Letters on Materials 8 (3), 2018 pp. 263-267 www.lettersonmaterials.com

DOI: 10.22226/2410-3535-2018-3-263-267 PACS: 61.80.—x

Effect of titanium on the primary radiation damage and
swelling of vanadium-titanium alloys
A.O. Boev"', K. P. Zolnikov?, I. V. Nelasov', A. G. Lipnitskii'
"boev.anton.olegovich@gmail.com

'Belgorod State National Research University, 85 Pobeda St., Belgorod, 308015, Russia
“Institute of Strength Physics and Material Science, Siberian Branch of RAS, 2/4 Akademicheskii ave., Tomsk, 634021, Russia

Until now, the problem of the effect of alloying elements on the development stage of atomic displacement cascades in
vanadium-based alloys, which are considered as a promising group of radiation-resistant materials for thermonuclear energy,
has not been investigated. In this paper, a molecular dynamic study of the atomic displacement cascade development in pure
vanadium and V-Ti alloys with titanium concentrations of 4, 8, and 16% is carried out for energies of a primary knocked-out
atom of 5, 10, and 20 keV. The interactions between atoms in the V-Ti system are specified in the framework of a method
developed earlier for modeling systems with metallic and covalent types of chemical bond. The interactions at small interatomic
distances are taken into account for screened ions which allows one to correctly simulate atomic systems under high-energy
conditions. The simulations were carried out at 700 K that corresponds to the lower limit of the operating temperature range
of the alloys. The purpose of the work is to establish the features of the effect of titanium on the cascade characteristics and
the possibility of reducing the radiation swelling by titanium doping. The main characteristics of cascades considered in this
paper are the number of generated defects at different stages of a cascade and the structure of the radiation-damaged region.
The distribution of surviving defects of vacancy and interstitial types is calculated in accordance with the concentration of
titanium and energy of a primary knocked-out atom. It has been proved that titanium doping results in a decrease in the size
of the vacancy clusters formed after cascades.
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BimsaHue TMTaHA HAa IEPBUYHYIO PAaAUALIOHHYIO IOBPEXIAeMOCTh
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Jlo HacTOAIET0 BpeMEHM OCTAeTCA He MCCIeNOBAHHBIM BOIPOC BIAMAHMUA JETMPYOIINX 3I€MEHTOB Ha CTaINI0 Pa3BUTHUA
KaCKaJla aTOMHBIX CMEILEHNI B CIIJIaBaX HA OCHOBE BaHa/usA, KOTOPbIe pAaCCMATPUBAIOTCA B KAYECTBE OJHOI U3 IIE€PCIIEKTUB-
HBIX TPYIII pajyialjIOHHO-CTOMKMX MaTepUaoB IJIs TePMOAJEPHOI 9HepreTUki. B jaHHON paboTe IPOBOAUTCA MOJIEKY-
JIIPHO-AVHAMIYECKOe MCCTIefloBaHIe IPOIiecca pa3BUTHUA KACKa/IoB ATOMHBIX CMEIIeHNII B YCTOM BaHaguy 1 civrasax V-Ti
C KOHIIEHTpalVIsIMM TUTaHa 4, 8 1 16% IIpu sHeprusax nepBUYHO BBIOUTOrO aroMa 5, 10 1 20 kaB. B3anmopeiicTBysa Mexgy
aromamu B cucteme V-Ti 3ajjaeTcsa B paMKax MeTO/Ia, Pa3BUTOTO paHee /I MOJIeTMPOBaHMA CUCTEM C METAJIIMYECKIM 1 KO-
BaJICHTHBIM TUIIOM XMMMUYECKON CBA3U. B3aumMopeficTBUA Ha Ma/IbIX MEKAaTOMHBIX PAaCCTOSHUAX YYUTBHIBAETCA B MOJXOJE
SKPAaHMPOBAHHBIX MIOHOB, YTO II03BOJISIET KOPPEKTHO MOJE/INPOBATH ATOMHBIE CICTEMBI B YC/IOBUAX BICOKOSHEPIeTUYECKO-
rO BO3JIelICTBMA. MofenpoBaHue IpoBOANUI0Ch py TeMmeparype 700 K, 4To cOOTBETCTBYeT HIDKHEMY ITpefieNly MHTepBaa
pabounx TeMIepaTyp paccMaTpuBaeMBIX CITaBOB. PaboTa HampaB/IeHa Ha YCTaHOB/IEHUE OCOOEHHOCTEN BIVMAHWA THUTA-
Ha Ha XapaKTePUCTUKM KAaCKaJOB aTOMHBIX CMELEHMIT /i BOSMOXXHOCTb YMEHbBIIEHNS PAIMALIIOHHOIO PacIlyXaHus CIlIaBa
IIpY IETMPOBAHUY TUTAaHOM. OCHOBHBIMI XapaKTE€PUCTMKAMI KaCKa/[0B aTOMHBIX CMEIlIeHNI, pACCMOTPEHHbBIX B IaHHOI pa-
60Te, ABJIAIOTCA KOMMYECTBO TeHEPUPYEeMbIX He(eKTOB Ha Pa3HBIX CTAIVAX pasBUTHA Kackala M CTPYKTYypa pafuallllOHHO-
IIOBPEX/IeHHOII 06macTy. PaccunTaHo pacipesesieHe BbDKYBIINX JeeKTOB BAaKAHCHOHHOTO J MeXXY3€/IbHOIO THIIA 110 Pa3-
Mepy B 3aBMCUMOCTY OT KOHLIEHTPALMY TUTaHa ¥ SHepruM IepBUYHO BbIOMTOro aroMa. OOHApy)keHO, YTO JerMpoBaHue
TUTAQHOM IPUBOAUT K YMEHbBLICHNIO Pa3MepOB BaKaHCMOHHBIX KJIACTEPOB, POPMIUPYEMBIX KacKaJjaMyl aTOMHBIX CMeIleHIIL.

KnroueBblie cmoBa: BaHaJII/IIZ-TI/ITaH, MOIEKYIAPHO-ANHAMUYIECKOE MOJIEINPOBaHME, KaCKa/lbl aTOMHDBIX CMeIeHUIA, IepBuYIHaA pagmanm-
OHHaA IMMOBPEXTAEMOCTbD.
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1. Introduction

Alloys based on V-Ti system are known for their low value
of irradiation-induced swelling, which is achieved by means
of doping with titanium. Among these, the alloys with the
titanium concentration of 4-5% are characterized by the
minimum value of irradiation-induced swelling. This fact
was established in the experiments on radiation treatment of
V-Ti alloys, where the concentration of Ti was changed from
0 to 20% [1]. The contribution of the cascade development
stage to the effect has not been studied yet due to the
limitations in experimental approaches to obtaining detailed
atomic level information on the processes in materials. At
the same time, the scale of cascades’ development makes
them easy to be explored by means of computer simulation
methods on the atomic level.

The effect of titanium on the irradiation-induced swelling
of vanadium was studied by means of computer simulation
methods [2-6], however, by the moment the stage of the
atomic displacement cascade development (the ballistic
stage in [4]) has only been explored for pure vanadium [7].
On this stage, the kinetic energy of a high-energy particle
is redistributed between lattice atoms through the elastic
interaction. The number of lattice atoms displaced from their
sites increases sharply and reaches its maximum. The result of
the second (recombinational) stage, the time scale of which
is several picoseconds, is the formation of point defects and
their clusters formed by the atomic displacement cascade,
which are known to be the primary material condition
after radiation damage. On the third stage, the defects that
“survived” the recombination process continue to evolve as
a result of diffusional atomic displacements (ground state).
In [7], the first stage of vanadium damage was studied by
means of molecular dynamics (MD) using interatomic
potentials constructed in the frames of centrally-symmetric
approximation. The authors of [7] showed that the vacancies
after the cascade stayed in the central part of the simulated
cell and the interstitial atoms moved to the periphery.

It should be noted that alloying elements have an effect
on the primary radiation damage not less than that of the
internal structural features of the material [8,9] (grain
boundaries, interphase boundaries, inclusions of different
types, etc.). The studies in 1970s revealed that an insignificant
concentration of copper (up to 0.4%) contributed remarkably
to the embrittlement of reactor steels. This occurs due to
the formation of copper-enriched clusters in the steels.
MD simulation was carried out in paper [10] to define the
possibility of copper segregation in the process of grouping of
Cu atoms with vacancies in the region of atomic displacement
cascade development. The primary knocked-on atom (PKA)
energies amounted to 5, 10 and 20 keV, the temperature of
simulated crystallite was 600 K, and the concentration of
copper was preset to be 0, 0.2 and 2.0 at.%. The simulation
results showed that there were no copper segregation
processes in the atomic displacement cascades. It appears that
copper clusters are formed within a longer period of time.
The similar simulation results were obtained when exploring
Fe-C system. The high demand for ferrite and ferrite-
martensite steels in the atomic power industry promoted the
development of interatomic interaction for Fe-Cr alloys [11].

These potentials were used to study the effect of Cr on the
development of atomic displacement cascades. A simulation
of atomic displacement cascades with energies from 0.5 to
15 keV at 300 K in Fe-Cr crystallites was performed [12,13].
Unlike Fe-Cu system, it was found out that the presence of Cr
impurities resulted in an insignificant increase in the number
of the survived radiation defects. The insignificant effect of Cr
atoms on the ballistic stage is due to similar atomic masses of
Cr and Fe. It was discovered that in the simulated crystallite
highly stable mixed interstitial Fe-Cr dumbbells were formed.
About 60% of interstitial dumbbells contained Cr atom, while
the mean concentration of Cr amounted to 10%.

V-based alloys are of high demand in the atomic power
industry owing to their low radiation activation. However,
due to the absence of realistic potentials of interatomic
interaction for the V-Ti system, the possible effect of Ti on the
development of atomic displacement cascades and formation
of primary radiation damages has not been studied yet.

Characterization of the contribution of the cascade
development stage to the mechanism of reduction of
radiation swelling in vanadium by means of alloying with
titanium is necessary to understand the alloying principles of
new radiation-resistant materials.

The present paper is aimed at an exploration of titanium
effect on the formation and evolution of defects due to the
development of atomic displacement cascades in V-Ti alloys
with titanium concentration of 4, 8, 16% on the atomic level
by means of MD simulation using interatomic interaction
potentials for V-Ti [3,14] constructed with an account of the
angular dependence of interatomic interactions. The effect
of titanium concentration on the number of vacancies and
interstitial atoms as well as the structure of the radiation-
damaged region depending on the PKA energy within the
range of 1-20 keV are studied. These energies correspond
to the estimated values of the cascade defect formation in
vanadium for neutron spectra of BN-600, IVV-2M, BOR-60
and DEMO-REF reactors [15].

2. Simulation procedures

The simulated crystallites of body-centered cubic lattice of
V and substitutional solid solutions V-Ti had a cubic shape
with periodic boundary conditions in directions [100], [010]
and [001]. We used 128000-node samples (12 nm in edge
length) for PKA energies 5 keV, and 432000-node samples
(18 nm in edge length) for energies 10 and 20 keV.

The initial temperature of the simulated crystallites
amounted to 700 K, which corresponds to the lower limit of
the operating temperature range for vanadium alloys when
using them as a material for a first wall of fusion reactor
[16]. The simulated V-Ti crystallites differed from pure
vanadium crystallites by a random substitution of 4, 8, and
16% vanadium atoms by titanium ones.

Interatomic potentials, which account for angular
dependences of interatomic interactions, used for the
simulation of V-Ti system were constructed earlier in the
frames of an original approach [14]. To describe short-range
interactions, Ziegler-Biersack-Littmark (ZBL) repulsive
potential [17] was used as implemented in [14]. The potential
parameters were optimized to describe the database obtained
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by means of calculations in the frames of the electronic
density functional theory (DFT). The database included
the data on formation enthalpies and atomic volumes for
22 model structures [18]. The potentials used predict the
melting temperature and thermal expansion of vanadium as
well as the interaction of titanium atoms with vacancies and
interstitial atoms in the vanadium body-centered cubic lattice
in good agreement with well-known experimental data and
results of DFT calculations [6]. These properties of potentials
are of a great importance for a correct simulation of radiation
damages of titanium-alloyed vanadium, since the effects of
irradiation-induced swelling significantly depend on the
homologous temperature, size factor, and characteristics of
point defects complexes.

To initialize the structure for MD simulations, each
sample was held at 700 K and zero pressure using Nose-
Hoover thermostat [19] and Berendsen barostat [20] for 20 ps
(NPT ensemble). Then one of the vanadium atoms in the
center of crystallite was given a velocity corresponding to a
given PKA energy in a random direction. To obtain statistical
data, simulations of 10 samples with random directions of the
velocity vector for each PKA energy value were carried out.
Then MD runs at constant pressure and temperature with a
variable time step were done.

The integration step was changed depending on the
maximum atomic velocity in the simulated crystallite so
that PKA displacement did not exceed 0.02 A in one step.
According to this condition, the minimal time step of 0.02 fs
was chosen for PKA energies 5 and 10 keV. For 20 keV energy,
the minimal time step was equal to 0.005 fs. The maximum
integration step value amounted to 1 fs for all PKA energy
values.

The analysis of the evolution of damaged regions in the
crystallites was done by means of visualization using Wigner-
Seitz defect analysis modifier realized in OVITO package
[21]. Point defect clusters were detected by means of cluster
analysis method installed in OVITO software package.

3. Results and discussion

Fig. 1 presents the results of calculations of the number of
Frenkel pairs during the evolution of atomic displacement
cascades generated by PKA having energies of 5, 10 and
20 keV in V, V-4Ti, V-8Ti and V-16Ti crystallites.

As it is seen in Fig. 1, the number of Frenkel pairs
“survived” after the atomic displacement cascade grows with
an increase of PKA energy. The addition of titanium has a
little effect on this number only for 5 keV energy. At higher
PKA energies titanium in the concentrations studied does not
have any influence on the formation of point defects. It should
be noted that the effect of titanium manifests itself only on
the ballistic stage of the cascade development. In the case of
20 keV PKA energy 1.5 times less Frenkel pairs are formed in
vanadium-titanium alloys on the ballistic stage than in pure
vanadium. This is due to the formation of subcascade regions
in vanadium lattice at high PKA energies, which results in
an increase of the number of atoms displaced from their
sites. In the case of an alloy, titanium atoms having larger
ionic radius suppress the formation of subcascade regions.
This is due to the fact that a higher energy is necessary to

displace a titanium atom from its lattice site. Our estimations
of the threshold energy necessary to displace vanadium and
titanium atoms in a direction <100> at 300 K made using the
technique of [22] show that this parameter amounts to 18 and
25 keV for vanadium and titanium, respectively.

One of the important characteristics of the cascade
development region is the distribution of point radiation
defects over vacancy and interstitial clusters of different sizes.
Features of the size distribution of clusters largely determine
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Fig. 1. The number of Frenkel pairs in pure V and V-xTi (x=4, 8, 16)
crystallites versus the simulation time for the PKA energy of 5 (a),
10 (b) and 20 (c) keV. The results were averaged over the 10 simulated
samples with random orientations of the PKA velocity vector.
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the diffusion processes and have a significant effect on the
following evolution of the radiation-damaged region.

Fig. 2 shows a histogram of vacancy cluster distributions
(starting with divacancies) depending on their size and PKA
energy for the samples under consideration with different
titanium concentrations.

As one can see from the figure, the influence of titanium
consists in a decreas in the sizes of vacancy clusters in a
comparison with pure vanadium. Moreover, an increase of
titanium concentration results in an increase in the number of
monovacancies, although the total numbers of free vacancies
and those binded in complexes are practically the same. This
can be explained by a high binding energy between titanium
and a vacancy in vanadium [6]. Titanium atoms trap the
vacancies to form titanium-vacancy or titanium-vacancy-
titanium complexes.

As the MD simulations have shown, for all titanium
concentrations considered, the interstitial atoms formed in
an atomic displacement cascade region move to a periphery
of the cascade region, mainly as single point defects.

Fig. 3 demonstrates the distribution of point defects in
pure vanadium and V-xTi alloys (x=4, 8, 16) at the end of
the ballistic stage and on a steady stage. For visualization,
crystallites where approximately the same number of Frenkel
pairs (1100£100) had been generated at the end of the
ballistic stage were considered. This allows us to estimate
the influence of the titanium concentration on the sizes of
primary radiation damages in case of the same number of
defects.

As is seen in Fig. 3, the damage region in V-Ti alloys is
more localized as compared with pure vanadium. Moreover,

e

with an increase of titanium concentration the size of the
damaged region increases as well. On the steady stage the
number of “survived” defects in all crystallites marked in
Fig. 3 amounts to about 50 Frenkel pairs. At 20 keV energy in
pure vanadium subcascade regions are formed that results in
a significant increase of Frenkel pairs number on the ballistic
stage in comparison with the studied vanadium-titanium
alloys where these regions are not formed at 20 keV (Fig. 1c).

Number of clusters
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C/ us te r SiZe 20

Fig. 2. (Color online) Distribution of vacancy clusters by their sizes in
pure vanadium (grey color), V-4Ti (red), V-8Ti (blue), and V-16Ti
(green) for PKA energies of 5, 10 and 20 keV. The total number of
clusters for 10 crystallites is given for each energy of PKA.

8

Fig. 3. (Color online) Point defects in the simulated crystallite containing 432000 atoms in pure vanadium (a), in alloy V-4Ti (b),
in alloy V-8Ti (¢) and in alloy V-16Ti (d) at the peak time and at the time of main state in 12 ps for pure vanadium (e), alloy V-4Ti (f),
alloy V-8Ti (g) and alloy V-16Ti (h). The structures for crystallites with approximately equal number of point defects on the ballistic stage
are presented. Vacancies and SIAs are blue and red, respectively. PKA energy is 20 ke V.
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4. Conclusions

To the authors’ knowledge, the present paper is the first to
carry out MD simulations of atomic displacement cascades
in V-Ti alloys with various titanium concentrations.
Alloying by titanium up to 16% does not have any effect
on the number of survived point defects formed by atomic
displacement cascades with 5-20 keV PKA energy. It has
been found that the effect of titanium manifests itself in the
structure of the radiation-damaged region. When adding
titanium, the size of the damaged region decreases on the
ballistic and steady stages. With the increase of titanium
concentration the size of survived vacancy clusters decreases
and the fraction of monovacancies increases. The formation
of clusters of interstitial atoms is not significant for the
titanium concentrations considered. The results of the study
allows one to conclude that the effect of titanium on the
changes in the size and structure of the cascade development
region can contribute to the reduction of irradiation-
induced swelling in vanadium through a decrease of sizes
of the damaged regions and formation of vacancy clusters of
smaller sizes.
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