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Self-diftusion in liquid alloys of Ni-Al and Ti- Al systems, depending on the concentration of the components, as well as in pure
metals Al, Ni, and Ti, has been studied using the molecular dynamics method. Knowledge of the diffusion parameters in melts
of binary systems, such as Ni-Al and Ti-Al, is necessary for a more detailed understanding and prediction of the processes
occurring during combustion synthesis and in the manufacture of wares by melt casting. For the considered systems, self-
diffusion characteristics (activation energy and preexponential factor in the corresponding Arrhenius equation) are found
separately for atoms of different types. Good agreement of diffusion characteristics with experimental data was obtained
for pure metal melts, which indicates the physical realism of the molecular dynamics model and EAM potentials used. In
addition to pure metals, three component ratios were considered for each system: A__ B, A_B. and A B... According to
the data obtained, the activation energy of diffusion substantially depends on the concentration of the components, and the
highest, among the considered compositions, for Ni_ Al _ for Ni-Al system and for Ti, Al_ for Ti-Al system. At the same time,
no significant predominance of diffusion mobility of atoms of different types was observed for all the mixture compositions
considered.
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Camopud¢ysusa B pacnnaBax cucrem Ni-Al u Ti-Al:
MOJICKYIAPHO-ITMHAMNYIECCKOC NCCICNOBAaHNE
[Toneraes I. M.™!, be6buxos 0. B.2, CemenoB A. C.%, Crapoctenkos M. [I.!

' AnITaiicKuit TOCYIapCTBEeHHBIN TeXHUYecknit yHuBepcuteT uM. V. V1. [TonsyHosa, bapHhayi, 656038, Poccus
Tlonnrexundeckuit nHCTUTYT CeBepo-Bocrounoro denepanproro yunsepcutera nm. M. K. AMmocoBa,
Mupnbsiii, 678170, Poccus

MeTOOM MOJIEKY/IAPHON [VHAMMKM IPOBENEHO NCCIefoBaHUe caMopuddysuy B SKMAKMX cIulaBax cucTeM Ni-Al
u Ti-Al B 3aBUCHMMOCTY OT KOHIIEHTpALMy KOMIIOHEHTOB, a TakXe B YNCThIX MeTa/tax Al, Ni n Ti. 3naHue mapamerpos
mnddysnn B paciuraBax OMHapHBIX cucTeM, Takux Kak Ni-Al u Ti-Al, Heob6xommumo ma 6oree feTalbHOrO ITOHUMAHNUA
Y IIPOTHO3MPOBAHMs IIPOLECCOB, MPOMCXONANINX IIPU BBICOKOTEMIIEPATYPHOM CYHTe3€e U IIPY M3TOTOBJIEHVM JeTajeil
IyTeM OT/IMBKY U3 paciyiaBa. s pacCMOTPEHHBIX CUCTeM OTHE/IbHO /IS aTOMOB Pa3HOr'0 COpTa HalileHbl XapaKTepUCTUKI
camopuddysun (sHeprys aKTUBALIVI U IIPeIKCIOHEeHIVATbHBII MHOXXITE/Ib B COOTBETCTBYIOLIEM YPaBHEeHU AppeHuyca).
I/ paciaBoB YMCTBIX METAJUIOB IIOJIY4eHO Xopollee cornacye AudQy3MoHHbIX XapaKTepPUCTUK C IKCIIePUMEHTaIbHBIMU
TaHHBIMM, YTO TOBOPUT B IIONb3Y (PUSMYECKON PealICTUYHOCTI MOJIEKY/IIPHO-ITHAMITYeCKOI MOJie/y U ucnonb3yembrx EAM
noTeHIMaIoB. [ToMMMO 4MCTBIX METaJUIOB, 11 KaXKIOU CUCTEMbI pPacCMaTpUBajIOCh TPU COOTHOLIEHA KOMIIOHEHTOB: A__B

75725
A, B, A B CormacHo momy4eHHbIM JAHHBIM, SHeprus akTupanuy auddysnum cyniecTBeHHO 3aBUCUT OT KOHIIEHTPALNN
KOMIIOHEHTOB M Hanbo/bIIasi, CPefi¥ PACCMOTPEHHBIX COCTaBOB, A Ni Al ama cuctemsr Ni-Al u Ti, Al, ansa cucrempr
Ti-Al ITpu sTOM He 6bIIO 3aMeUYEHO CYLIeCTBEHHOTO Npeobnaganua JudysuoHHOI IOABMKHOCTI aTOMOB PasHOro copTa

/1A BCEX PACCMOTPEHHBIX COCTABOB CMECE.

KnroueBbie cmoBa: MOJIEKY/IApHAA IMMHaMMKa, HI/I(b(l)y3I/IH, 9HEPpruA aKTUBaLum, CIUiaB, pacijiaB.
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1. Introduction

Intermetallic compounds of Ni-Al and Ti-Al systems and
alloys based on them, due to the combination of properties
such as low density, high yield strength at elevated
temperatures, good resistance to oxidation and corrosion,
have a high potential for their use as high-temperature
structural materials [1-4]. The technology for producing
intermetallic compounds and alloys is based on diffusion,
the process of which in such systems is complex and
multifactorial. In the diffusion zone at the interface of two
metals, for example, in the process of combustion synthesis,
both solid ordered and disordered phases can be present
simultaneously, as well as liquid mixtures with different
content of components [5-7]. In this case, diffusion
characteristics, such as the activation energy of diffusion,
differ significantly not only in the indicated phases, but also
depend on the concentration of the components in a simple
mixture [7-10]. Besides, one of the popular technological
methods for obtaining products from intermetallic
compounds is solidification from a melt [11]. It is known
that the microstructure and properties of solidified alloys are
largely determined by the processes of mass transport in the
liquid state. Knowledge of the diffusion parameters in melts
of binary systems, such as Ni-Al and Ti-Al, is necessary for a
more detailed understanding and prediction of the processes
occurring during high-temperature synthesis and in the
manufacture of wares by melt casting.

Experimental study of diffusion in liquid alloys is a
difficult task. This is due to a number of difficulties associated
with conducting such studies: high temperature, chemical
reactivity, crystallization caused by container walls, lack of
suitable isotopes in the case of Al [12,13]. In this case, the
most effective is the application of the molecular dynamics
method, which directly allows to study various transport and
thermodynamic properties of alloys in a wide temperature
range at a clearly specified ratio of components.

The aim of this work was to obtain self-diffusion
characteristics for liquid alloys of Ni-Al and Ti-Al systems,
depending on the concentration of the components, using
the molecular dynamics method.

2. Description of the model

EAM potentials from [14] were used to describe interatomic
interactions in Ni-Al system in the molecular dynamics
model, and from [15] for Ti-Al system. These potentials
were obtained in [14,15] on the basis of comparison with
both experimental and ab initio data on various properties
and structures of the corresponding metals and intermetallic
compounds. They have proven themselves in various
studies and have been successfully tested in a wide range of
mechanical and structural-energy properties of the alloys of
the systems under consideration [14-18].

Computational cells contained 80 thousand atoms
and have the form of rectangular parallelepipeds (Fig. 1).
Periodic boundary conditions were used on all axes, wherein
an additional free space was created along one of the axes
(above and below in Fig. 1) so that the melt could freely
change its volume with a change in temperature and initial

melting of the start crystal. The melt structure in the model
was created by setting the temperature of the computational
cell significantly higher than the melting temperature and
holding it for a time sufficient for complete destruction of the
crystal lattice, melting of the entire cell, and completion of all
processes associated with relaxation of the structure after the
phase transition.

To find the diffusion characteristics in this work, we
used the kinematic method [19]. It consists in finding the
temperature dependence of the diffusion coeflicient D(T)
and then determining from the obtained dependence of the
diffusion activation energy and the preexponential factor in
the corresponding Arrhenius equation. The self-diffusion
coeflicient was calculated using the Einstein ratio:

2
D= <A_r>) (1)
6t
where (Ar?) is the root-mean-square displacement of atoms
relative to the initial positions, t is time.

The diffusion coeflicient in the simulated melt was
determined from the displacement of atoms only in the shaded
zone in Fig. 1 in order to exclude the influence of the free
surface. Molecular dynamics experiments to determine the
diffusion coefficient had a duration of 0.5 ns. The temperature
in the model was set through the initial velocities of atoms
according to the Maxwell-Boltzmann distribution [20,21].
To keep the temperature constant during the simulation, a
Nose-Hoover thermostat was used. The time integration step
in the molecular dynamics method was 2 fs.

computational domain

Fig. 1. The model for studying self-diffusion in a melt (diffusion was
estimated from the displacement of atoms in the shaded region).
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3. Results and discussion

The used EAM potentials describe quite well the various
properties of the metals under consideration, including the
melting point and thermal expansion coefficient [14-18]. In
our model, the melting temperatures of the metals Ni, Ti, and
Al were 1705, 1995 and 1045 K respectively, which is close
to the reference data: 1726, 1943 and 933 K. The diffusion
coefficient was measured in a wide temperature range, the
width of which for different compositions was usually equal
to or exceeded 1000 K (usually from the melting point to
plus 1000 -1200 K).

Fig. 2 shows the dependences of InD on 10°/T obtained
in the model for liquid mixtures of Ni-Al (Fig. 2a) and Ti-Al
(Fig. 2b), as well as for pure metals Al, Ni, and Ti. All found
diffusion coefficients had values in the range of 10 -10"m?/s,
which for the temperatures under consideration is in good
agreement with experimental works and data of other
authors for melts [13,22-25]. All the dependences obtained
are strictly linear, which indicates that the same diffusion
mechanism with the same activation energy operates in the
temperature range under consideration.

According to the Arrhenius equation, the self-diffusion
activation energy can be determined from the slope of the
linear dependence:

Q=—kM=—k-tga, )

d(r”)

where k is the Boltzmann constant.

Table 1. Diffusion parameters for melts of Ni-Al and Ti-Al systems.

Herewith the pre-exponential factor is calculated by the
intersection of the line with the ordinate axis:

InD,=InD(0) (3)

The found values of Q and D, are shown in Table 1. The
activation energy of diffusion in liquid Al, Ni, and Ti almost
coincided with the data of real experiments [22-25] (in
Table 1 they are below the values obtained in the model),
which indicates the realism of the potentials used [14,15].
The activation energy in alloys, as expected, significantly
depends on the concentration of the components. This
dependence is non-monotonic and, among the considered
compositions, has a maximum for Ni-Al system at the ratio
of the components Ni AL, (0.69 eV for Ni and 0.71 eV for
Al), for Ti-Al system — at the ratio Ti, Al (0.72 eV for
the atoms of both components). This behavior is explained
by the dependence of the average energy of atoms in the
corresponding mixtures: for the indicated ratios, the depths
of potential wells in which the atoms are located are largest
[14,15], which is reflected in the height of the energy barrier
and, accordingly, the activation energy of self-diffusion. It
should be noted that no significant prevalence of diffusion of
one or another component was observed for all the considered
mixture compositions — the diffusion characteristics for
atoms of different types turned out to be close under the
same conditions. The average energy of atoms in the mixture
and the depth of potential wells in which the atoms are
located correlate, as is known, with the melting temperature
of the corresponding alloys, and therefore the obtained
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Fig. 2. (Color online) Dependences of In D on 10°/T for liquid mixtures of Ni-Al (a), Ti-Al (b) and pure metals Al, Ni, and Ti.
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dependences of the activation energy on the concentration of 4. T. Tetsui. Rare Metals. 30, 294 (2011). Crossref

the components approximately repeat the phase diagrams of
the systems under consideration.

4. Conclusion

Using the molecular dynamics method, self-diffusion in
liquid alloys of Ni-Al and Ti-Al systems, as well as in pure
metals Al, Ni, and Ti, has been studied depending on the
concentration of the components. For the considered
systems, activation energy and preexponential factor in the
corresponding Arrhenius equation are calculated separately
for atoms of different types. Good agreement of diffusion
characteristics with experimental data was obtained for pure
metal melts, which indicates the physical realism of the used
molecular dynamics model and EAM potentials.

In addition to pure metals, three component ratios
were considered for each system: A B,, A B, and A B...
According to the data obtained, the activation energy of
diffusion substantially depends on the concentration of the
components and has a maximum for Ni-Al system at the ratio
of the components Ni_ Al , for Ti-Al system — at the ratio
Ti, Al . For the indicated ratios, the depths of potential wells
in which the atoms are located in melts are largest, which is
reflected in the height of the energy barrier and, accordingly,
the activation energy of self-diffusion. No significant
predominance of diffusion of one or another component was
observed for all the mixture compositions considered — the
diffusion characteristics for atoms of different types turned
out to be close under the same conditions.
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