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Ni—Ti alloy has been intensively studied over the past decades. The unique properties of the alloy have allowed us-
ing it as a structural material for the creation of instruments and devices in various fields of science and technology,
including mechanical engineering, aerospace, instrumentation. Measuring magnetic hysteresis loop is shown that after
the deformation of the alloy having ferromagnetic properties. According to the equilibrium phase diagram, the alloys of
Ni—Ti at a Ti content above 10 at. % is non-ferromagnetic. Due to lowering of the crystal phase symmetry with a cubic
lattice the magnetization appears. In this work we have investigated the magnetic properties and the structure of
deformed Nis;Ti,o samples by electron microscopy and X-ray diffraction methods. In Nis;Ti,e samples after plastic de-
formation the lenticular crystals containing bending contours with a high concentration of internal stresses were found.
Bending contours indicate a large distortion of the crystal lattice. The curvature of the crystal lattice occurs due to the
large displacements of the atoms. As a result, it can be formed and icosahedral cluster with the structure of the Frank—
Kasper. An icosahedron is a twelve vertex polyhedron, which is denoted by FK-12. Furthermore, the crystal can be
formed in other Frank—Kasper structures, e. g., FK-16. FK-16 is a sixteen vertex polyhedron with atom located in the
center of the cluster. Indexing paintings electron diffraction and X-ray showed that the alloy phase of the Ni-Ti coexist
with the structure Ti)Ni and Ni,Ti;. For explaining the possibility of the appearance of magnetization in Ni-Ti alloy
samples spin-polarized electron density of states and magnetic moments NijTis clusters (FK-16), Ni;Tis (FK-12) alloy
Nis;Tiyo for electrons with different spin projections: “up” and “down” was calculated. The calculation by the scat-
tered waves (RF) was performed. The results of calculation can be seen that the total electron density of nickel tends to
zero faster than the density of titanium. Also shows that nickel becomes negative spin density in the area of r = 3.25-6.7 a. u.
and titanium for r > 4.5 a. u. This may result depending on the value of the interatomic distances and to the effects
ferromagnetism and antiferromagnetic in order to establish a magnetic clusters. The spectra show a high density
of states near the Fermi level that is a characteristic feature of metals, besides there is an increase in the magnetization
of the alloy during deformation. The calculations showed that the investigated clusters, not susceptible to deformation,
also have a magnetic moment (the average magnetic moment per atom cluster FK-12, is about 1,0 pp, and for the FK-16 is
about 0.3 up. Overall, however, the average magnetic moment is zero, due to the absence of a preferred direction (the
chaotic distribution of clusters) for the alloy. However, if the cluster is subjected to tension, the compensation of the
magnetic moments of clusters occurs in the alloy, since there is allocated for all atoms direction due to deformation.
At the same time, the average magnetic moments of the atoms in the cluster for the Deformed increase to 1.6 ug and
0.8 up respectively for the FK-12 and FK-16.

Keywords: titanium nickel alloy, ferromagnetic properties, lenticular crystal cluster, the icosahedron, pentagonal
symmetry, spin-polarized electron density of states.
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Becmuux Cubl’'AY. Tom 18, Ne ]

Cnaasvr cucmemvr Ni—Ti UHMEHCUBHO U3VHAIOMCA 8 MeYeHUe NOCAeOHUX Oecsmunemul. YHuKanvHvle c8oucmed
CHIABA NO3BONUNU UCNOAL30BAMb €20 6 KA4ecmsee KOHCMPYKYUOHHO20 Mamepuana Oas cO30anusi npubopos u ycm-
POliCm8 6 pa3TUUHbIX 0OIACMSAX HAYKU U MEXHUKU, 8 MOM HUCIe MAUUHOCHPOCHUU, AIPOKOCMUYECKOU chepe, npubo-
pocmpoenuu. Tloxasano, umo nocie depopmayuu cniae Nis;Ti,e npuobpemaem peppomacnumuvle ceoticmea. Co2nacho
pasHosecHoll Pazosoil duazpamme, cnaaevl Ni—Ti npu codepowcanuu Ti eviwe 10 am. % ne asnsiomcesa geppomaznum-
Holmu. M36ecmmo, umo 3a cuem NOHUICEHUs CUMMEMPUL KPUCTNATIUYECKOU (hazbl ¢ KYOUUeCKoll peuemKoll 603MONCHO
603HUKHOGEHUe HamasHuuenHocmu. Hccnedoeanvl MazHummble C0UCMEA U CMpPYKmMypa 0e(opMuposaHHvix 0opasyos
Nis;Tiyo ¢ nomowpio Memooog 1eKmpOHHOT MUKPOCKONUYU U Ouppakyuu penmeenosckux nyuei. B obpaszyax Nis;Tiyg
nocie nIacmuyeckoll deopmayuu HatioeHvbl TUH308UOHbBIE KPUCALIbL, COOepiicauue useubHbvle KOHMYpbl C 8bICOKOU
KOHYeHmpayuel 6HympeHHUX Hanpsigcenutl. M3eubnvle dKCMUHKYUOHHbIE KOHMYPbL YKA3bI6AIOM HA UCKAdICEHUe KpU-
CMANIUYeCKoU peulemil, NOCKONbKY KPUBUZHA KPUCTAIUYECKOU PEULemKIU 603HUKAEN NPU OOTbUUX CMEUEHUSIX ATNOMO8.
B pezynomame makux cmewjenuii 6 cniage mo2ym 6uims chopMUposaHvl UKOCAIOpULECKUe Kiacmepsl cO CIpYKmypou
®@panrka—Kacnepa. Hxkocazop — smo 0senadyamusepuiuHHuk, komopulii obosnayaemcs kaxk @K-12. Kpome moeo, kpu-
cmann modcem dvims chopmuposan 8 opyeux cmpykmypax @panka—Kacnepa, nanpumep ®K-16, komopwiti npedcmag-
jsiem co00l uecmHaoyamugePUUHHUK ¢ AMOMOM, PACHONONCEHHbLIM 8 yenmpe Kiacmepa. Pacwugposka xapmumul
Oudpaxyuu 1eKMpoHO8 U PEHM2EHOBCKUX iyuel nokaszana, ymo 6 cniage Ni—Ti moeym cocyuecmeosamo gpazwr TiNi
u Ni,Tis. /[na 0b6wsacHenus: 603MOJCHOCMU NOsIGNeHUsT HamasHuyenHocmu 6 obpasyax cniasa Ni—Ti denancs pacuem
NAOMHOCINU CRUH-NOJISIPUZ0BAHHBIX COCIMOAHUL 21eKmponoe 015 kiacmepos NijgTis (PK-16) u Ni;Tis (ODK-12) cnaasa
Nis;Tiyg. Pacuem 6binoansics MemoooM paccesuuvix 60aH. Tlokazano, umo noaHas niommocms d1eKmMpoHO8 HUKes
bvicmpee cmpemMumcs, K Hyo, Yem niomuocms mumana. Iloxazano, umo cnunogasi niOMHOCHb HUKeNsT CHAHOGUMCS
ompuyamenvHoll Ha paccmosinuu nopaoka r = 3,25-6,7 a. e., a mumana — npu r > 4,5 a. e. Takue 3uauenus r coom-
BEMCMBYIONM MENCAMOMHBIM PACCMOSHUIM 8 KIACMEPAX, KOMopble MO2Ym CUIbHO U3MeHAMbCs npu depopmayuu. Kax
credcmaue, MO MOJcem Npueooums K s@gexmam Kax peppomMasHumusma, max u aHmueppoMasHumusma npu
VCMAHOBAEHUU MASHUMHO20 NOPSAOKA 8 KAACMEPAx, 6 3A6UCUMOCIU OM GeIUYUHbL MENCAMOMHBIX paccmoanuil. Pac-
yemmwvle CHeKMpbl NOKA3bI8AION 8bICOKYIO NIOMHOCIb COCMOANUL 80aU3U YPOBH Depmu, Umo A6IsAemcs XapaKmepHoul
0COOEHHOCMbIO (heppomacHumublx Memannos. Pacuemul noxasanu, umo ucciedyemvie Kiacmepvl 60CHPUUMYUBHL K Oe-
opmayuu, a makdice 061a0aAIOM MACHUMHBIM MOMEHMOM (V HEUCKANCEHHO20 KIACcmepa CPeOHUli MAZHUMHbLI MOMEHM
Ha amom knacmepa DPK-12 cocmasnsiem oxono 1,0 ug, a ona @K-16 on cocmasnsem oxono 0,3 ug). Oonarxo obwuii
CPeOHULl MACHUMHBLIL MOMEHM PAGEH HYJIO U3-3d OMCYMCMEUs. NPEONOYMUMENbHO20 HANPAGIEHUs. (Xaomuyeckoe pac-
npedeneHue Kracmepos) 0ia cnaasa. B ciyuae osce, ko2z0a amomul knacmepa cmeujeHvl (UCKAHCEHHDBIL Kaacmep), Cnutbl
amomos (T u ¥) ne komnencupyiom opye dpyea, ecredcmesue wezo y UCKAHCEHHO20 KIACMEDA NOAGTACMCA MASHUMHBLL
MOMeHm 60nbUULL, YeM Y HeUCKAXCeHHo20 Kaacmepa, coomeemcmeento 1,6 u 0,8 g na ooun amom ona @K-12 u OK-16.

Kniouesvie cnosa: cnnasvr Ni—Ti, cheppomacnumuvlie ceoticmea, Kiacmepsl 8 TUH308UOHBIX KPUCMANIAX, UKOCAIOD,
NeHMA2OHANbHAS CUMMEMPUS, NJIOMHOCIU CRUH-NOIAPUIO8AHHBIX INEKMPOHHBIX COCTNOAHULL.

Introduction. Ni—Ti alloy has been intensively stud-  the cyclic martensite transformations. The ferromagnetic
ied over the past decades. Shape memory effect found in  phase is distributed in the sample heterogeneously.
this alloy [1] has attracted the attention of many research- We suggested that processes occurringof ferromag-
ers. The unique properties of the alloy have allowed using  netic properties are the result of repeated direct-reverse
it as a structural material for the creation of instruments  martensite transition cycles in Ni—Ti alloys and can lead
and devices in various fields of science and technology, to the isolation of ferromagnetic particles that are rich in
including mechanical engineering, aerospace, instrumen-  nickel [5; 6]. According to the equilibrium phase diagram,
tation. Especially it is important the use of this alloy the alloys of Ni—Ti at a Ti content above 10 at. % is non-
in medicine [2; 3]. Due to the accumulation of new ferromagnetic. Another hypothesis for appearance of fer-
knowledge the scope of this material is continually romagnetic properties in Nis Tiy alloy after plastic
expanding. deformation concerns with the appearance of intermetallide

In our previous article [4] the structure of the bulk  phases [7]. Moreover, by lowering the symmetry of the
Nis; Tige alloy specimens under tensile loading was stud-  crystal phase with a cubic lattice the magnetization of
ied. Electron microscopy and electron diffraction methods  alloy appears [8; 9].
are applied to show that a phase with FCC lattice can Experimental results and discussion. In this work
be present in titanium nickelide. We have shown that we have investigated the magnetic properties and the
interplanarspacings BCC,;y, FCC,;; and HCPyy, for the structure of deformed Nis Tiyy samples by electron mi-
studied alloy have close values which demonstrate the croscopy and X-ray diffraction methods. In fig. 1 we can

possibility of their mutual polymorphic transformation. see the different types of hysteresis loop before and after
We previously investigated the magnetic states of de-  plastic deformation [10].
formed samples by torsion magnetometer method after The numerous of martensite transformation features in

various numbers of cyclic martensite transformations. Ni-Ti alloys (e. g. transformation temperature, presence
Torsion curves have shown the magnetization appearance and amount of intermediate phases, nature and
in NisTiy samples after various numbers of direct and mechanism of martensitetransformation) is highly
reverse transformations [5]. The phase with a non-zero  dependent on the availability of lenticular nanocrystals of
volume magnetization was formed in the samples during  NisTi; phase. The researches [11] showed the appearance
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of lenticular single crystals by exposure to electron beam
in metal amorphous films and metal compounds.
In Nis; Tisy samples after plastic deformation the lenticular
crystals containing bending contours with a high concen-
tration of internal stresses were found. TEM imageofthis
crystals is shown in fig. 2.

Lenticular crystals contain a large amount of bending
contours. Bending contours indicate a large distortion
of the crystal lattice. The curvature of the crystal lattice
occurs due to the large displacements of the atoms. The
result is the transformation of the original BCC (body-
centered cubic) lattice in the FCC (face-centered cubic)
lattice, as shown in [4]. FCC lattice contains clusters: tet-
rahedra and octahedra. Shift and rotation of octahedrons
and tetrahedrons results in the formation of the hexagonal
lattice. According to [12] octahedra can be transformed
into tetrahedrons. As a result, it can be formed and icosa-
hedral cluster with the structure of the Frank-Kasper.
An icosahedron is a twelve vertex polyhedron, which is
denoted by FK-12. Furthermore, the crystal can be formed
in other Frank—Kasper structures, e. g., FK-16. FK-16 is a
sixteen vertex polyhedron with atom located in the center
of the cluster. This structure is shown in work [13].

Indexing paintings electron diffraction and X-ray
showed that the alloy phase of the Ni—Ti coexist with the
structure Ti,Ni and NiyTi;. X-ray diffraction of the sample
of alloyNis; Tigg is shown in fig. 3. Both phases have a
spinel structure and may be coherently linked: Ti,Ni +
NiyTi3 = 5NiTi. The possibility of coexistence of these
phases, as partners, was shown by Kraposhin [12; 14].

For explaining the possibility of the appearance of
magnetization in Ni—Ti alloy samples spin-polarized elec-
tron density of states and magnetic moments NijoTig clus-
ters (FK-16), Ni;Tis (FK-12) alloy Nis;Tiy for electrons

B, oTH.eq.

H, Oe

a

with different spin projections: “up” and “down” was
calculated. The calculation by the scattered waves (RF)
was performed [15]. To build a “muffin-tin” building
electron densities for Ni;oTig clusters and the one-electron
energy levels of nickel and titanium atoms based on the
unrestricted Hartree-Fock (UHF) with the exchange-
correlation potential Gunnarsson — Lundqvist was calcu-
lated [16]. This potential can effectively describe the
magnetic states as atoms, and the entire cluster as a whole
[17]. In this case UHF method system of equations can be
written as:

> 1(1+1) 2z o
E D2 ) )|

Py (7). (1

The number of equations in the system (1) is the num-
ber accounted for subshells of the atom considered, ie the
number of sets of quantum states carried with numbers
{nlc}. Further, the system of equations (1): Z — nuclear
charge; P, (r) — the radial wave function describing the
state of electrons in a subshell on the quantum numbers
{nlo}, where o determines the spin projection on the
z-axis; V¢ (r) — the potential of the Coulomb interaction of
the electrons; the exchange interaction potential Gunnars-
son—Lundqvist [18].

Solving the system of equations (1) and nickel tita-
nium atoms shells electron levels received energy and the
wave functions of those atoms as a function of the spin
components. The computed one-electron energy levels are
shown in table. From table it follows that external elec-
tronic shells of atoms cleaved stronger than internal,
which have almost no splitting.

=€y

B, oTH.epn.

H, Oe

b

Fig. 1. Types of hysteresis loop before (a) and after (b) plastic deformation
(scale on the horizontal axis corresponds to H =250 Oe [10])

b

Fig. 2. TEM image of the area of origin of lenticular crystals containing bending contours with a high
concentration of internal stresses were found in Nis; Tiyy samples after plastic deformation (a); electron
diffraction pattern of the site with pentagonal symmetry (b)
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Fig. 3. X-ray diffraction of the sample of alloy Nis; Tiso:
1-M=0;2—-M>0 (M is saturation magnetization)

One-electron energy levels of the titanium and nickel atoms

Ti Ni
nlo |E., Ry nlc |E., Ry
s 354.51197 s 595.74822
1s" 354.51291 1s™ 595.74708
2s!T 38.91297 25T 70.67054
25 38.86277 21 70.56912
2p! 32.56451 2p°! 61.77916
2pt 32.52616 2pt 61.70268
3s! 4.53472 3s! 7.93867
3st 436985 3st 7.73841
3p! 2.86531 3p! 5.22452
3pt 2.69807 3p>t 5.02787
3d4 0.36168 3d° 0.72999
451 0.28178 3d¥ 0.55371
45t 0.35532 45" 0.43240

45t 0.39915

The wave functions obtained by solving the equation (1),
were used for calculation of total electron densities and
spin basic configuration of titanium and nickel atoms.
In accordance with rule of Gund, in the ground state of an
atom of titanium in the unfilled 3d shell is just 2 electrons
with parallel spins (3d* configuration), and the nickel
atom, on the contrary, to fill the 3d shell lacks 2 electrons.
3d electron configuration for nickel has the following
form: 3d°3d°. The presence of unfilled d-shell electrons of
the atoms leads to the effect of “spin polarization”, that’s
the energy levels of all the shells are broken down according
to the projection of the spin. In the calculation we used
the following configuration of the ground states of the
atoms:

Ti: 15 1s™ 25" 25 23T 2%
3slT3sl¢3p3T3p3¢3d2T4slT4sli,
Ni: 15" 15 21T 251 2p3T 2p3¢ 35'7
3sl‘L3p3T3p3‘L3d5T3d3¢4s1T4sli.

Full density of electrons in the atom can be repre-
sented as:

@)

1
p(r) == 2o R () )

where n,, — the number of fill subshells with different

Rnlo‘ (r )
E—

The spin density of the electrons is determined by the
difference in the electron density of atoms with spin “up”
and “down”:

spin projections, radial functions R, ()=

p(r)=p" (r)+p" (r). @)

The results of calculation of the total spin and electron
densities of Ni and Ti atoms are shown in fig. 4. It can be
seen that the total electron density of nickel tends to zero
faster than the density of titanium. This is due to the fact
that the charge of nickel anymore, he strongly attracts
electrons to the nucleus than titanium. Fig. 4, b also
shows that nickel becomes negative spin density in the
area of r = 3.25-6.7 a. u. and titanium for » > 4.5 a. u.
This may result depending on the value of the interatomic
distances and to the effects ferromagnetism and anti-
ferromagnetic in order to establish a magnetic clusters.
In addition, most titanium delocalization spin density
(in both its positive and in the negative areas) contributes
to the fact that the magnetic moment of the titanium atom
in the compounds is not manifested.
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Fig. 4. Total (a) and spin (b) electron density for titanium and nickel atoms:
solid line — for Ni atoms; dashed line — for the Ti atoms; ¢ — enlarged fragment

Fig. 5. Splitting the potential cluster into three regions by the method of scattered waves:
I — the area of atomic spheres; II — Intersectoral space; 111 — the scope Watson

The calculated electron density (3) and (4) continue
to be used for the construction of “muffin-tin” potential
clusters of FC-16 and FC-12 on the basis of PB method.
The potential of the cluster is divided into three regions:
the atomic spheres (I), intersectoral space (II) and the
scope of Watson (III) (fig. 5).

Using a “muffin-tin” approximation [19] for the clus-
ter-building makes it relatively easy to find a solution to
the one-electron equation for each of the regions of the
molecule or cluster. The approximation of a spherical
symmetry allows to separate the variables in the Schrod-
inger equation, and the wave function of each of the one-
electron states represented as the product of radial and
angular parts. Using the condition of “stitching” of the
wave function at the border areas of section (I)—(III), can
be prepared secular equation for calculation of the spec-
trum of a molecule or cluster as [17; 19]:

det|[ 1/ | 88,0~ X Gl ()] =0. (3
q#p
I'm
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In equation (5) used the notation of [17]. Determi-
nants’zeros (5) give the values of the energy levels of the
cluster. It should be noted that the effectiveness of the
approach used to study the properties of the Frank—Kasper
structures illustrated by the example of iron and manga-
nese alloys in [20].

Calculated using the formula (5) one-electron energy
levels of the clusters were used to calculate the electron
density of states N (E). For this purpose, limited to con-
sideration of the electronic structure of small clusters, you
must take into account the discrete electron levels (the
number of one-electron levels still not large enough
to form a continuous distribution of electronic states). To
compare the calculation results with the experimental
data, as well as with the results of calculations using the
methods of band theory, each discrete energy level
is comparable to the distribution function of the energy
density in the form of a Gaussian:

(E-¢ )2
2y?

exp| - (6)

B

ni(E):y\/;_Tc
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where n;, — occupation number of the i-th level, and set-

ting determines the degree of blurring of the energy state
(y = 0.015Ry). Using a distribution n4(E) in the form (6)
makes it possible to limit the transition from cluster to an
infinite crystal. Then the total density of electronic states
in the cluster is given by:

N(E)zzi:ni(E).

The magnetic moment of the p-th atom in the cluster
is determined in accordance with [19], the following
expression:

()

Ep Ep
w,= | NJ(E)dE- | Ny (E)dE. ®)

Here NZM (E)= ZN;M (E) — is local spin density
7

of electrons p-th atom, defined by the formula (6) and (7)
for each atom with spin. Fig. 5 and 6 shows the results of
calculations of the spin density of electronic states

NTO (E)= ZN;M (E) for NiyTis clusters and NijoTis

N(E). rel. units
w
|

-4 -2 -1 08 06 -04
Energy, Ry

a

Nis; Tige alloy for undeformed (near-spherical structure),
and for the cluster of deformed (elongated by 5 % along
the Z-axis), respectively. Unfortunately, the authors of
[21] did not give any information about the magnetization
of the alloy.

The spectra in fig. 6 and 7 show a high density of
states near the Fermi level that is a characteristic feature
of metals, besides there is an increase in the magnetization
of the alloy during deformation.The calculations showed
that the investigated clusters, not susceptible to deforma-
tion, also have a magnetic moment (the average magnetic
moment per atom cluster FK-12, is about 1.0 pg, and for
the FK-16 is about 0.3 pg. Overall, however, the average
magnetic moment is zero, due to the absence of a pre-
ferred direction (the chaotic distribution of clusters) for
the alloy. However, if the cluster is subjected to tension,
the compensation of the magnetic moments of clusters
occurs in the alloy, since there is allocated for all atoms
direction due to deformation. At the same time, the aver-
age magnetic moments of the atoms in the cluster for the
Deformed increase to 1.6 pg and 0.8 pp respectively for
the FK-12 and FK-16.

N(E). rel. units
[y
1

-4 -1.2 -1 08  -06 04 -02 0 0,2
Energy, Ry

b

Fig. 6. The distribution of the electron density of states N(E) for Ni;Tis clusters: deformed cluster (a); non-
deformed cluster (b). Solid line corresponds to the density of electrons with spin “up” (1), dashed line — with
spin “down” (|); Er— the position of the Fermi level

N(E). rel. units

-6 -4 12 -1 -0,8 06 -04 -02 0 0.2
Energy, Ry
a

300 —

150

N(E). rel. units

08 0,6 -04 -02 0 0,2
Energy, Ry

b

Fig. 7. The distribution of the electron density of states N (E) for Ni (Tis clusters: deformed cluster (a); non-
deformed cluster (b). Solid line corresponds to the density of electrons with spin “up” (1), dashed line — with
spin “down” (|); Er — the position of the Fermi level
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Conclusions. Experimental and theoretical study
of Nis; Tiy alloy showed the appearance of magnetization
in its deformation (stretching), connected with the lower-
ing of crystal symmetry with B2 structure. It is also
shown the possibility of existence of phase with FCC for
NiTi. It was found that the interplanar distance BCC110,
FCC111 and HCP0O02 in these alloys have similar values,
indicating the possibility of their mutual polymorphic
transformation. The new scheme of martensitic transfor-
mations in NiTi of B2 structure (BCC) in B19' (HCP
lattice) through the intermediate phase of FCC.
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