordination numbers and chemical
composition.

Accurate description of the elastic constants allows to correctly reproduce the
mechanical stability of a material, as well as strain fields around defects in it. Elastic
moduli of the Ti-V structures compared to the DFT data are presented in table 4. For
pure elements, satisfactory agreement between the POT TiV potential and experiment
(average deviations equal to ∼ 15.3 % and ∼ 0.9 % for Ti and V, respectively)
is associated with their inclusion in the corresponding fitting databases [19, 13].
Elastic constants for model structures (TiV-B2, Ti2V-C32, and TiV2-C32) demonstrate
their mechanical stability, which is in qualitative agreement with the results of DFT
calculations. It is important to determine the ability of the POT TiV potential to
reproduce elastic moduli for solid solution structures, which was done on the example
of TiV15-bcc (6.25 at. % Ti) alloy. We obtained an acceptable agreement with DFT
and deduced experimental data [11] (12 % and 24 %, respectively), which ensures its
mechanical stability. Better agreement for the IFS potential [11] can be attributed to
the inclusion of these values into the optimization procedure.
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Angular dependent interatomic potential for Ti-V system for molecular dynamics simulations14

Table 4. Elastic constants in units of GPa for pure Ti phases (hcp, bcc and C32),
pure V (bcc) and Ti-V phases (B2, two L12 and two C32) in comparison with the
DFT fitting data and experiment.

C11 C12 C44 C33 C13

Ti-hcp (hexagonal)
POT TiV 168 76 49 171 77
DFT [40] 176 84 45 191 75
Exp.(4 K) [41] 176 87 51 191 68

Ti-bcc (cubic)
POT TiV 90 113 46 – –
DFT [42] 87 116 41 – –
Exp.(1293 K) [43] 134 110 36 – –

Ti-C32 (hexagonal)
POT TiV 219 87 66 254 84
DFT [42] 201 82 56 251 52

V-bcc (cubic)
POT TiV 230 122 43 – –
DFT [44] 258 142 20 – –
Exp. [45] 230 120 43 – –

TiV-B2 (cubic)
POT TiV 213 139 69 – –
DFT 169 132 22 – –

Ti2V-C32 (hexagonal)
POT TiV 315 173 53 390 139
DFT 162 126 22 190 101

TiV2-C32 (hexagonal)
POT TiV 221 172 18 187 105
DFT 215 129 56 106 99

TiV15-bcc (cubic)
POT TiV 213 139 69 – –
DFT 255 148 79 – –
IFS [11] 229 104 49 – –
Exp. [11] 222 118 43 – –

4.2. Ti-SPD binding energy

Table 5 shows the binding energies, Eb, between Ti atoms and self-point defects
(SPD) (vacancy, divacancy and self-interstitial atom (SIA)) depending on the
nearest neighbor(nn) position in bcc vanadium obtained using the POT TiV and
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Angular dependent interatomic potential for Ti-V system for molecular dynamics simulations15

POT TiV old potentials in comparison with the results of DFT calculated from Eq. 5
(see Section 2.3). Configurations of the Ti-SPD complexes are shown in figure 4.

Table 5. Binding energy Eb, eV between titanium atoms and self-point
defect (Vacancy or SIA) depending on the nearest neighbor(nn) position in bcc
vanadium. Data for POT TiV old (250/2000 atom cells), POT TiV (250/2000
atom cells) and DFT (250 atom cell)

Defect nn POT TiV old POT TiV DFT

Ti-Vacancy 1 0.64/– 0.51/0.50 0.37
2 –0.03/– -0.03/-0.03 –0.06
3 –0.02/– -0.02/-0.02 0.07

2Ti-Vacancy 1 */* 0.41/0.41 *
2 0.61/– 0.57/0.57 0.60
3 1.34/– 0.90/0.91 0.75
4 0.64/– 0.43/0.47 0.27
5 1.45/– 1.00/0.99 0.80

Ti-Divacancy** 1 0.51/0.81 0.68/0.68 0.46

Ti - SIA<111> 1 –/0.35 0.21/0.21 0.15

2Ti - SIA<111> 1 –/0.69 –/0.32 0.29
2 –/0.78 –/0.45 0.31
3 –/0.62 –/0.46 0.35

3Ti - SIA<111> 1 –/1.17 –/0.61 0.41
2 –/1.13 –/1.00 0.46
3 –/1.06 –/0.82 0.54

*-transformed into 2Ti-Vacancy(5)
**-binding energy between titanium atom and divacancy

As can be seen from table 5, the binding energy of complexes of point defects
are in qualitative agreement with the results of DFT calculations. In particular, the
POT TiV potential correctly describes the binding between vacancy and Ti atom at
the first nearest neighbor position, and the highest binding energy of the 2Ti-Vac
(5) among 2Ti-Vac(i) (i=1-5) complexes. Moreover, we obtained good quantitative
agreement for binding energy between the Ti atom and divacancy with a deviation of
about 12 %. For complexes of Ti atoms with self-interstitials, the POT TiV potential
demonstrates satisfactory qualitative and even quantitative (in the case of Ti-SIA and
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Angular dependent interatomic potential for Ti-V system for molecular dynamics simulations16

2Ti-SIA complexes, the average deviation of about 31 %) reproduction of binding
energies with an average deviation of about 49%. It should be noted that the fitting
database does not contain information about interactions between Ti atoms and self-
interstitial atoms in bcc V.

The average deviation between POT TiV and DFT results over all Ti-SPD
complexes is about 49%. This difference can be associated with the fact that the
fitting databases for the potentials of pure titanium [19] and vanadium [13] include
experimental data, which show only qualitatively agreement with the DFT ones. For
example, DFT value of 2.6 eV of the vacancy formation energy in vanadium [44] differs
from the experimental one of 2.1 eV [46] by 0.5 eV. Therefore, this difference is also
an estimate of DFT errors when calculating the binding energies of impurity atoms
with a vacancy in bcc V.

Thus, the present POT TiV potential is able to qualitatively describe interactions
between Ti atoms and self-point defects in bcc V and shows improvement in
reproduction of binding energies in comparison with the POT TiV old one.

4.3. Thermal expansion and melting point

The relative change of the lattice parameter of the V - 20 at. % Ti alloy (V-20Ti)
on temperature was calculated using molecular dynamics simulations for an isobaric-
isothermal ensemble (NPT) at zero pressure. In the NPT ensemble, the temperature
was kept constant using Nose-Hoover thermostat [34] and pressure was kept constant
using Berendsen barostat [33]. The calculations were performed using a 1024-atom
bcc supercell with randomly distributed Ti atoms, which was gradually heated from
293 K to 1793 K with a temperature step of 15 K and annealing at each temperature
during 100 ps. The MD calculated thermal expansion of the V-20Ti in comparison
with experiment is shown in figure 5 and demonstrates almost perfect agreement with
the experiment [47], especially for low temperatures, while for the elevated ones the
POT TiV underestimate this quantity.

The obtained melting temperatures are demonstrated in figure 6 in comparison
with the corresponding part of the assessed phase diagram [31]. As we can see from this
figure, the POT TiV potential overestimates the melting temperature compared to the
assessment by about 300 K, and the difference between the potential and assessment
decreases as the concentration of Ti rises. The overestimation of the melting point may
originate from the underestimation of the thermal expansion at high temperatures.
Another possible cause of such difference can originate from the lack of electron effects.
It was shown on the example of 3d transition metals that chemical bonding nature, in
particular, bond overlap population, has a significant influence on melting points [48].
However, a detailed investigation of reasons underlying the calculated melting points
overestimation is beyond the scope of this paper.

4.4. Diffusion

Diffusion coefficients in V and V-4Ti, calculated employing Eqs. (6) and (7) at fixed
vacancy concentration as described in Section 2.5, are plotted in figure 7 as a function
of inverse temperature. According to the figure, the activation energies for vacancy
migration, determined by fitting to the Arrhenius equation in pure V and V-4Ti, are
0.52±0.04 eV and 0.75±0.03 eV, respectively. The value for pure V agrees with known
experimental data (0.5-1.2 eV [49]) and with one obtained using drag method (0.49 eV

Page 16 of 24AUTHOR SUBMITTED MANUSCRIPT - MSMSE-104396.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



Angular dependent interatomic potential for Ti-V system for molecular dynamics simulations17

Figure 4. The considered nearest-neighboring (nn) atomic configurations: a)
1nn-3nn positions (black atoms) near the vacancy (white atom); b) Ti position
near the 〈111〉 dumbbell highlighted with space diagonal; c) 2Ti-Vac(i) complexes,
where i - nn Ti-Ti position; d) 2Ti-SIA and 3Ti-SIA complexes. Black - Ti, white
- V, rectangle - vacancy, red - dumbbell 〈111〉.

[13]). In turn, for V-4Ti the POT TiV potential shows higher vacancy diffusivity by
0.23 eV, which can be attributed to the attractive interaction between vacancies and Ti
atoms. The obtained value is less than binding energy between Ti atom and vacancy
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Figure 5. The relative change of the lattice parameter ∆a/a0 on temperature
for the V-20 at. % Ti alloy with the bcc structure, calculated using the POT TiV
potential in comparison with the experimental measurements (Ref. [47]). a0 is
the lattice parameter at 293 K.

(0.5 eV, see table 5) probably due to the temperature effects. As we can see from figure
7, the difference in diffusivity between V and V-4Ti decreases as temperature rises,
and two values almost coincide near the melting point of bcc V, meaning that binding
between Ti atom and vacancy becomes weaker at high temperatures. However, a
detailed investigation of the origins of this effect is beyond the scope of this paper.

4.5. Excess vacancies’ evolution

It is known from experiments and MD simulations that highly mobile SIAs move to the
periphery of the cascade region, while monovacancies (mostly) stay in the center of the
defective region in the materials subjected to the ion or neutron irradiation [50, 17, 18].
Following Brommer et al. [51] and Fan et al. [52] we used 50 monovacancies per 2000-
atom sample (10×10×10 two-atom bcc unit cells) as a starting configuration; this was
shown to be a typical vacancy concentration caused by a cascade of atomic collisions.
The evolution of the process was tracked using the dependencies of potential energy
and volume of the sample on modeling time. The occurrence of the plateau in these
dependencies indicates the finish of the process. MD simulations were performed at
a temperature of 700 K for 16 ns. Visualization of the final structures was performed
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Figure 6. Melting temperatures of Ti-V alloys for the concentration range of
60-80 at. % Ti in comparison with a thermodynamic assessment of Ti-V phase
diagram (SGTE) [31].
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Figure 7. Temperature dependence of diffusion coefficients for pure V and the
V-4Ti at fixed vacancy concentration calculated using MD simulations with the
POT TiV potential.
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Angular dependent interatomic potential for Ti-V system for molecular dynamics simulations20

using the OVITO package [53].

Figure 8. Structures of 50 excess vacancies modelled after 16 ns at 700 K using
POT TiV. a) pure V, b) V-4Ti. Here, grey spheres are vanadium atoms, black
are the titanium ones, green line is the vacancy loop 1/2〈111〉, and blue denote
regions containing complexes of Ti atoms with vacancies.

Figure 8 shows that the vacancy loop is formed in pure vanadium during the
simulation time. According to the dislocation analysis (DXA) implemented in OVITO
package [54], it is the 1/2 〈111〉 vacancy loop, which is commonly found in the
irradiated pure bcc vanadium [55, 56]. In turn, V-4Ti alloy does not contain any
loops after the simulation, that agree with experimental results in V-5Ti alloy, in
which only separate vacancies were observed [57].
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5. Summary and conclusion

In the present paper, a new angular dependent interatomic potential for the binary
Ti-V system was developed. It was constructed within the Lipnitskii-Saveliev (LS)
approach, which allows to describe simultaneously structural, elastic, defect, thermal
and phase transition properties in satisfactory agreement with known experimental
and theoretical data. The present potential (POT TiV) includes components for the
Ti-Ti and V-V interactions, described in detail in our previous articles, as well as Ti-
V ones developed within the current study. Fitting databases for the pure elements’
potentials include a wide range of experimental and density functional theory (DFT)
data, while for the binary one we prepared the DFT fitting database only. It consists
of formation enthalpies and equilibrium volumes for the set of model structures with
different coordination numbers, some of which included Ti-vacancy complexes.

The developed potential accurately describes properties from the fitting database,
especially equilibrium volume, indicating high quality of the optimization procedure.
It predicts the binding energies of complexes of point defects with up to three Ti atoms
in bcc V in satisfactory agreement with DFT results. Elastic moduli of several model
and experimentally observed structures are reproduced only qualitatively. However,
these properties were not included in the optimization procedure. The POT TiV
potential predicts the melting point for the series of alloys with Ti concentration 60-
80 % with overestimation of ∼ 19 % compared to the thermodynamic assessment.
In turn, it predicts thermal expansion for the V-20Ti alloy almost perfect with a
small underestimation at high temperatures. Calculated directly from the sum of the
squares of atomic displacements, the diffusion coefficients show a decrease for V-4Ti
alloy compared to pure V in all considered temperature range, which agrees with the
fact of attractive interactions between Ti atoms and vacancies. And finally, molecular
dynamics simulations of excess vacancies in pure V and V-4Ti alloy demonstrate
that the addition of Ti prevents the formation of the vacancy loop and preserves
the presence of individual vacancies as part of Ti-vacancy complexes.

Thus, the developed potential is less suited for studying diffusion and melting
properties in equiatomic and Ti-enriched Ti-V alloys due to the mediocre description of
their homologous temperature. Meanwhile, it can be successfully applied for studying
any properties of V-rich alloys (with Ti concentrations < 20 at. %) with emphasis
on structure and energetics of radiation-induced point defect complexes. Finally,
the proposed potential can be used for the development of other multi-component
potentials, which include the Ti-V system as one of the component parts.
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