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Abstract: Samples of Nis; Tisg alloy subjected to plastic deformation have been studied. The mi-
crostructure was studied by transmission electron microscopy and microdifraction on a Hitachi
7700 microscope. The phase composition of the samples was determined by X-ray diffraction in a
Bruker diffractometer. Magnetometric measurements were performed in an induction petlescope.
Lenticular crystals (of the Nip Ti3 phase containing bend-extinction contours indicating a significant
curvature of the crystal lattice appearing in the localization zones of plastic deformation) were found
in the deformation localization zones. It was revealed that the samples are non-magnetic before defor-
mation, but after plastic deformation, they have non-zero magnetization, which is associated with the
emergence of new phases. Under conditions of local curvature of the crystal lattice, special structural
states arise in zones of increased interatomic distances, which increase the number of degrees of
freedom in the deformable solid and thus contribute to the redistribution of the components of the
initial solid solution and the appearance of new phases. It was shown that the crystalline structure of
lenticular crystals is a phase constructed of a spinel structural type with a crystal lattice parameter of
11.53 £ 0.03 A.

Keywords: titanium nickelide; plastic deformation; lenticular crystals; bend—extinction contours;
magnetization; spinel

1. Introduction

Alloys based on titanium nickelide are increasingly widely used as functional materials
in engineering and medicine due to the fact that they have a set of unique physical and
mechanical properties. [1-6].

It is known [7-10] that the features of the martensitic transformation in the NiTi alloy,
such as the transformation temperature, the presence and number of intermediate phases,
whether the transformation is superplastic or not, strongly depend on the presence of
Ni4Tis, TipNi, etc. The secretions can be formed after heat treatment—quenching and
annealing [2], or after deformation [11]. Studies of the morphology of these secretions have
shown that the secretions have a lenticular shape [12,13]. The secretions can correspond to
both equilibrium states (TiNi3z, TipNis, TiNi, TipNi) [14] and nonequilibrium (Ti;1Nij4) [14],
(TizNiy) [15], and the latter can reach a size of 700 nm [13]. Ni4Tiz secretions are enriched
with Ni, the structure of these secretions was first described in [15] as rhombohedral with
the space group R3. Studies of the morphology of these secretions have shown that the
secretions have the shape of a lens with eight possible orientational variants, which was
confirmed in [16,17].

In addition, the structure of titanium nickelide may contain the release of the equilib-
rium oxide phase TiyNiy O [13].
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The main factor of phase formation during martensitic transformations in titanium
nickelide is the correlation of events at different scale levels [18]. The processes of restructur-
ing the crystalline medium can be described as a complex hierarchical process. Martensitic
transformations are determined by elementary acts of cooperative movement of atoms and
the formation of a specific self-organized martensitic macrostructure. During the formation
of such a structure, the formation of secretions of various phases can occur.

Many researchers [19-22] have observed the appearance of lenticular single crystals as
a result of exposure to an electron beam on amorphous films of metals and their compounds.
These lenticular crystals contained a large number of bend—extinction contours. Such
contours characterize the presence of a large curvature of the crystal lattice, which occurs
due to the concentration of stresses in localized areas [23].

The formation of lenticular crystals, as already indicated, leads to a change in various
properties, including magnetic ones. In [24], we have shown that as a result of multiple
cycles of forward-reverse martensitic transition in titanium nickelide, mechanochemical
processes can be carried out, leading to the delamination of the alloy and the release of
ferromagnetic particles enriched with nickel.

In our work [25], from the position of modular self-organization, a scheme of marten-
sitic transformations in titanium nickelide from the B2 structure (BCC lattice) to the B19
structure (GPU lattice) through an intermediate phase with an HCC lattice is proposed.
In addition, the experimentally revealed occurrence of magnetization (in a usually non-
magnetic alloy) in a plastically deformed Nis; Tisg alloy can be explained by the appearance
of tetrahedrally densely packed Ni4Tiz phase clusters in the curvature zones of the crystal
lattice. In [25], the results of calculating the spin-polarized density of electronic states and
magnetic moments of tetrahedrally densely packed Ni4Tiz phase clusters are presented.
The calculation is made for electrons with different spin projections: "up" and "down"
carried out by the scattered wave method (for undeformed (with the same bond length),
and for deformed cluster (the lengths of individual bonds are shortened)). The calculation
showed a high density of states near the Fermi level, which is a characteristic feature of
ferromagnetic metals.

Examples of obtaining a phase of the Ni;Ti3 type are known. Thus, in [26], such a
phase was obtained by sintering with a high-power electric current of powder compresses
made of pure nickel and titanium taken in equal proportions. In [27], several maximums in
the X-ray diffraction pattern belonging to the Ni, Ti; phase were identified. However, the
structural type of this phase is not defined. This phase is also absent in the ASTM tables.

In [28], powders of pure titanium and nickel taken in a proportion corresponding
to the compound Ni, Ti3 were fused by induction. After that, the alloy was mechanically
ground into powder, which in turn was mechanically activated in a drum activator with
balls in an argon atmosphere for 10 hours. The X-ray diffraction spectrum presented
in [28] of the alloy after melting in an induction furnace demonstrated the presence of two
phases NiTi + Ti;Ni. The Ni, Tiz phase was not observed. The spectrum of the alloy after
mechanical activation is characterized by a nanocrystalline state with a high degree of
dispersion.

The authors of work [29] obtained an alloy of titanium nickelide from a powder
mixture using its plastic deformation by explosion. As a result, the samples contained, in
addition to the matrix with the structure B2 with martensites R and B19/, a certain number
of lenticular crystals TipNi, TizNig, TipNiz with internal inhomogeneities.

Thus, the study of the compound Ni, Ti3 is of scientific and practical interest.

Objective: To investigate the structure of lenticular crystals of NiyTi3 composition
formed during plastic deformation of titanium nickelide samples.

Goals: use electron microscopy and X-ray phase analysis to investigate the structure
of deformed thinned massive Nisj Tigg samples;usemagnetometric methods to record the
occurrence of a new phase as a result of plastic deformation of the Nis; Tigg alloy; use the
method of electron diffraction to establish the structure of lenticular crystals formed during
deformation.
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2. Methodology

The initial bars of the Nis; Tisg alloy were rolled in calibers at a temperature of 800 °C.
Samples for mechanical tensile tests in the form of double blades were cut using electric
spark cutting. Annealing and quenching of samples placed in a sealed quartz tube filled
with argon were carried out in a chamber electric furnace. The samples were placed in
the furnace after its preheating. The samples were heated to an annealing temperature of
950 °C =+ 20 °C with exposure for one hour and cooling to room temperature in the oven.
Quenching of annealed samples from a temperature of 850 °C with preliminary exposure
in the furnace for an hour was carried out in water.

The samples after metallographic processing were subjected to static stretching until
rupture. Stretching of the samples was carried out on an electromechanical universal testing
machine.

Stretched samples were thinned in the concentrated deformation area using the FIB
installation. To study the samples by transmission electron microscopy (TEM), disks with a
diameter of 3 mm were cut from the rupture zone, which were mechanically thinned to a
thickness of about 200 microns and then electrochemically etched until a hole appeared in
the center of the disk. The final stage of sample preparation was ion etching at the PIPS
(Gatan) installation.

Some samples thinned for transmission electron microscopy were subjected to cry-
omechanical treatment by cyclic cooling in liquid nitrogen. As a result of cryomechanical
processing, the samples experienced significant micro-deformations. The microstructure
was studied by transmission electron microscopy and microdifraction on a Hitachi 7700 mi-
croscope (Schaumburg, IL, USA). The phase composition of the samples was determined
by X-ray diffraction in a Bruker diffractometer (Billerica, MA, USA) using copper radiation.

Magnetic characteristics were evaluated on an induction loopscope designed to mea-
sure hysteresis loops for samples with magnetization from 20 Gs (including from thin
magnetic films).

3. Experimental Results

Figure 1a shows a diffraction pattern obtained from a section of the Nis; Tigg sample
subjected to a tensile load, which is a view of an atomically ordered structure of type B2,
as evidenced by the presence of superstructural reflexes of type (001). Figure 1b shows
a dark-field image obtained in a transmission electron microscope, which demonstrates
the nucleation of a lenticular crystal at the junction of three grains in the sample Nis; Tigg
(directed by the arrow). The image was obtained in the light of the selected reflex of the
diffractogram shown in the insert. The origin of a lenticular crystal occurs at the junction
of three grains, where the concentration of internal stresses is increased. The formation of
similar lenticular crystals with bend-extinction contours in such an alloy was observed
in [30].

Figure 2 shows an electron microscopic image of a refined Nis; Tigg alloy sample sub-
jected to cryomechanical treatment in liquid nitrogen and the corresponding electronogram.
The white stripe coming from the lower right corner of Figure 2a represents the area of
the crack tip at the end of which (in the center, at the top of Figure 2a) there is a region of
localized deformation that has formed lenticular crystals with numerous bend-extinction
contours. Contours in and out of lenticular crystals (1, 2, 3 in Figure 2a) are of different
widths and are oriented in different directions, which indicate the heterogeneity of the
stress distribution. The observed bend—extinction contours are optical effects of electron
microscopy caused by strong local bending of atomic planes [19].
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(b)

Figure 1. Diffraction pattern obtained from a section of the Nis; Tisg sample subjected to a tensile
load: (a) atomically ordered structure B2; (b) dark-field TEM image of the lenticular crystal nucleation
region at the junction of three grains obtained in the light of the selected reflex on the insert.

Figure 2. Investigation of the crack tip in a thinned Nis; Tigg sample subjected to cryomechanical treat-
ment in liquid nitrogen: (a) image obtained in a transmission electron microscope, (b) electronogram
of this site.

The electronogram taken from the crack tip area (Figure 2b) contains bifurcated
reflexes, the position of which is regularly shifted (underlined by a white line in Figure 2b),
which indicates a strong bending of the crystal lattice.

Figure 3 shows an image obtained from a high-resolution transmission electron mi-
croscope from the zone of the flexural extinction contour. It is clearly visible that, in the
left part of the image, there is a bend of the atomic planes underlined by a black line. The
bend-contour technique reveals an unusual phenomenon of regular internal bending of the
lattice planes associated with plastic deformation, which creates new crystalline forms [19].
Plastic deformation creates a bend in the crystal lattice (Figure 3), thereby causing a redistri-
bution of the electron density and the emergence of new structural states [31]. In our case,
this leads to the formation of lenticular crystals with a special structure (Figure 4).
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Figure 3. Image from the zone of the flexural extinction contour obtained in a high-resolution
transmission electron microscope.

Figure 4. Image of a section of a deformed titanium nickelide sample obtained by scanning transmis-
sion electron microscopy.

Figure 4 shows an image of a refined Nis; Tigg alloy sample subjected to a tensile load,
obtained in a scanning transmission mode (dark-field image) on a transmission electron
microscope. The pole of convergence of the bend—extinction contours is observed in the
center of the lenticular crystal. The greatest concentration of internal stresses is concentrated
in the pole zone. Spectral analysis data from two sites, from the pole zone (area 2) and
away from it (area 1) (Figure 4), are summarized in Table 1.

Table 1. Chemical composition of the areas shown in Figure 3.

at.% Areal Area 2
Ni 51.3 41.7
Ti 48.7 58.3

In area 2, where the pole of the bend-extinction contour is located, there is a significant
decrease in the amount of nickel and an increase in the amount of titanium compared to the
initial composition (Table 1). The chemical composition of the lenticular crystal corresponds
to the intermetallic Ni, Tis.
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Analysis of the X-ray spectrum indicates the absence of oxygen spinel Ni; Ti4O in the
structure of the studied samples.

Figure 5 shows the magnetic hysteresis loops of the Nis; Tisg alloy sample obtained
on an induction petlescope before (1) and after (2) plastic deformation. It can be seen
that after plastic deformation, the sample has a nonzero magnetization, which is caused
by the formation of Ni,Tij in its phase (Figure 5). In the zone of localization of plastic
deformation, during the curvature of the crystal lattice interstitial bifurcation structural
states arise [31], due to which an anomalous directional mass transfer is possible. It is
obvious that the redistribution of components occurred as a result of plastic deformation
since the sample did not have magnetization before deformation, and after deformation it
becomes ferromagnetic.

B, rel. un.

Vu 1
—200 -150 -100 ~50 0}~ 50 100 150 200 H, Oe

Figure 5. Hysteresis loops of Nis; Tigg alloy before (1) and after (2) plastic deformation.

Figure 6a shows an electron microscopic image of the refined Nis; Tigg sample in the
concentrated deformation region of the sample stretched to rupture. A lenticular crystal
with bend-contours inside is observed, indicating significant internal stresses arising in the
crystal. The electron diffraction pattern obtained from this site is shown in Figure 6b. The
same figure shows the scheme of decoding the resulting diffraction pattern is shown, the
data is summarized in Table 2.

(b)

Figure 6. Electron microscopic image from the neck region of the stretched Nis; Tizg sample (a) and

electron diffraction from this region (b).
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Table 2. The results of decoding the diffraction pattern shown in Figure 6.

Line Number i A Matrix B2, Inde.xes of the Orientation [1010]
’ hkl (Ad, A) Spinel Structure, hkl (Ad, A)
1. 6,65 111 (0,00)
2. 5,61 200 (+0,15); 120 (—0,03)
3. 4,05 220 (+0,02)
4. 3,38 311 (+0,11)
5. 2,85 400 (+0,03)
6. 2,62 331 (+0,02)
7. 2,34 422 (+0,01)
8. 2,22 511 (0,00)
9. 2,12 110 (0,00)
10. 2,01 440 (+0,02)
11. 1,91 442 (+0,01)
12. 1,71 533 (+0,05)
13. 1,65 444 (+0,01)
14. 1,59 551 (+0,02)
15. 1,49 553 (+0,01)
16. 1,40 644 (0,00)
17. 1,33 751(0,00)
18. 1,23 211 (0,00) 911 (+0,03)
19. 1,15 933(+0,01)
20. 1,09 1040 (—0,02)
21. 1,07 220(—0,01) 1042 (—0,02)
22. 0,99 106 0 (0,00)

From Figure 6b, it is clearly seen that in addition to the B2 phase, there is a phase with
an FCC lattice orientation in the alloy structure [110]. The transcript showed (Table 2) that
the lenticular crystal has a spinel-type crystal lattice with a parameter of 11.51 A. The main
reflexes of the spinel structure are marked in bold, and the numbers in parentheses show
how much should be added/subtracted from our experimental data to the ideal calculated
indicator.

Figure 7 shows an electron microscopic image of the refined Nis; Tigg sample in the
neck region of the sample stretched to rupture and a picture of electron diffraction from
this area.

The results of the analysis of lenticular allocation from Figure 7 are generally similar
to the previous case. It can be seen that in addition to the B2 phase, there is a phase in the
alloy structure with an FCC lattice orientation [211]. From Table 3, it can be seen that the
lenticular crystal has a spinel structure with a parameter of 11.55 A.
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(a) (b)

Figure 7. Electron microscopic image from the neck region of the stretched Nis; Tigg sample in the
dark field mode (a) and electron diffraction from this region (b).

Table 3. Results of decoding the diffraction pattern shown in Figure 7.

Line Number i A Matrix B2, Inde.xes of the Orientation [1010]
! hkl (Ad, A) Spinel Structure, hkl (Ad, A)
1. 6,67 111 (0,00)
2. 3,91 220 (+0,17); 221 (—0,06)
3. 3,53 311 (—0,05)
4, 3,31 222 (+0,02)
5, 2,56 331 (+0,09)
6. 2,19 511 (+0,03)
7. 2,12 110 (0,00)
8. 2,04 440 (0,00)
9. 1,95 531 (0,00)
10. 1,90 442 (—0,03)
11. 1,74 533 (+0,02)
12. 1,64 444 (+0,03)
13. 1,53 642 (+0,01)
14. 1,48 200(+0,03)
15. 1,36 660 (0,00)
16. 1,32 751 (+0,01)
17. 1,27 911 (0,00)
18. 1,24 211(—0,01)
19. 1,14 933 (+0,02)
20. 1,10 1040 (—0,03)
21. 1,05 220(+0,01)
22. 0,96 971(+0,06)
23. 0,94 10 6 0 (+0,05)
24. 0,91 10 6 2 (+0,07)
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4. Discussion of the Results

In recent decades, more and more attention has been paid to the problem of the non-
linearity of the behavior of a solid body during plastic deformation. However, this problem
cannot be solved within the immutable structure of a translationally invariant crystal [32].
It was shown in [33] that stresses form the curvature of the crystal lattice, which originate
and propagate along the intergrain boundary. Along with the origin of curvature along the
grain boundary, a specific island structure is formed in the zone of the triple junction. This
island zone grows as the load increases, which is schematically illustrated in [33]. These
results are in good agreement with the data presented in Figure 1. The authors [33] believe
that the problem was previously considered without taking into account self-consistency
between processes taking place at different structural and scale levels. Continuum mechan-
ics is traditionally used at the macro level, dislocation theory and methods of molecular
dynamics at the micro level, and quantum mechanics apparatus at the nanoscale. Such
approaches are essentially single-level. In the multilevel approach developed in physical
mesomechanics, deformation fracture is considered as a self-consistent process at nano-,
micro-, meso- and macroscale levels.

In mesomechanics, the curvature of the crystal lattice plays a fundamental role. The
curvature of the crystal lattice is the result of irreversible curvature of the atomic planes of
the crystal lattice under the influence of an external load.

According to the theory [32], the origin of deformation defects (which may includelen-
ticular crystals growing under plastic deformation) must fulfill three conditions:

e the presence of areas of local tensile normal stresses, creating increased molar volume,
which may occur as local structural transformation (as illustrated as lenticular crystals
in the area of the tip of the crack in Figure 2);

e the action of moment stresses in these zones, which create a local curvature and the
occurrence of a highly excited nonequilibrium state of the material in the curvature
zone (Figures 2b and 3);

e the appearance of a newly permitted structural state in the curvature zone (lenticular
crystal in Figures 4, 6 and 7).

If these conditions are met, then it is possible to form a deformation defect, which in
our case is a lenticular crystal, by transferring excited atoms in the local curvature zone
from the main nodes of the crystal lattice to new resolved structural states, since this lowers
the thermodynamic Gibbs potential in the defect region.

From the analysis of the results obtained during the decoding of electron diffraction
patterns from lenticular crystals of the Ni, Ti3 composition (Table 1), it follows that in the
structure of the studied alloys, in addition to the matrix solid solution with the B2 structure,
there is a phase with a structural type of spinel. Spinels have a set of the most intense
reflexes (shown in bold in Tables 2 and 3), which are usually used for identification in
reference literature, for example in [34]. In our experiment, a greater number of reflexes
corresponding to the Fd3m symmetry were revealed. The large parameter of the crystal
lattice itself indicates that an elementary cell having an Fd3m type structure contains
additional atoms inside itself or has an internal structure. The crystal lattice parameter of
the specified phase is 11.53 & 0.03 A.

The structural type of spinel for intermetallic compounds of nickel and titanium is
known. The ASTM Ti;Ni phase table (ASTM Map no. 18-0898) [35] shows that the phase
has a structural type Fd3m (spinel) and a crystal lattice parameter equal to 11.27 A.

The X-ray diffraction spectrum demonstrates the presence of a large number of coex-
isting phases, each of which corresponds to a set of local reflexes. Among the deciphered
phases, austenite, martensite, and intermetallic phases are observed. Among them, there is
also a system of reflexes from the Ni, Tiz phase corresponding to Tables 2 and 3. Here, it
should be emphasized that the X-ray spectrum is an integral characteristic of the studied
sample, and the electron diffraction spectra were taken from specific local areas character-
ized by the presence of lenticular crystals (Figures 6 and 7).
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X-ray studies demonstrate the absence of a TigsNi,O oxygen spinel in any significant
amounts in the structure of the studied sample, which, combined with the indications
of energy dispersion spectra indicating the absence of oxygen in the studied lenticular
crystals, make it possible to confidently exclude that these crystals represent the Ti4Ni,O
phase. Additional evidence is the difference in the parameters of the crystal lattice, which
for oxygen spinels in titanium nickelide, varies in the range of 11.27-11.35 A, which is
slightly less than the 11.53 4 0.03 A obtained in our experiment.

The analysis of Tables 2 and 3 shows that the displacement of diffraction reflexes
from the calculated values practically does not exceed 0.15 A. The displacement of the
diffractogram lines in lenticular crystals experiencing curvature characterized by bend—
extinction contours (see Figures 6 and 7) is sufficiently well studied in the works of V.Y.
Kolosov, for example in [19]. The curvature of the crystal lattices can partially explain
the discrepancy between the interplane distances d of the corresponding reflexes when
comparing Tables 2 and 3. The possibility of displacement of atoms during martensitic
transitions is experimentally shown in [36], where atoms can shift from their positions by
up to 0.2 A. In the works of Pushin V.G., for example [37], the possibility of significantly
large atomic displacements in titanium nickelide is shown.

There are differences in the internal morphology of equilibrium and nonequilibrium
phases when observed in an electron microscope. Thus, according to [38], the TiyNi,O
phase is characterized by a homogeneous internal structure, and the Ti3Ni4 phase in the
Nisg gTigg 2 alloy, for example, in [13], is characterized by the presence of clearly distinguish-
able bend-contours, indicating significant internal stresses.

The appearance of bend—extinction contours can be explained on the basis of calcu-
lations of local stresses in the pre-fracture zone made in [39]. However, if [39] describes
the occurrence of a lenticular crack in the pre-fracture zone, then our work shows that
lenticular crystals with bend-contours inside appear in the pre-fracture zone (at the tip of
the crack). Thus, the localization of deformation in our case leads to the emergence of an
“intermediate” state between the state of pre-destruction and destruction—the formation
of a nonequilibrium phase with the morphology of a lenticular crystal with significant
internal stresses.

It is obvious that for the formation of lenticular crystals of the nonequilibrium Ni, Tiz
phase, it is necessary to redistribute the components of the initial solid solution or inter-
metallic phases. Under conditions of local curvature of the crystal lattice, special structural
states arise in zones of increased interatomic distances, which increase the number of
degrees of freedom in a deformable solid. In [31], such states were called interstitial bi-
furcation structural states (IBSS). Due to the occurrence of IBSS in a deformed metal, it is
possible to realize directional mass transfer occurring at the rate of switching of interatomic
bonds, which in some cases can reach the speed of sound in the metal [40].

The experimentally revealed occurrence of magnetization in the plastically deformed
Nis; Tigg alloy can be explained by the appearance of tetrahedrically densely packed Ni,Tis
phase clusters with a spinel structure in the zones of curvature of the crystal lattice [25].

5. Conclusions

1.  In titanium nickelide samples subjected to plastic deformation, lenticular crystals
of the Ni;Tiz phase containing bend-extinction contours were found, indicating
significant internal stresses in localized areas.

2. The crystal structure of lenticular crystals Niy Tis is in a phase having a spinel structural
type with a crystal lattice parameter of 11.53 + 0.03 A.

3. The studied Nis; Tisg alloy samples that have undergone plastic deformation have a
significant magnetization caused by the growth of a new ferromagnetic phase Ni,Tis.
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