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MULTISTAGE MARTENSITIC TRANSFORMATIONS IN
NANOCRYSTALLINE Ti - 50.9 at.% Ni ALLOY

S. L. Girsova, T. M. Poletika, S. M. Bitter, UDC 69.018.6: 620.187
A. L. Lotkov, and A. N. Kudryashov

Specific features of the spatial distribution of Ti3Niy particles in the inhomogeneous grain/subgrain structure of
the nanocrystalline Ti — 50.9 at.% Ni alloy are identified depending on the aging temperature. It is found out
that the presence of an ensemble of internal interfaces of various types in the nanostructure promotes
a heterogeneous distribution of Ti;Niy nanoparticles in the volume of the B2 matrix, which is associated with
the precipitation of particles in the region of low-angle subgrain boundaries and the suppression of the
decomposition of a solid solution in nanograins with high-angle boundaries. The relationship between the
evolution of the system of TizNiy precipitates during heat treatment and the staging of martensitic
transformations in the nanocrystalline TiNi alloy with an inhomogeneous grain/subgrain structure is
investigated. It is shown that the difference in the structural-phase states of the substructure and the
nanograins is the main reason for the anomalous effect of the R-phase transformation in the sequence of
multistage martensitic transformations B2 <> R <> B19 .

Keywords: titanium nickelide, nanocrystalline alloy, annealing, grain/subgrain structure, Ti;Niy particles,
martensite transformations.

INTRODUCTION

Nanocrystalline (NC) TiNi alloys, due to their high strength and functional stability, have been widely used for
medical applications [1, 2]. In biomedicine, superelastic TiNi-based alloys with an excessive content of Ni are utilized,
which are subjected to aging followed by the formation of coherent Ti3;Niy particles [1-3]. It is well known that
precipitation of particles in TiNi polycrystals results in a change of the sequence of martensitic transformations from
B2B19' to B2—>R—B19' [3—5]. The main reason for the multi-stage character of transformations is thought to be the
particle distribution heterogeneity in the B2-austenite grains, which gives rise to different alloy compositions in terms of
Ni in the bulk and at the boundaries [6, 7]. However, the nature of the multistage character in NC TiNi alloys with the
dominating volume fraction of internal interfaces remains unclear. There are insufficient research data on the common
factors of formation of coherent Ti;Niy particles and their spatial distribution in the conditions of a nanocrystalline state
of the material. The difficulty of studying TiNi-based NC alloys is associated with the necessity to include into
consideration such peculiarities as an increase in the critical stresses of the martensitic shear as a result of grain
refinement [8], a possibility of suppressing the processes of diffusion-induced disintegration of B2-austenite in
nanograins [9], a maintenance of high defect density in the nanostructure after severe deformation [10]. Furthermore,
an important factor is essential inhomogeneity of TiNi-based alloys after cold deformation treatment. An example is
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TABLE 1. Martensitic Transformation Temperatures in Ti — 50.9 at.% Ni Alloy Specimens

T annealing Tr, °C M, °C M, °C A, °C Ag°C
Initial 7 =74 —140 —45 -26
300°C 22 =50 -130 -37 -14
400°C 33 =30 -115 -2 15

a mixed grain-subgrain B2-austenite structure, which is typical for the NC TiNi textured specimens after severe cold
deformation [11]. A similar structure is exhibited by the products designed for manufacturing the miniature medical
application systems (wires, thin-wall tubes, etc).

The purpose of this work is to study the effect of the grain-subgrain nanostructure on the size and spatial
distribution of TisNis particles in a NC Ti—50.9 at.% Ni alloy during aging and on the multistage martensitic
transformations.

MATERIALS AND METHODS

The experimental material was a commercial nanocrystalline Ti— 50.9 at.% Ni alloy (Vascotube GmbH,
Germany). The specimens were cut from the microtubes designed for manufacturing medical stents. The specimens
were annealed with holding for 1 h at 300°C (low-temperature aging) and at 400°C (temperature interval of intensive
precipitation of Ti;Ni, particles). These temperatures allow generating Ti;Ni, particles of various sizes and differing
morphology. The heat treatment was performed in a salt bath with an automatic temperature control. After holding for
the given time the specimens were quenched into water at room temperature.

The start and finish temperatures of the forward and reverse B2«<>R<B19' martensitic transformations were
determined by measuring the electrical resistivity. In order to study the multistaging transformation features, the
specimens were additionally examined by the DSC method in a NETZSCH DSC 404 F1 differential scanning
calorimeter at a heating/cooling rate of 10 K/min. The structural TEM studies of the specimens cut along the tube axis
were carried out in a JEM 2100 (JEOL) transmission electron microscope. The thin foil preparation procedure involed
grinding and mechanical polishing of the specimen to a thickness of 1 mm, followed by ion thinning in an EM 09100IS
(JEOL) device. The average grain and subgrain sizes were determined by measuring the average diameters of as many
as 100 grains in the bright- and dark-field images. A comparative analysis of the Ti;Ni4 precipitates was performed
versus the treatment conditions using (primarily) the dark-field images. The critical temperatures of the start of the
B2—R (Tr) martensitic transformations and the start (M, 4;) and finish (M, 4¢) of the forward (M, M) and reverse
(d4s, Ar) R—B19' martensitic transformations, which were determined by measuring the electrical resistivity, are given in
Table 1. The B2-R—B19" sequence of forward and reverse martensitic transformations is observed for all
experimental alloy specimens.

RESULTS AND DISCUSSION
Grain-subgrain nanostructure

The initial Ti—50.9 at.% Ni alloy has an inhomogeneous hierarchically organized grain-subgrain B2-austenite
nanostructure containng the elements of two scales: (i) conglomerates of slightly misoriented nanosubgrains of micron
dimensions and (ii) nanograins with high-angle boundaries included into the substructure regions, which provides
a large variety of internal boundaries (Fig. 1).

There are two types of nanograins: (i) strain-induced nanograins, which are formed during severe deformation
followed by annealing, generally contain residual dislocations; (ii) dislocation-free nanograins crystallized from the
amorphous state [11]. The dislocation-free nanograins with high-angle boundaries have the average size of 70 nm. The
subgrains measuring 40—60 nm contain high-density dislocations, have imperfect small-angle boundaries with an
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Fig. 1. Mixed grain-subgrain structure: a — bright-field image, b — corresponding microdiffraction,
¢ — dark-field image in the {1T0} (221) reflection of the B2-austenite from the region indicated by
a circle in (a) there are groups of subgrains forming a region of submicron dimensions.

Fig. 2. Structure after annealing at 300°C: a — bright-field image, » — corresponding
microdiffraction pattern, aperture diameter —1.2 pum, there are no reflections from the Ti;Niyg
precipitates due their minor size, ¢ — bright-field image revealing the presence of fine coherent
Ti;Niy precipitates with a typical diffraction contrast referred to as ‘coffee bone’.

azimuthal misorientation of smaller than 3°, and form the regions of micron dimensions (about 800 nm) (Fig. 15). The
microdiffraction patterns, corresponding to the grain-subgrain structure, mainly have the character of ring-shaped point
reflections. In addition to the reflections from the B2-austenite, there are individual reflections that could be attributed
both to the R-phase and Ti3Ni, particles.

Low-temperature aging

Annealing at 300°C is accompanied by the processes of recovery and polygonization, dislocation density
decrease, and straitening of low-angle boundaries, but does not give rise to any appreciable change of the grain/subgrain
sizes. Figure 2a, ¢ presents the bright-field images of the alloy structure, which demonstrate precipitation of coherent
globular Ti;Ni4 nanoparticles with the sizes smaller than 5 nm, which is typical for the initial stage of disintegration of
the TiNi B2-solid solution in the course of low-temperature aging [12]. The Ti;Ni4 particles are mainly located inside
subgrains on dislocations. The presence of highly-dispersed coherent Ti;Ni4 phases is indicated by the appearance of
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Fig. 3. Subgrain structure with Ti;Ni, particles after annealing at 400°C: a, ¢ bright-field images;

arrows in (a, c) indicate the rows at the low-angle sub-boundaries; arrows in () indicate the
particles visible in the dark field in the {012} reflection of Ti;Ni4 in the microdiffraction pattern (b).

weak reflections in the 1/7 positions along the B2-lattice in the <321> orientation. A group of subgrains is observed in
Fig. 2¢, which contain coherent Ti;Niy particles with a characteristic diffraction contrast in their vicinity due to the
elastic distortion fields.

It should be noted that Ti;Ni, precipitates are available in the nanograins containing dislocations, but there are
none in the dislocation-free nanograins. Moreover, Ti;Ni; nanoparticles are seldom observed in the region of
boundaries/sub-boundaries, which is due to the low aging temperature (300°C) not favoring the diffusion of Ni atoms
from the inner part of the grains/subgrains into their boundaries [13]. Our results are consistent with the data [13] for
polycrystalline TiNi alloys indicating that a low-temperature annealing (at 7 < 330°C) leads to precipitation of a large
number of coherent spherical nanoparticles with a diameter of <10 nm [13].

As it was noted above, nanograins in the grain-subgrain structure can be of different nature: nanograins of
deformation origin crystallized from the amorphous state, which contain dislocations, and dislocation-free nanograins
crystallized from the amorphous state [11]. Unfortunately, it is impossible to reliably determine the type of nanograins
observed in every case without a special examination. One can however suppose that the absence of TizNiy
nanoparticles in the dislocation-free nanograins can indicate that a necessary condition for particle precipitation during
low-temperature aging is the availability of dislocations. This is consistent with the data reported by Hu et al. [14], who
demonstrate that TiNi nanograins, crystallized form the amorphous state, do not primarily meet the energy requirements
for the Ti;Nis to precipitate due to the energy released as a result of crystallization. It is worthy of note that
a suppression of the diffusion-induced disintegration of the B2-solid solution of TiNi in the dislocation-free nanograins
and the formation of coherent Ti;Ni, particles agrees with the data on the absence of R-phase in them, which primarily
nucleates from the particle—matrix interfaces [2, 6, 15].

High-intensity aging at 400°C

During annealing at 400°C the dislocation density in the subgrian structure is observed to decrease and the
scatter of the size distribution of polygonized nanograins is observed to increase, which indicates the absence of
recrystallization. Redistribution of the dislocations inside the subgrains during the recovery is followed by their
annihilation or departure to low-angle sub-boundaries, which results in a change of the structure and shape of the latter:
(i) the shape of sub-boundaries changes from that straightened after annealing at 300°C (Fig. 2) to a convex shape at
400°C (Fig. 3); (ii) there appears a blurred diffraction contrast in the bright-field images of sub-boundaries (Fig. 3),
which can indicate their non-equilibrium state [16, 17]. The latter circumstance is due to a considerable distortion of the
B2-matrix in the fields of elastic stresses generated by the excessive dislocations and Ti;Ni, formed in the region of sub-
boundaries [17].
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Fig. 4. R-phase in the substructure: a — bright-field image of a complex deformation contrast
simultaneously generated by Ti;Niy particles, dislocations and R-phase, b — microdiffraction
pattern from (a); ¢ — respective dark-field image in the {010} reflection of R-phase; the disperse R-
phase is visible.

During annealing at 400°C, aging is quite intensive, which is due to the highest rate of precipitation of Ti;Niy
particles in the temperature interval of 400—450°C [18]. The micro diffraction patterns contain numerous point ring-
shaped reflections (Fig. 3) belonging to R-martensite and Ti;Nis-phase precipitates. It is evident in Fig. 3 that Ti;Niy
particles precipitate mainly in the region of nonequilibrium sub-boundaries. It is noteworthy that the particles acquire
anearly lens-like shape, a transverse size of up to 5 nm, and a length of up to 20 nm. There is a tendency for the
particles to arrange into rows in the planes of the {111} type. The rows of Ti;Nis particles adjacent to the sub-
boundaries are clearly seen in Fig. 3a, ¢, which indicates an autocatalytic nucleation character necessary for the
compensation of their nucleation and growth energy [5].

The peculiarities of the Ti3Ni4 particle morphology in the substructure should be added with the fact that the
particles lose their lens-like shape caused by the mismatch between the crystal lattices of the particles and the B2-matrix
[5]. One might take that this is due to the asymmetric particle growth in the presence of high local inhomogeneous
stress fields near the sub-boundary [5, 19]. No lens-shaped Ti;Ni4 particles and their rows in nanograins with high-angle
boundaries have been observed. This is consistent with the conclusions made by Prokofiev et al. [9] on a possible
suppression of the disintegration of the B2-solid solution followed by the formation of Ti;Niy particles in the grains
smaller than 150 nm in size in the TiNi alloy aged at 400°C. The main reason is thought to be the complexity of
formation of self-accommodated particle arrays inside the NC grains due to geometrical constraints [5, 6]. Therefore,
the type of internal boundaries of the subgrains/grains and the long-range stress fields generated by these boundaries are
the principal factors affecting the process of heterogeneous nucleation of coherent Ti;Ni4 particles in the nanocrystalline
TiNi alloy having a grain-subgrain structure in the temperature interval of an intensive diffusion-induced disintegration
of the B2-austenite. The particle nucleation at the low-angle boundaries and the suppression of disintegration of the B2-
solid solution are mainly observed in the nanograins with high-angle boundaries.

After annealing at 400°C, the alloy at room temperature is found in a two-phase state, B2 + R (Table 1). Given
a constant grain/subgrain size, we might take that an intensive precipitation of Ti;Ni4 particles would effectively reduce
the concentration of Ni in the B2 matrix and increase the B2«<>R transformation temperature (7). The R-martensite is
dispersed and consists of nanodomains measuring smaller than 10 nm, its morphology is mostly imperfect (Fig.4c),
which is due to the influence of the elastic stress fields generated by coherent Ti;Ni4 particles and dislocations. There is
R-martensite in the substructure, but there is none in the nanograins which do not contain any dislocations or particles.
An R-martensitic transformation can completely involve the individual grains and their groups (Fig. 4).
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Fig. 5. DSC curves of cooling (top) and heating (bottom) of the Ti— 50.7% Ni alloy after its
isothermal annealing at 300°C (a) and 400°C (b) for 1 hour.

Multistage martensitic transformations

In polycrystalline TiNi alloys, two types of structural inhomogeneity are commonly studied, which could
distort the sequence of martensitic transformations: (i) local inhomogeneity of the Ni atom concentration and internal
stresses near the coherent Ti;Niy particles; (i1) microinhomogeneity due to the differing character of the disintegration of
the B2-solid solution of TiNi between the grain-boundary region and the bulk of the grains [4—7]. The version proposed
by Ravari et al. [20] is thought to be most suitable: they think that the reason for the multistage character of martensitic
transformation is the presence of certain zones in the alloy, where the particle sizes or their distribution densities are
different. For instance, the inhomogeneity of Ti;Ni, particle distribution inside the grains gives rise to the different Ni
concentrations in the B2-austenite in the boundaries and in the bulk of the grains. As a result, the B2« R transformation
first occurs at the grain boundary with a low concentration of Ni atoms and then inside the grains with a larger Ni
content.

It is evident that the grain size determines the ratio of the volume fraction of the grain-boundary region to the
inner part of the grains and can influence the distribution of Ti;Ni4 particles and martensitic transformations of the aged
polycrystalline specimens [7, 21]. It is noteworthy that according to [22], the zones depleted in Ni in the vicinity of the
particle-matrix interface vary from 20 to 100 nm depending on the precipitate size, which is consistent with the
observed size range of the structural elements of the NC TiNi alloy structure and makes it possible to focus only on the
local composition inhomogeneity in terms of Ni. At the same time, the results obtained in this study allow identifying
the structure inhomogeneity related to the differing character of Ti;Niy precipitation in the substructure and in individual
nanograins. In particular, after aging at 400°C, there appears an inhomogeneity of the concentration of Ni atoms in the
B2-matrix due to their different concentrations in the substructure regions and groups of nanograins. This concentration
inhomogeneity is characterized by the submicron scale and is higher than the local inhomogeneity of stresses and the Ni
concentration near the Ti3Niy particles. In this case, an anomalous effect of a two-stage R-transformation is possible,
during which an R-phase with a higher B2« R, transformation temperature is formed in the substructure region, where
there are Ti3Nis precipitates, while the nanograins free from the precipitates are characterized by a lower B2<>R,
transformation temperature.

A study of the martensitic transformations by the method of differential scanning calorimetry (DSC) has proved
our suppositions. For comparison, Fig. 5 presents the DSC curves for the specimens annealed at 300 and 400°C. After
aging at 300°C, there are two smeared exothermic peaks (Fig. Sa), which are due to the forward B2—R and R—B19’
transformations. This is typical for the TiNi alloys with the defective B2 austenitic structure in an aged state [20] and
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indicates a normal single-stage B2—R transformation. During heating, there is a single broad endothermic peak
corresponding to the B19'—R— B2 transformations. After annealing at 400°C under the conditions of intensification of
aging, the DSC curves of the alloy demonstrate a different behavior (Fig. 5b). There are two peaks during cooling,
which correspond to the B2—R, and B2—R, transformations in the substructure and in the nanograins, respectively.
The bases of peaks merge, which makes their separation with a sufficient accuracy impossible. An intensive
precipitation of the Ti;Ni4 particles causes a shift of the B2—R transformation towards higher temperatures; the R-phase
is stabilized, which inhibits the R—B19’ transformation displacing it towards the region of low temperatures. Smearing
of the exothermic peak, corresponding to the R—B19’ transformation, is due to the inhomogeneous spatial distribution
of the particles and corresponds to the R, R, — B19’ transformation extended in terms of the temperature. During
heating, two merging, but quite narrow and clearly distinguishable, peaks are recorded, which correspond to the
consecutive B19'—R and R— B2 transformations (Fig. 5b).

CONCLUSIONS

An electron microscopy study of the sizes and morphology of the coherent Ti;Niy particles precipitated at the
aging temperatures of 300 and 400°C in the nanocrystalline Ti—50.9 at.% Ni alloy with an inhomogeneous
hierarchically organized grain-subgrain B2 austenitic nanostructure has been performed.

It has been shown that during low-temperature aging at 300°C there is precipitation of coherent spherical
Ti3Niy nanoparticles less than 5 nm in size on the dislocations mainly in the substructure. The Ti;Ni, particles are
observed in the nanograins containing dislocations but none of them are found in the dislocation-free nanograins.

It has been found out that along with the increase in the size of the Ti;Ni4 nanoparticles and the change of their
shape from the spherical to a nearly lens-like shape, there is a change of their spatial distribution from location on the
dislocations to precipitation on the sub-boundaries. The presence of an ensemble of varying-type internal boundaries in
the TiNi nanostructure is the major factor influencing the process of heterogeneous nucleation of the coherent Ti;Niy
particles in the temperature interval of their intensive precipitation (400°C). The particles nucleate at low-angle sub-
boundaries and the decomposition of the B2 solid solution is suppressed mainly in the nanograins with large-angle
boundaries.

The inhomogeneous distribution of the Ti3Ni4 particles in the grain-subgrain nanostructure of the TiNi alloy
provides a different structural-phase state of the structure elements (subgrains, nanograins), which results in different Ni
concentrations in the B2 austenite in the subgrain and nanograins regions and is one of the reasons for the anomalous
effect of the two-stage R-transformation B2<>R;, R, in the B2<>R<B19' sequence.

The results obtained in this study will be used in selecting the heat treatment regimes in the production process
of manufacturing Russian blood vessel stents from a TiNi-based alloy, which would provide high technical and
functional material characteristics.

This work was carried out within the Government Research Assignment for ISPMS SB RAS, Project
No. FWRW-2021-0004.
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