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Abstract: This paper focuses on the processes of the occurrence of magnetization during structure
formation in samples of Ni51Ti49 alloy under deformation conditions. The possibility of the existence
of a phase with an FCC (face-centered cubic) lattice in titanium nickelide has been demonstrated by
electron microscopy and electron diffraction. It has been discovered that the interplanar distances of
BCC110 (body-centered cubic), FCC111, and HCP002 (hexagonal close packed) in the alloy under study
have similar values, which indicates the possibility of their mutual polymorphic transformation.
Based on the modular self-organization, a scheme of martensitic transformations in titanium nickelide
from the B2 structure (BCC lattice) to the B19’ structure (HCP lattice) through an intermediate phase
with an FCC lattice is proposed. It is shown that lenticular crystals appear in the Ni51Ti49 alloy under
tensile deformation until rupture, which is accompanied by the onset of ferromagnetism. The effect
of magnetization in Ni51Ti49 samples when immersed in liquid nitrogen has been also discovered. In
this case, the reason for the appearance and disappearance of magnetization can be associated with
microdeformation processes caused by direct and reverse martensitic transitions that occur during
cooling and heating of the samples.

Keywords: titanium nickelide; deformation; martensitic transformation; electron diffraction; ferro-
magnetism; clusters

1. Introduction

A number of works is devoted to structural transformations in alloys based on titanium
nickelide [1–16]. However, the published results regarding the structure and properties of
these materials are contradictory. According to the established concepts, in binary alloys of
titanium nickelide, the martensitic transformation occurs in two stages. Austenite with a
cubic structure of type B2 passes into a phase with a trigonal rhombohedral R-structure.
Then the R-structure passes into a phase with a monoclinic B19’ structure [17].

The concept of mechanical twinning during load-initiated martensitic transformations
is also well established [7,18]. The very fact of twinning in numerous planes with complex
indices indicates the structural instability of the phases. The experimental detection of the
deformation twins in the B2 phase of TiNi alloys cannot be described by sufficiently simple
mechanisms [18].
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The authors of papers [19,20] discovered that the alloys that are macrohomogeneous
in concentration and exhibit a phase transformation with a change in crystallographic
modification (BCC-FCC, BCC-HCP, etc.) show the existence of microscopic regions with
different directions of atomic displacements, the so-called microdomains. At such dis-
placements, the crystal lattice of the initial phase locally loses its stability, and is charac-
terized by the short-range order of atomic displacements. In [21], it is shown how, in the
process of the martensitic transition, the angle between the basis vectors of the marten-
site phase changes with temperature. These facts show the structural instability during
martensitic transformations.

In the general scheme of martensitic transformations, in the titanium nickelide alloys,
the concept of the so-called premartensitic state is associated with the short-range order of
atomic displacements [19,20]. According to [19,20] at least two types of short-range order in
the premartensitic state can arise in the B2 phase: one precedes the B19 phase, meanwhile
another—the R-phase. Both these phases turn into the B19’ phase. However, according
to [22], martensitic transformations feature the absence of the incubation period of the
transformation, which contradicts the concept of premartensitic phases. The concept of the
appearance of the premartensitic state in the form of martensite nuclei is also proposed
in [7]. The theory suggested in [23,24] is the concept of cooperative thermal vibrations of
extended two-dimensional objects (close-packed planes) in the titanium nickelide crystals.
In accordance with this theory, atomic rearrangements in the process of BCC-FCC and BCC-
HCP transformations are combinations of shifts of close-packed planes of the BCC lattice.

Numerous concepts based on two-dimensional shifts in atomic networks during phase
transformations encounter significant difficulties. In practice, the processes occurring
during martensitic transitions turn out to be more complex than presented in the existing
orientational schemes of martensitic transformations and require the involvement of other
concepts (e.g., premartensitic states, cluster models of structure formation, or others).

The well-known Bane’s model examines the martensitic transition in steels in three
dimensions. However, Bane’s model can be applied to a very limited range of cases. It is
stated in ref. [22] that, even with the maximum carbon saturation of martensite in steel, the
limiting ratio of the crystal lattice parameters does not exceed 1.08. This fact contradicts
the Bane model [25], where the ratio is 1.41.

One of the actively developing concepts is the concept of cluster modeling of three-
dimensional structures. The essence of the method is that the polymorphic martensitic
transformation is described not as a relative displacement of planar atomic networks, but
as a reconstruction of three-dimensional coordination polyhedra that make up the crystal
structures of the phase-partners in the phase transformation [26–29]. In [30,31], a cluster
model of the formation of martensite from austenite in steel was proposed, where the
polymorphic transformation in iron is performed by the formation of special twins in the
FCC lattice and their “twinning” into the BCC structure. Moreover, a model of the crystal
structure of the martensitic R-phase in the Ni-Ti system was proposed in [28,29], based on
the concept of martensitic transformation as a reconstruction of the coordination polyhedra
of the initial and final phases: the rhombododecahedron of the initial BCC structure
transforms into the final cuboctahedron through the intermediate cluster configurations
special phase and icosahedron. Notably, a cuboctahedron can be obtained from the crystal
moduli of the FCC lattice.

There is the evidence that plastic deformation of the FCC lattice can lead to a transition
to the rhombohedral phase and back to the phase with the FCC lattice. In [32], it was shown
that during the plastic deformation of gold, along with the phase having the FCC lattice, a
narrow band of the rhombohedral 9-R phase was found. The results of the calculations
performed by the molecular dynamics method are in good agreement with the data of
high-resolution electron microscopy.

In our previous work, we showed the possibility of forming titanium with the FCC lat-
tice in thin-film samples [33]. Epitaxial titanium films were obtained by vacuum deposition
of a LiF single crystal on a substrate at the temperature within 180–200 ◦C. The films with a
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thickness of up to 40 nm had a structure of the FCC lattice. With an increase in thickness
to 70 nm, a titanium phase with the HCP lattice appeared in the films. Both lattices were
coherently coupled with the plane (111) FCC||(0001) HCP, which corresponds to the
Nishiyama ratios [26].

The possibility of the appearance of the FCC lattice in bulk samples of titanium
nickelide after repeated cycles of forward and reverse martensitic transformations was
presented [34]. The interpretation of the diffraction patterns revealed that the process of
martensitic transformation of the B2 structure can proceed according to the Kurdyumov–
Sachs scheme [35]. We also investigated the magnetic states of deformed samples using a
torsion magnetometer. The obtained data showed the appearance of magnetization in the
Ni51Ti49 samples after repeated cycles of forward and reverse transformations [34]. A phase
with non-zero bulk magnetization was formed in the samples during cyclic martensitic
transformations. The ferromagnetic phase is distributed in the sample inhomogeneously.

The descriptions of the transformations in both works were completed using models
of relative displacements of flat meshes. The challenging description of structural defor-
mations during the martensitic transformation is associated with different designations
of atomic planes and vectors of direct and reciprocal lattices for structures with different
symmetry. Based on representing each structural state as a combination of elementary
crystalline clusters, the method was proposed for modeling the cooperative motion of
atoms in symmetric systems while preserving their connectivity [27].

There are data for individual intermetallic phases of the nickel–titanium system [36],
where the calculation of the density of electronic states for the Ni4Ti3 phase is presented.
The calculation of the density of electronic states at the Fermi level is high, which meets the
Stoner criterion for the onset of magnetization. Obviously, the occurrence of magnetization
can be caused by the phase formation during a mechanochemical reaction [37]. One of the
hypotheses of the appearance of ferromagnetic properties in the Ni51Ti49 alloy after plastic
deformation is associated with a decrease in the symmetry of the crystalline phase with
a cubic lattice [38,39]. We assumed that the processes of the appearance of ferromagnetic
properties resulting from repeated cycles of forward and reverse martensitic transitions in
Ni–Ti alloys can lead to the isolation of ferromagnetic particles rich in nickel [40,41].

The following tasks were set in this paper: (1) to investigate the microstructure of
thinned massive samples of Ni51Ti49 alloy subjected to tensile loading on a testing machine
using the methods of electron microscopy and electron diffraction; (2) to investigate the
occurrence of ferromagnetic properties in plastically deformed samples of Ni51Ti49 alloy by
magnetometry methods; (3) to investigate the appearance of ferromagnetic properties in
samples treated with liquid nitrogen for their elastic deformation caused by the passage of
forward and reverse martensitic transitions; and (4) to construct models of the occurrence
of martensitic transformations initiated by plastic and elastic deformation in titanium
nickelide, from the standpoint of cluster self-organization.

2. Materials and Methods

The original rods of the Ni51Ti49 alloy were rolled in calibers at a temperature of
800 ◦C. Samples for mechanical tensile tests were cut out by the method of electric spark
cutting in the form of double blades. Annealing and quenching of the samples to study
changes in the structure were carried out in a chamber electric furnace. The samples were
placed in an oven after preheating it. The samples were heated to an annealing temperature
of 950 ◦C ± 20 ◦C with holding for one hour and cooling to room temperature in a furnace.
The annealed samples were hardened from a temperature of 850 ◦C with preliminary
holding in a furnace for an hour and held in water.

The samples after metallographic processing were subjected to static tension to rupture.
Plastically deformed specimens in the neck area were thinned using the focused ion beam
(FIB) installation. The microstructure was studied by transmission electron microscopy
and microdiffraction on a Hitachi 7700 microscope. Next, the quenched samples of the
Ni51Ti49 alloy were placed once in a cell with liquid nitrogen for 70–90 s. As a result of
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the passage of the martensitic transformation, the sample underwent elastic microstrains.
After removing from the cuvette, the samples were placed into an induction loop scope
to study the magnetic characteristics during heating to room temperature. The magnetic
characteristics were evaluated on an induction loop scope designed to measure hysteresis
loops for samples with magnetization from 20 Gauss minimum (including those from thin
magnetic films). The facility was developed in the Kirensky Institute of Physics (Federal
Research Center, Russian Academy of Sciences) [42].

To simulate the magnetic state of elastically and plastically deformed samples of the
Ni51Ti49 alloy, a spin polarized calculation of the density of electronic states of intermediate
phases was carried out by the method of scattered waves. Our calculations are based on
the author’s program, described in paper [43].

3. Results

Figure 1 shows an electron microscope image of the Ni51Ti49 sample stretched until
rupture. A strong misorientation of slip bands is observed. This picture is typical for the
microstructure of NiTi alloys subjected to strong tensile loads in the separation zone [41].
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Figure 1. Electron microscopic image of the stretched Ni51Ti49 sample.

The electron diffraction pattern obtained from this area is shown in Figure 2a. The
scheme for decoding the obtained diffraction pattern is shown in Figure 2b. The data are
summarized in Table 1.

The interpretation of the diffraction pattern showed that in the sample, along with
the phases with the B2 (BCC) and B19’ (HCP) structures, reflections of the FCC phase
were found (the lattice parameter was a = 4.20 Å). In addition to the main reflections of
this phase, superstructural reflections are observed: 110*, 3/2 3/2 0* and 1

2
1
2 0*. Along

with the reflections of the BCC, FCC, and HCP NiTi phases, the reflections corresponding
to strong lines of the Ti2Ni phase were detected (ASTM Card No. 18-0898) [44]. The
column corresponding to Ti2Ni shows on the left, the Miller indexes, and on the right (in
parentheses), the discrepancies in the interplanar distances in our experiment with tabular
data, expressed in angstroms (Table 1).

The results of the measurements of the diffraction pattern obtained for a stretched
sample of the Ni50,6Ti49,4 alloy (Figure 3) are seen in Table 2. The obtained experimental
results are in accordance with those published in [45,46].
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scheme for decoding this picture (b) is presented in Table 1.

Table 1. The results of decoding the diffraction pattern shown in Figure 2.

Line Num. d, Å. BCC, hkl FCC, hkl HCP, hkl Ti2Ni, [45]
hkl/(∆d, Å)

1 6.16 1
2

1
2 0*

2 5.02 1
2 0 0*

3 4.45 3/2 3/2 0*
4 3.36 100*
5 3.09 110*
6 2.87 400/(−0.05)
7 2.54 100 331/(+0.04)
8 2.43 111
9 2.33 110 002 422/(−0.03)

10 2.21 101 511/(−0.04)
11 2.10 200
12 1.93 531/(−0.03)
13 1.86 442/(+0.02)
14 1.67 200 622/(+0.03)
15 1.59 551/(−0.01)
16 1.47 220 110 553/(0.00)
17 1.43 800/(−0.02)
18 1.33 211 103 660/(0.00)
19 1.28 311 200 662/(+0.01)
20 1.21 842/(+0.02)
21 1.18 220 931/(0.00)
22 1.03 11 1 1/(−0.01)

The numbers in brackets show how much to add/subtract from our experimental data to the tabular indicator.
Superstructural reflections are marked with asterisks.

The interpretation of the diffraction pattern (Figure 3 and Table 2) suggests that in the
sample, along with the phases with the B2 (BCC) and B19’ (HCP) structures, there may
be reflections of the FCC phase with the lattice parameter a = 4.10 Å. These results are in
agreement with those in our previous works [33,34]. In addition to the main reflections of
the FCC phase, superstructural reflections are observed: 211* and 1

2
1
2

1
2 *.

Along with the reflections of the BCC, FCC, and HCP phases, reflections corresponding
to strong lines of the Ni4Ti3 phase were found (ASTM Card No. 39-1113). The column
corresponding to Ni4Ti3 shows, on the left, Miller indexes, and on the right (in parentheses),
discrepancies with the tabular data, expressed in angstroms.

Figure 4a shows the different types of hysteresis loops obtained before (1) and after (2)
plastic deformation.
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Figure 3. The electron diffraction pattern of the Ni50,6Ti49,4 alloy, coarse-grained after tension.

Table 2. The results of decoding the diffraction pattern shown in Figure 3.

Line Num. d, Å. BCC, Hkl FCC, hkl HCP, hkl Ni4Ti3
hkl/(∆d, Å)

1 4.70 1
2

1
2 0* 1

2
1
2

1
2 * 001*

2 3.62 3/2 1
2 2*

3 2.78 1 1
2 0*

4 2.55 100
5 2.37 110 111 002 131/(+0.01)
6 2.05 200 122/(+0.04)
7 1.80 312/(+0.04)
8 1.69 200 211* 102 232/(−0.02)
9 1.53 210*

10 1.46 220 422/(+0.02)
11 1.38 211
12 1.31 103
13 1.25 311 201
14 1.22 220 222 004 532/(0.00)
15 1.13
16 1.02 310 400
17 0.99 222
18 0.95 331

The numbers in brackets show how much to add/subtract from our experimental data to the tabular indicator.
Superstructural reflections are marked with asterisks.
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The appearance of magnetization was also observed as a result of a single immersion
of an undeformed sample of titanium nickelide in liquid nitrogen. Figure 4b depicts the
changes in the hysteresis loops in time, when heating the sample from liquid nitrogen
temperature to room temperature (3, 4 and 5). It was observed that immediately after
extraction from the liquid nitrogen, the sample gains magnetization, which decreases as it is
heated to room temperature, so that at room temperature the magnetic properties disappear.

Numerous features of martensitic transformations in the Ni–Ti alloys (such as transfor-
mation temperatures, presence and amount of intermediate phases, nature and mechanism
of martensitic transformation) largely depend on the presence of lenticular nanocrystals of
the Ni4Ti3 phase [36]. Studies [47] have shown the appearance of lenticular single crystals
under the impact of an electron beam in amorphous metal films and metal compounds.
After plastic deformation, lenticular crystals containing bend contours with a high concen-
tration of internal stresses were found in Ni51Ti49 samples. A TEM image of a crystal is
shown in Figure 5.
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4. Discussion

There are known cases in the literature [19,20] where transitions from the phase with
the B2 structure to the phase with the B19’ structure through an intermediate structure
with a rhombohedral lattice are described. The data on the structure of the rhombohedral
phase are ambiguous and contradictory [6–10].

Based on the analysis of the diffraction patterns obtained in this work, as well as in our
previous works [33,34] and in [47], we propose a hypothesis that the transition from the B2
phase to the B19’ phase can occur through an intermediate FCC phase. This hypothesis
rests upon the fact that the interplanar distances of BCC110, GPU002, and FCC111 are very
close (Tables 1 and 2). This fact speaks in favor of the model of modular self-organization
during phase transformations from the phase with the BCC lattice to the phase with the
HCP lattice.

Pearson [26] describes the structure of the BCC lattice as a system consisting of
six irregular octahedra (Figure 6a). Such an octahedron has a height equal to the edge
of the cube of the BCC lattice a, and the other two heights are equal to a ×

√
2. Six

irregular octahedra make up a dodecahedron with twelve diamond-shaped faces (rhombic
dodecahedron). One height of the rhombus is equal to the edge of the cube of the BCC
lattice a, and the other is equal to a ×

√
2. Thus, the described irregular octahedron can be

represented as an elementary cluster of the BCC lattice.
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According to [27], the FCC lattice can be represented as a combination of one regular
octahedron surrounded by regular tetrahedra connected by common triangular planes
(Figure 6b). A hexagonal close-packed (HCP) lattice can be represented as a combination
of interconnected pairs of regular octahedra, alternating with pairs of regular tetrahedra
(Figure 6c). Thus, the elementary clusters of both FCC and HCP lattices are the regular
octahedron (all of whose heights are equal to the edge of the cube a, and the edges are
equal to a/

√
2) and the regular tetrahedron (all the heights of which are equal to a/

√
3

and the edges are equal to a/
√

2, respectively) [27]. The difference between the FCC and
HCP lattices lies in the arrangement of the tetrahedra and octahedra. Thus, the interplanar
spacing d002 of the HCP lattice is equal to d111 of the FCC lattice, i.e., in places of stress
localization, one lattice can easily pass into another as a result of minor displacements of
individual atoms. The maximum value of such displacements is a/

√
6.

Notably, the density of atoms in the FCC and HCP lattices is the same and amounts to
0.74. The grid model of crystal structures assumes the arrangement of triangular networks
in the FCC lattice according to the ABCABS system, and in the HCP lattice according to
the ABABAB system. Thus, in order to pass from an FCC lattice to an HCP lattice, it is
sufficient to move one flat triangular grid C from the ABC series by a/

√
6. However, in

reality, such an operation is impossible, while the displacement of individual atoms under
the influence of plastic deformation is quite probable.

There are many examples of transitions from HCP to FCC that happen due to an
increase in the temperature [27]. The transition from BCC to HCP is explained ambigu-
ously [6–10,17–21,28,29]. In our opinion, if a crystal with the BCC lattice is subjected to an
external load, then in the zone of stress localization, the atoms of the BCC lattice can be
displaced by a distance equal to 0.15 × a of the FCC lattice (this distance is shown by up
and down arrows in Figure 7).

Symmetry 2021, 13, x FOR PEER REVIEW 9 of 13 
 

 

reality, such an operation is impossible, while the displacement of individual atoms under 
the influence of plastic deformation is quite probable. 

There are many examples of transitions from HCP to FCC that happen due to an 
increase in the temperature [27]. The transition from BCC to HCP is explained ambigu-
ously [6–10,17–21,28,29]. In our opinion, if a crystal with the BCC lattice is subjected to an 
external load, then in the zone of stress localization, the atoms of the BCC lattice can be 
displaced by a distance equal to 0.15 × a of the FCC lattice (this distance is shown by up 
and down arrows in Figure 7). 

 
Figure 7. Formation of the FCC lattice from an octahedral cluster of the BCC lattice (arrows indi-
cate the displacement of BCC atoms to the position of FCC atoms). 

At high levels of stress, the lengths of all interatomic bonds tend to “align”, which is 
easy to associate with the repulsive energy, usually described by potentials B/rn, where r 
is the interatomic distance, n is a natural series of numbers, and B is a constant [48]. The 
author showed that repulsion in symmetric structures, such as clusters of the FCC lattice, 
plays a much smaller role. At large deformations, when the energy of the system is deter-
mined mainly by repulsive forces, the most stable structures are those in which all bonds 
have approximately the same length [48]. Thus, in the regions of stress localization, a tran-
sition from asymmetric clusters of the BCC lattice to symmetric clusters of the FCC lattice 
can occur, as shown in Figure 7. In turn, clusters of the FCC lattice can transform into 
clusters of the HCP lattice due to further displacement of individual atoms in localized 
regions. 

According to the theory [40], in the zones of local tension, an increased molar volume 
is created (in our case, relative to the BCC phase), in which a local structural transfor-
mation can occur. The action of the stresses moment in these zones creates a local curva-
ture of the crystal lattice, which is clearly demonstrated in Figure 5 and in the appearance 
in the curvature zone of a highly excited nonequilibrium state of the material. In the cur-
vature zone, new structural states of the short-range order of displacements appear, which 
have their own band of energy states in the electron–energy spectrum [40], hence, the dis-
placements of atoms considered above during cluster transformations (for example, by 
a/√6 or 0.15 × a of the FCC lattice) are possible and apparently have limiting values. In 
practice, significantly smaller displacement values are realized. So, we observe a shift of 
the FCC111 peak (line 8) relative to the BCC110 and HCP002 lines (line 9) by 0.1 Å (Table 1). 
The possibility of atomic displacement during martensitic transitions was experimentally 
shown in [49], where iron atoms can be displaced from their positions by up to 0.2 Å. 

The analysis of Table 1 states that the displacement of atoms in individual zones un-
der inhomogeneous loads does not exceed 0.15 Å. For example, the BCC200 reflex is 1.67 Å 
(Table 1), and the BCC100 reflex, which in equilibrium conditions should be 1.67 × 2 = 3.34 
Å, and in our case is 3.36 Å. The shift of the lines of the diffraction pattern in crystals 
undergoing curvature has been sufficiently well studied in the work of Kolosov [47]. The 
curved crystals are seen in the electron microscopic image (Figure 1). The distortion of the 
crystal lattices can explain the discrepancy between the interplanar distances d of the cor-
responding reflections when comparing Tables 1 and 2. 

Figure 7. Formation of the FCC lattice from an octahedral cluster of the BCC lattice (arrows indicate
the displacement of BCC atoms to the position of FCC atoms).



Symmetry 2021, 13, 665 9 of 13

At high levels of stress, the lengths of all interatomic bonds tend to “align”, which is
easy to associate with the repulsive energy, usually described by potentials B/rn, where r is
the interatomic distance, n is a natural series of numbers, and B is a constant [48]. The author
showed that repulsion in symmetric structures, such as clusters of the FCC lattice, plays a
much smaller role. At large deformations, when the energy of the system is determined
mainly by repulsive forces, the most stable structures are those in which all bonds have
approximately the same length [48]. Thus, in the regions of stress localization, a transition
from asymmetric clusters of the BCC lattice to symmetric clusters of the FCC lattice can
occur, as shown in Figure 7. In turn, clusters of the FCC lattice can transform into clusters
of the HCP lattice due to further displacement of individual atoms in localized regions.

According to the theory [40], in the zones of local tension, an increased molar volume
is created (in our case, relative to the BCC phase), in which a local structural transformation
can occur. The action of the stresses moment in these zones creates a local curvature
of the crystal lattice, which is clearly demonstrated in Figure 5 and in the appearance
in the curvature zone of a highly excited nonequilibrium state of the material. In the
curvature zone, new structural states of the short-range order of displacements appear,
which have their own band of energy states in the electron–energy spectrum [40], hence,
the displacements of atoms considered above during cluster transformations (for example,
by a/

√
6 or 0.15 × a of the FCC lattice) are possible and apparently have limiting values.

In practice, significantly smaller displacement values are realized. So, we observe a shift of
the FCC111 peak (line 8) relative to the BCC110 and HCP002 lines (line 9) by 0.1 Å (Table 1).
The possibility of atomic displacement during martensitic transitions was experimentally
shown in [49], where iron atoms can be displaced from their positions by up to 0.2 Å.

The analysis of Table 1 states that the displacement of atoms in individual zones
under inhomogeneous loads does not exceed 0.15 Å. For example, the BCC200 reflex
is 1.67 Å (Table 1), and the BCC100 reflex, which in equilibrium conditions should be
1.67 × 2 = 3.34 Å, and in our case is 3.36 Å. The shift of the lines of the diffraction pattern in
crystals undergoing curvature has been sufficiently well studied in the work of Kolosov [47].
The curved crystals are seen in the electron microscopic image (Figure 1). The distortion of
the crystal lattices can explain the discrepancy between the interplanar distances d of the
corresponding reflections when comparing Tables 1 and 2.

There is an opinion that in a wide temperature range, the single-phase region of
the NiTi compound does not exist, but decomposition into a mixture of two phases
Ti2Ni+Ti4Ni3 occurs [50,51]. This can explain the appearance of reflections of the Ti2Ni and
Ni4Ti3 phases in the diffraction patterns. The possibility of coexistence of these phases as
partners was shown in [52,53]. The deviation in the interplanar distances of the revealed
phases relative to the tabular values (see the data in parentheses in the last columns of
Tables 1 and 2) can also be explained by the curvature of the crystal lattices of these phases.

In lenticular crystals, bending contours are observed (Figure 5), which indicate the
curvature of the crystal lattice as a result of irreversible displacement of atoms. In this
case, the transformation of the initial BCC lattice into the FCC lattice takes place. The FCC
lattice contains clusters: octahedra and tetrahedra. The shift and rotation of octahedra and
tetrahedra can lead to the formation of hexagonal and other types of lattices. According
to [54], octahedra can be transformed into tetrahedra by just switching only one chemical
bond of octahedron. As a result, tetrahedrally close-packed clusters in the form of endless
spirals are built up. In Figure 8, the cluster corresponding to the Ni4Ti3 phase is shown,
where the chemical bonds are practically equivalent. Such a structure can be a product of
a mechanochemical reaction, since the octahedral clusters transform into the tetrahedral
ones, while the local volume per atom decreases significantly, which corresponds to the
metastable state of this phase. This leads to an increase in the density of electronic states at
the Fermi level and, accordingly, the appearance of magnetization.
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Figure 8. Tetrahedrally compacted cluster simulating the metastable state of the Ni4Ti3 structure: the
central tetrahedron (blue balls) illustrates the positions of four nickel atoms, and green balls show
the positions of titanium atoms. Articulating with each other, these elements form an endless spiral.

When a metal sample is cooled to the temperature of liquid nitrogen, microplastic
and elastic deformations appear in it, caused by direct and reverse martensitic transfor-
mations [55]. The emergence and disappearance of magnetization in the Ni51Ti49 alloy
samples revealed in these studies are associated with atomic displacements occurring
during cooling and heating of the alloy during its treatment with liquid nitrogen.

In order to explain the possibility of the appearance of magnetization in the samples
of the Ni–Ti alloy, we calculated the spin-polarized density of electronic states and mag-
netic moments of tetrahedrally compacted clusters of the type demonstrated in Figure 8,
which shows alloy Ni51Ti49 electrons with different projection of spins: “up” and “down”.
The calculation was carried out by the scattered wave method [56,57]. To construct the
“muffin-tin” potential of clusters, the electron densities were calculated using the unre-
stricted Hartree–Fock method [58–60] with the Gunnarson–Lundqvist exchange correlation
potential [61]. This potential makes it possible to effectively describe the magnetic states of
both atoms and the entire cluster as a whole [43].

Figure 9 shows the calculations of the spin densities of electronic states for tetrahe-
drally close-packed clusters, both for the undeformed (with the same bond length) and for
the deformed cluster (the lengths of individual bonds are shortened), respectively.
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Figure 9. Distribution of the electron density for tetrahedrally densely packed clusters N(E): (a) the
deformed cluster and (b) the undeformed cluster. The solid line corresponds to the density of
electrons with spin “up” (↑), the dashed line, and with spin “down” (↓). EF is the position of the
Fermi level.

The spectra in Figure 9 present a high density near the Fermi level, which is a charac-
teristic feature of ferromagnetic metals. There is a difference between the spin polarized
density of electronic states for the undeformed and deformed clusters. An increase in the
magnetization of the alloy was recorded during spin-polarized calculations for deformed
clusters. It is shown that the clusters under study also have a magnetic moment (the
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average magnetic moment per atom of the undeformed cluster is about 0.3 µB, and for the
deformed one, it is about 1.0 µB).

5. Conclusions

The microstructure of the thinned Ni51Ti49 alloy specimens subjected to tensile load
has been studied by electron microscopy and electron diffraction. The possibility of a
phase with the FCC lattice in titanium nickelide was shown. It was discovered that the
interplanar distances of BCC110, FCC111, and HCP002 in the studied alloy have similar
values, which indicates the possibility of their mutual polymorphic transformation. The
scheme of martensitic transformations in titanium nickelide from the B2 structure (BCC
lattice) to the B19’ structure (HCP lattice) through an intermediate phase with an FCC
lattice based on self-organization is suggested. During the experiment, the appearance of
magnetization in the plastically deformed Ni51Ti49 alloy was found. This magnetization
is explained by the appearance of the tetrahedrally densely packed clusters in the zones
of curvature of the crystal lattice. The appearance and disappearance of magnetization in
the samples of the Ni51Ti49 alloy treated with liquid nitrogen is associated with reversible
displacements of atoms during the forward and reverse martensitic transitions.
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