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Abstract

New nanostructural shape memory alloy (55.91 wt% of Ni and 44.03 wt% of Ti) for the
production of minimally invasive implantation medical devices (stents) was tested for
corrosion resistance under static conditions by dipping it into solutions with various
acidities (pH from 1.68 to 9.18) for 2 years, for static mechanical properties and for
biocompatibility. The material for investigations was 280-um wires before and after
thermal treatment at 450°C for 15 min in air and surface mechanical treatment. The
characteristic image and size of grains were determined using the transmission electron
microscope (TEM), and the phase composition; surface morphology; and the layer-by-
layer composition were investigated using an X-ray diffractometer; a scanning electron
microscope (SEM); and an Auger spectrometer. The nickel release from the investigated
nanostructural nitinol is less in comparison with data for microstructural nitinol in a
solution of any acidity. Dissolution in the alkali medium is absent. A significant retar-
dation of the nickel ion release (and insignificant concentration as a whole) and the
absence of titanium ion release in the weakly acidic and neutral solutions with pol-
ished samples are observed. A simultaneous 7-11% increase in strength and plasticity
in comparison with microstructural nitinol was attained. Toxicity of samples has not
been revealed.

Keywords: nitinol, biocompatibility, corrosion resistance, shape memory effect,
superelasticity
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1. Introduction

Nitinol (NiTi) alloys possessing a shape memory effect (SME) and mechanical characteristics
similar to the behavior of living tissues have been already used for years as the material for
production of medical devices, including implants, for example stents [1-6].

SME promotes the production of the least traumatic self-expanding stents, which are implanted
into the human body to relieve obstruction or constriction of the respiratory, digestive, excre-
tory, and cardiovascular systems and to restore the normal circulation of physiological flows
without the need for additional devices except the catheter carrier [6]. But nitinol contains nickel
(including on its surface) which is toxic for organisms [7-9]. Different authors give completely
different durations (up to constant) and magnitudes (from fractions to hundreds of mg/L) of
the nickel ion release from microstructural nitinol into the medium [8-16]. And also, a different
level of nitinol biocompatibility and of its electro-chemical corrosion characteristics is noted [2,
8-10, 17, 18]. Nitinol properties are generally determined by the structure and the composition,
which depend on the production process and treatments [2, 8-9, 11, 17, 19-22].

As is well known, formation of nanostructures imparts special, controlled characteristics to
materials [23, 24]. Nitinol, as titanium, is a self-passivated material, that is, it forms a complex
surface oxide layer, which protects the material from corrosion, and also is biocompatible in
itself [2, 10-12]. This oxide layer also surrounds each grain. Therefore, it is possible to assume
that increase in a volume fraction of such grain boundaries in alloy at its nanostructuring will
positively affect its corrosion resistance and biocompatibility. On the other hand, the high
density of intergranular surface defects could lead to a poor corrosion performance since cor-
rosion attack typically initiates at surface heterogeneities [25].

As described in Ref. [25], one of the most efficient methods of fabrication of bulk nanocrys-
talline materials is the severe plastic deformation (SPD) leading to the breakdown of coarse
grains into nanosized (with the size less than 100 nm) grains. The main SPD techniques are
equal channel angular extrusion (ECAP) including thermomechanical treatment, high pres-
sure torsion (HPT), hydrostatic extrusion, and others.

It is noticed in literature that nanostructure has an ambiguous effect on the nitinol proper-
ties and this is little studied. Investigations showed that in HCI nitinol in the nanosized state
(grain diameter of 10 nm) reveals a significantly lower corrosion resistance than in the micro-
structural state because of an increase in the boundary length and in the amount of defects
of the grain structure; and nitinol in NaCl, on the contrary, is more passive (consequently
corrosion resistant) [26]. In the study [25, 27-29], there is no difference in corrosion processes
between micro- and nanostructured nitinol. But in case of nanostructured titanium, corrosion
resistance reduction was observed [30] though in all works positive influence on mechani-
cal properties of materials was noted. In Refs. [31-33], large recoverable strains, resistance
against cyclic plasticity mechanisms, plasticity, and good fatigue response were achieved by
grain refinement by means of ECAP. HPT produced an ultrafine-grained structure with grain
sizes in the range from 5 to 100 nm, which leads to a very high strength, good ductility,
high recovery stress, and to a maximum reverse strain, significantly improving cyclic endur-
ance and pseudoelasticity [34]. Additional electropulse current treatment of coarse-grained
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and ultrafine-grained NiTi (grain diameter more than 100 nm) results in the formation of
structures with a grain size less than 80 and 100 nm, correspondingly (was more effective for
microstructural material), with increased deformability and mechanical properties [35]. At
the same time, according to the computational model and the experimental data in Ref. [36],
it was shown that when the grain size is smaller than some critical value (around 50-80 nm
in all directions), the martensitic phase transformation is totally suppressed even though the
material severely deforms; whereas in another experiment, nanostructure does not prevent
phase transformations that are influenced only by aging regime and cooling rate [37]. Authors
of Ref. [38] noted that the cold-drawn nitinol contains 50 nm thick grains and possesses quite
high tensile strength, hardness, and fatigue life, the maxima of which are reached after heat
treatments at 450°C within 15 min; and heat treatments at above 450°C induced recrystalliza-
tion and grain and precipitate growth. It is shown that the nanostructural morphology of the
nitinol and titanium surfaces at the tissue-implant interface positively affects biocompatibility
in vitro and in vivo and enhances functional activity of desirable cell cultures and enzymes
without any fibrous tissue intervention. However, not all nanomorphologies on implants
imparted a similar biological response [39, 40].

Thus, it is still of interest how nanostructuring can influence operational characteristics of
nitinol as a medical (implantation) material. The aim of this chapter is to investigate the com-
position, structure, and properties of polycrystalline nitinol with nanograins.

2. Obtaining and investigating nanostructural NiTi alloy for medical
application

Nanostructured wires with a diameter of 280 pm made of nitinol (50.9 wt% of Ni) were
obtained from the Institution of Russian Academy of Sciences, A.A. Baikov Institute of
Metallurgy and Material Science, before processing and after mechanical and/or thermal
treatments were investigated.

To obtain the material, we used the modernized complex plastic deformation technology
developed in the IMET RAS. The corresponding charge was re-melted several times in a vac-
uum furnace in argon. Ingots were transformed by rolling and rotary forging at a temperature
of 750-1000°C into bars with a diameter of up to 4 mm, from which the wire was obtained by
step-wise hot drawing through a synthetic diamond die and by intermediate thermal treat-
ment for stabilization of the material structure and removal of mechanical stress.

The mechanical treatment (by abrasive paper from 180 to 1000 grit and finally by GOI (State
Optical Institute) paste to a mirror surface) of the wire surface was carried out by an abrasive
cloth for the removal of flat indentations and defects in the form of dimples after wire draw-
ing. The decrease in the diameter was to 10 um in comparison with the original. The thermal
treatment of nitinol that allows one to vary static properties and cyclic loadings in operating
conditions with a wide range of deformations is extremely important for stabilization of the
properties, constraining (shaping) the samples, and successful application of the product. The
optimal conditions for the thermal treatment were chosen from the previous researches as
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T =450°C and an annealing time of 15 min (what has coincided with [38]), and carried out in
a LOIP LF 7/13_G2 muffler (Russia) equipped with a programmed controller.

To investigate the wire microstructure, the preliminary etching of the surface was carried
out in a mixture of 1 mL HF + 2 mL HNO, + 47 mL H,0O composition for 2-3 min, upon ter-
mination of which the sample was washed several times in distilled water and dried in air.
Investigations were carried out on an Axiovert 40 MAT optical metallographic microscope
(Carl Zeiss, Germany) with digital image processing. The characteristic image and size of
grains were determined with the use of a TECNAI 12 transmission electron microscope (TEM)
(FEI COMPANY, USA), and samples were prepared by means of a GATAN 691 ion-etching
device (Gatan Inc., USA). To determine the phase composition, we used an Ultima IV X-ray dif-
fractometer (Rigaku Co., Japan) in Cu Ka—radiation on the basis of Bragg-Brentano method.
Phase analysis was prepared in the PDXL program complex using the ICDD database. The
surface morphology and the layer-by-layer composition were investigated on a scanning elec-
tion microscope (SEM) VEGA II SBU with the module INCA Energy for energy-dispersive
analysis (TESCAN, Czech Republic) and on a JAMP-9500F Auger spectrometer (JEOL Co.,
Japan) in combination with ion etching at argon bombardment under an angle of 30°.

The bright-field TEM image in Figure 1a shows that nitinol grains resemble nanofibers with
a cross-section size from 30 to 70 nm, and the longitudinal section size of fibers is several
microns. Thus, grains are extended along the wire axis. Rings are seen in the microdiffraction
pattern (Figure 1b), which point to polycrystalline structure of the sample. The calculation
and analysis of the interplanar spacing distances from the electron diffraction patterns show
that they correspond to the B2 phase.

Also, according to the energy-dispersive and X-ray structural analyses (Figure 2a), the
material volume is represented by the base of the B2 phase of TiNi and inclusions of Ti,Ni

(b)

r=—| 100 nm

Figure 1. Transmission electron microscopy data: (a) bright-field TEM image and (b) microdiffraction pattern.
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Figure 2. Nitinol structure data: (a) X-ray diffraction patterns and (b) microstructure analysis.
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intermetallides. The character of X-ray patterns indicates that the composition is unchanged
after thermal treatment. The microstructure analysis (Figure 2b) verifies that the base of the
alloy investigated is represented by the B2 phase, and the material contains Ti,Ni intermetal-
lides, and the sizes and the volume fraction of which are unchanged after annealing.

According to the SEM images (Figure 3a), the wire surface before treatment is heteroge-
neous and covered by spots, dark areas alternating with bright ones and the high rough-
ness is clearly expressed. After annealing (Figure 3b), the surface externally is similar to the
initial one, whereas after polishing (Figure 3c) practically all defects and the roughness are
smoothed, spots are absent, and only traces of treatment are visible. Surface microdefects are
grooves with a depth and width of less than 1 um, and after polishing and annealing, the wire
surface is the most-smoothed and uniform (Figure 3d).

3000

Figure 3. SEM image of the wire surface: (a) before treatment, (b) after annealing, (c) after polishing, and (d) after
polishing and annealing.
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The compositions of bright and dark spots are different (Figure 4a): a high content of titanium
oxide is revealed in bright ones and carbon, in dark ones. Both layers attain 3 pm in thickness
and are not placed over each other. Such a thick surface layer, as was believed, was a result
of the long intermediate thermal treatment during the wire production [8, 9, 41]. Most likely,
therefore, annealing for 15 min does not have an effect on features of changing the com-
position. Carbon is present on the wire surface, probably, due to graphite-containing lubri-
cant (used during wire drawing), which remains on the wire surface and then sticks during
annealing. The same effect (impurities on the surface after several cycles of treatment due to
lubricant) was observed in Ref. [11]. The composition of the polished surface is homogeneous
(Figure 4b): the entire wire is covered by an oxide layer less than 20 nm in thickness, which,
according to the literature [41], must positively affect corrosion resistance under dynamic
conditions because thin oxide layers show greater flexibility and may adapt to loads applied
to the material. The minus is the presence of nickel in the surface layer, though in an insig-
nificant amount. The subsequent annealing promotes the formation of an oxide-nitride layer
up to 80-150 nm in depth, to 50-60 nm free from nickel that could affect corrosion resistance
of material positively (Figure 4c), that is also connected with thermal treatment which leads
to the formation of mixed surface layer consisting of titanium and nickel oxides and to the
growth of the oxide layer thickness [8, 9, 41].

The mechanical properties of samples with a working part length of 45 mm were determined
under the conditions of static stretching on an Instron 3382 (Instron, USA) universal testing
machine with a loading speed of 2 mm/min. The base diameter was used in the calculation
of strength properties. Three to five samples were tested per one experimental point. The
conventional yield strength o
determined (Table 1).

. the ultimate strength o , and the relative elongation 6 were

Results of the mechanical stretching tests showed positive influence of annealing on strength
properties of alloy in both structural states, and strength properties of a nanostructural nitinol
exceeded strength properties of microstructural nitinol by 1.3-1.5 times. Nitinol wire polish-
ing after drawing promotes an increase in the static properties of a nanostructural alloy of
18%. Relative elongations of all samples were of 51-53%.

Heat treatment significantly increases cyclic durability of nanostructural material (Figure 5).
Its durability in the initial state is insignificant, and all fatigue curves lie in the low-cyclic area
(below N = 6 x 10° cycles). After annealing, durability sharply increases both in the field of
low-cycle and multicycle fatigue. The durability limit after annealing on the basis of 4 x 10°
cycles is 400 MPa.

The wire disintegrates with the formation of a neck (Figure 6). The fracture surface is aligned
almost perpendicularly to the stretching axis. It consists of a set of unequally sized self-similar
pores (cups) of the viscous break. The destruction starts from the most serious defects on the
sample surface in the zone of the neck where the main crosscut crack, to which the formed
pores are merged, is formed. Heat treatment practically does not influence the nature of
destruction.

Micro-Vickers hardness measurements determined atloading 1-2 N by the WOLPERT GROUP
401/402 device—MVD (WILSON Instruments, USA) equipped with a light microscope.
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Figure 4. Wire surface structure according to Auger spectroscopy prior to the immersion testing: (a) before treatment
and after annealing (dark and bright spots in Figure 3a and b), (b) after polishing, and (c) after polishing and annealing.
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Batch number Sample 6,,» MPa o, MPa
1 Microstructural nitinol before treatment 497 1423
2 Nanostructural nitinol before treatment 507 1485
3 Microstructural nitinol, annealing of 450°C, 15 min 564 1635
4 Nanostructural nitinol, annealing of 450°C, 15 min 742 1885

Table 1. Effect of annealing on nitinol mechanical properties.
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Figure 5. Fatigue curves of a nanostructural nitinol before treatment (1) and after annealing at 450°C, 15 min (2).

Microhardness of nanostructural material is higher by = 38% in comparison with a microstruc-
tural analog (332 + 3 and 240 + 3 HV, respectively). It can be explained by the increase in volume
fraction of grain boundaries and also by the presence of titanium oxides on these borders,
the hardness of which is higher than the basic hardness. As a result of surface polishing, a
formation of a thin uniform oxide layer with a small share of impurity takes place, and micro-
hardness increases by 17.5% (from 332 + 3 to 390 + 4 HV). The subsequent annealing within
15 min at 450°C promotes the thickening of the oxide layer and an increase in the share of
titanium oxides in it that leads to additional increase in microhardness by 2.3% (to 399 + 3 HV).

The corrosion resistance of the material was determined under static conditions by immersion into
solutions with various acidities because pH in the human body changes from 1 to 9 (for example,
1.05 at the duodenum; 1.53-1.67 is the norm of gastric juice; 3.8-4 in the near-surface area of the
bowels; 7.34-7.43 is the norm of blood; 8.5-9 in the bowels; etc.). We used a neutral 0.9 wt% solu-
tion of sodium chloride, artificial plasma, and four standard buffer solutions (to reproduce acidic
and alkaline media at the given level) [8, 9, 42], which are listed in Table 2, and for comparison,
we also used a 0.03-M solution of hydrochloric acid. The standard buffer solutions were prepared
from corresponding standard trimetric substances (fixanals) made by Merk (USA).

Wire samples (1—TiNi before treatment, 2—TiNi after annealing, 3—TiNi after polishing,
and 4—TiNi after polishing and annealing), with a weight of 32.6 mg each (separately from
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Figure 6. Disintegration behavior of the nitinol wire at static stretching.

No pH Composition

1 1.68 Potassium tetraoxalate KH,C,O, x 2H,0, 0.05 M

2 3.56 Acid potassium tartrate C,H,O K, 0.025 M

3 4.01 Acid potassium phthalate C;H,O K, 0.05 M

4 6.31 Sodium chloride NaCl, 0.9 wt%

5 9.18 Acid sodium tetraborate Na,B,O, x 10H,O, 0.05 M

6 7.36 Artificial plasma: NaCl (92.3 mM), NaHCO, (26.3 mM), K,HPO, (0.9 mM), KCI

(2.7 mM), NaH, PO, (0.22 mM), CaCl, (2.5 mM), MgSO,-7H,O (0.82 mM), Na,SO,
(1.48 mM), D-glucose C.H,,O, (5.55 mM) [8-9]

12

Table 2. pH and composition of the solutions used for immersion tests.

each other) were placed into flasks of heat-resistant laboratory glass (acidic and neutral
media) or polypropylene (alkali medium) with 100 mL of the selected solution. The flasks were
hermetically closed by a lapped cover and aged in a dark place. Sampling from flasks for
analysis was done after a selected period (10, 25, 45, 60, 75, 236 or 287, 704, or 754 days).
The initial buffer solutions were used as reference solutions. Analysis was carried out by an
ULTIMA 2 sequential atomic emission spectrometry (HORIBA Jobin Yvon, Japan) for using
atomic emission spectrometry (AES) with inductively coupled plasma (ICP) for direct simul-
taneous determination of titanium and nickel in solutions.
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Afterimmersion, the surface morphology and layer-by-layer composition were also investigated.

The results of measuring the ion release into solutions are represented in Figures 7 and 8.
Insignificant corrosion is observed in acidic and neutral media, and the nickel concentration is
less than the average magnitudes cited in the literature [8, 9, 11-13, 43]; however, the titanium
content is revealed in solutions. There are no results about all samples in the alkaline environ-
ment and artificial plasma, and also about TiNi-3 and TiNi-4 samples in solutions with acidity
3.56-6.31 since, in these cases, the release of elements was zero or below a limit of detection
for the overall time of the investigation.

Comparison of the treatment effect on the corrosion resistance of samples (Figure 7) makes
it possible to conclude that the samples undergo the most corrosion after annealing, and the
mechanical treatment, as was expected, strongly increases the corrosion resistance of nitinol.

According to the literature, the thermal treatment at a temperature from 400 to 1000°C, which
is required for stabilization of the mechanical properties, always results in the significant wors-
ening of the corrosion resistance due to the formation of nonuniform surface layers consisting
of titanium and nickel oxides [21, 22, 41]. The undesirable effect of the thermal treatment on the
corrosion resistance can also be explained by the occurrence of tempering and recrystallization
of the outer cold-hardened (strengthening) layer on the surface of untreated nitinol, which
forms during its production. At the same time, the surface treatment, which facilitates the for-
mation of the most perfect and homogeneous passive film, increases the corrosion resistance.

And in case of TiNi-4 and TiNi-3 samples on an initial stage of researches regularity has the return
nature. It is possible to assume that in the beginning thicker oxide surface layer of a sample after
polishing and annealing acts as the better barrier against diffusion of nickel ions in solution;
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Figure 7. Nickel concentration in solution with pH 1.68 as a function of sample treatment and immersion time.
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Figure 8. Nickel concentration in investigated solutions with various acidities with nitinol sample without treatment
as a function of sampling time. The marked curves correspond to solution pH: 1—1.68, 2—3.56, 3—4.01, and 4—6.31.

however, after a long period of immersion, its nonuniformity does not allow to slow down leach-
ing of elements as effectively as in case of a more uniform passive film which is initially received
when polishing. The ratio of metal concentration in solutions with the annealed and the nonan-
nealed samples at existence and lack of polishing treatment approximately coincides.

The surface examination after holding in solutions also reveals the hardest corrosive attack
after annealing and the lowest after polishing. However, the wire diameter changes dispro-
portionately to the ion concentration in the solution. For example, the diameters of untreated
and annealed wires are almost equal after holding in the media with pH 1.68 (Table 3); that is,
the surface fails nonuniformly, and it is corroded by single deep holes and pores.

In previous researches [42], a release of ions both of nickel and of titanium was observed; in the
most acidic environment, the Ni released is about 1.5-2 times more (however, both concentra-
tions are small, and the titanium concentration is not toxic for an organism), at pH 3.56 nickel
concentration was 2—4 times more, and in other solutions titanium was not revealed which is
consistent with literary data about its consumption on a passive film formation [8, 9, 42].

The ion concentrations of both nickel and titanium in solutions increase with time; however,
this increase has a different character depending on the medium (Figures 7 and 8). During
short-term tests [42], we believed that the slope of time-dependent concentration curves
decreased gradually in all media, flattening out because of the termination of metal etching
from the surface. It was so in general, however, the long-term investigation showed small
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Diameter, um Sample pH
280.00 Nontreated -

280.00 Annealed -

270.00 Polished -

253.74 Nontreated 1.68
275.59 Nontreated 3.56
277.14 Nontreated 4.01
275.16 Nontreated 6.31/7.36
280.00 Nontreated 9.18
252.46 Annealed 1.68
257.00 Polished 1.68
270.03 Nontreated 1.5 (HCI)

Table 3. Diameters of each type of NiTi wire sample before and after immersion for 2 years in solutions with various
pH values.

fluctuations in the slope of the concentration curve toward increase and reduction of metal
release in acid media. The last in comparison with published data can be related to sequential
processes of the destruction and renewal of the protective oxide film (de- and repassivation)
on defect areas [12, 44, 45].

The greater ion release from samples of a single type is observed in the most acidic medium
(Figure 8), which abruptly drops with increasing pH and again increases in the NaCl solu-
tion. This corresponds to expectations. On the one hand, the metal ion release increases with
increasing acidity, which in the theory corresponds to an increase in the corrosiveness of the
medium. On the other hand, a high metal yield (it is greater than that for solution with acidity
of 4.01 and 3.56 in the initial period and for pH 4.01 after 600 days) is revealed in the physi-
ological saline, being a fairly concentrated source of chlorine ions, which are related to corro-
sion activator ions, having a depassivation and pitting corrosion effect, having a metal affinity
greater than oxygen, and displacing the latter from its compounds with metals [46, 47].

Visually, the most damage occurs also at pH 1.68 after holding for 2 years (Figure 9a and
Table 3). According to the location of pitting, the corrosive attack occurs coaxially to the
direction of defects in production during drawing. Small traces of corrosion are observed
at the surface at an acidity of 3.56. Defects of the metallic surface are no longer revealed at
pH 4.01; however, depositions of organic nature are clearly expressed, which cover the wire
with great strata and fibers but do not cover it completely (Figure 9b). Wires in the neutral
solutions are covered by a smooth homogeneous surface layer (Figure 9c); and traces of
pitting are absent, which supposedly is a result of repassivation of the damaged surface.
Changes in the surface and diameter (Table 3) are not observed after holding in the alkaline
medium. Because the used buffer solutions were not physiological media and served only
for formation of the required pH, their effect on the alloy was compared with the effect of
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hydrochloric acid [42]. The wire surface after long holding in HCl solution (Figure 9d) is
more like the surface after holding in the physiological saline than in the acidic buffer, and
the change in diameter (Table 3) is significantly less than that in a solution with pH 1.68. At
the same time the concentrations of solved nickel for a short time in solutions of hydrochloric
acid with pH 1.56 (the acidity changed to 2 after 2 years of immersion) and the buffer with
pH 1.68 were close and that of titanium differed by more than a factor of two (after 10 days
nickel concentration in HCl solution was 1.94 mg/l, titanium concentration was 0.515 mg/l).
This gives occasion to suppose that the behavior mechanism in the two chloride-containing
media is similar, etching of metals from the surface slows down at the initial similarity of
magnitudes of solved nickel at long-term holding in the acid, and the surface is covered by
a protective film.
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Figure 9. SEM image of the untreated NiTi sample surface after 2 years of immersion in various solutions: (a) buffer at
pH 1.68 (Solution 1; Table 2); (b) buffer at pH 4.01 (Solution 3, Table 2); (c) 0.9 wt% NaCl (Solution 4, Table 2); and (d)
HCl (pH 1.56).
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In the case with solutions of salts of organic acids (pH 1.68-4.01), the dissolution of nickel
and titanium is explained because both elements react with them [42]. In addition, regions
of selective dissolution of metals were revealed, titanium in acidic media and nickel in acidic
and neutral media [48]. However, nickel is subjected to corrosion damage in oxidizing media,
and titanium is considered as satisfactorily stable (has a pitting corrosion potential almost
two orders of magnitude higher than that for nickel in NaCl solution) [46, 47]. In addition,
the investigation of the corrosion mechanism of microstructural nitinol in chlorine-containing
solutions showed that the corrosive surface demonstrated a low content of nickel, and the
result of the process was the Ni ion release into solution and the formation of titanium oxide
in the damaged region because titanium remained at the surface and reacted with dissolved
oxygen [12]. The region between volume NiTi and surface TiO, contained layers of Ni,Ti and
Ni,Ti and clusters of pure nickel [1, 41, 11], the formation of which was caused also by the
formation of the titanium oxide layer: nickel atoms are released from the Ni-Ti interatomic
bond almost at room temperature when the thin oxide layer spontaneously forms at the niti-
nol surface, and nickel may be released into the solution. However, published data of the
titanium ion release at the corrosion of microstructural nitinol were not found. Therefore, the
presence of titanium ions in the NaCl solution turned out to be unexpected. Here, we suggest
that this is related to the nanostructure of nitinol: nanograins failed during the “washout” of
nickel from them and released a greater amount of titanium into the solution at the begin-
ning [42]. Though titanium is not considered to be toxic for humans even in amounts much
greater than those obtained here and its concentration in the solution is much less than the
nickel content, it can be noted, however, that the nanostructural properties doubly affect the
corrosion resistance of nitinol.

We observed that the significant retardation of the nickel ion release (and insignificant con-
centration as a whole) and the absence of titanium ion release form nanostructural nitinol
samples in weakly acidic and neutral solutions after mechanical polishing. Traces of pitting
corrosion on the surface of polished samples are visible only after 2 years of holding in the
most acidic medium (Figure 10); wires held in the remaining media look intact equally. This
leads to a conclusion of the occurrence of a strong and homogeneous protective surface layer

Figure 10. SEM image of the polished wire surface after holding in (a) solution with pH 1.68 and (b) remaining media.
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of titanium oxide, which serves as a barrier to the release of nickel into the medium, and the
high corrosion resistance of investigated nanostructural nitinol.

According to the literature, with increasing holding period of samples in the chlorine-contain-
ing solution, the thickness of the oxide layer increases [12, 14]. The investigation of untreated
nitinol wires after 4 months of holding in the salt solution showed that their breakdown
potential of the passive film changed from 200 to 800 mV, which the authors related to a
decrease in the Ni content on the surface [17].

In this chapter, the surface composition of TiNi wires is practically invariable in the case with
untreated and annealed samples after holding in solutions. Dark carbon-containing spots
with insignificant nickel content and bright areas of titanium oxide with nickel inclusions, as
before, alternate with each other, and the total analysis over an area of 100 x 100 um? demon-
strate the invariably high carbon content at a depth greater than 1 um.

The greatest depth of the surface oxide layer, approximately 25 nm, is observed for polished
wires after holding in neutral solutions (Table 4). At the same time, the titanium distribution
in the elementary and bound states after the NaCl medium was determined, and elementary
titanium was not revealed to a depth of 17 nm (Figure 11). The nickel contents at the surface

Solution pH 1.68 3.56 4.01 6.31/7.36 9.18
Oxide layer thickness/nm 8-13 13-17 15-20 23-28 =10
Nickel surface concentration/wt% 8 5 3 0 3

Table 4. Surface composition of polished NiTi samples after immersion in various solutions for 2 years.
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Figure 11. Composition of the polished NiTi wire surface after immersion for 2 years in 0.9 wt% NaCl (Solution 4, Table 2)
as determined by Auger spectroscopy.
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itself are shown in Table 4, in the NaCl and artificial plasma comes to a plateau at a depth of
~20 nm, whereas in the remaining media, at about 10 nm. The oxygen concentration in the
surface layer in all samples traverses the maximum at ~60-70 wt% at a depth of 2.5-7 nm. At
the same time, the carbon content on these dependences drops abruptly from a fairly high one
at a depth to 2.5 nm, which can be related to the presence of outer mechanical contaminations
at the surface. Release of metal ions into the solution with pH 9.18 was not observed com-
pletely, and this explains the identity of compositions before and after immersion.

Thus, the mechanically polished surface held in the chlorine-containing medium really looks
protected from corrosion, including under dynamic conditions, even after subsequent anneal-
ing. However, the contact of nickel with the surrounding physiological environment never-
theless is possible that it demands to consider an individual susceptibility of patients.

The biocompatibility of the nanostructured nitinol was measured in vitro using standard test
systems: the cultures of myofibroblasts from human peripheral vessels and human bone mar-
row mesenchymal stromal cells (MSC) were used as standard cell models. The myofibroblasts
were isolated from cut peripheral veins [49] and grown in the DMEM medium (Biolot, Russia)
with the addition of 10% fetal calf serum (Gibco, United States), 40 ug/mL of gentamicin at
37°C, and 5% carbon dioxide in a CO, incubator (Binder, Germany). The MSC (Biolot, Russia)
were grown in the alpha-MEM medium (Sigma, United States) under the same conditions.

Samples of materials were placed into the wells of a 6-well plate (Greiner, Germany). Then
cells were inoculated on the sample surface (5 x 10° cells per cm?) and cultured for 5 days.
To determine the numbers of vital and dead cells, the cells growing on the material surface
were stained with fluorescent dyes—acridine orange (Sigma, USA, 1 pug/mL) and propidium
iodide (Sigma, USA, 1 ug/mL). Acridine orange stains both vital and dead cells, while prop-
idium iodide stains only dead cells. After that, the samples were incubated for 10 min at
37°C [50]. Then the samples were examined under a DM 6000 fluorescence microscope (Leica,
Germany). For the assay, at least 500 cells on the sample surface were counted. In the case of
myofibroblasts and MSC, the percentages of vital cells for NiTi were 91 + 3 and 95 + 1, respec-
tively. Thus, the material samples used in the study did not have a short-term toxic effect on
the cells that overgrew its surfaces de novo.

The mitotic activity of the cells was assessed considering the mitotic index of the cells in
the logarithmic growth phase (the 3rd day after inoculation). The number of mitotic cells
was determined by fluorescence microscopy using the vital staining with the Hoechst 33342
fluorescent dye (Sigma, USA). The mitotic cells were identified based on the distribution of
chromatin inherent in the prophase, metaphase, anaphase, and telophase. At least 500 cells on
the sample surface were counted for the assay. The calculated MI value [51] for the cells grow-
ing on the NiTi surface was 3.1% for the myofibroblast culture and 1.8% for the MSC culture.

After 5 days of culturing, the morphological analysis of the myofibroblasts and MSC on the
surface of material showed that myofibroblasts occupy only =75% of the NiTi surface acces-
sible for the growth, while MSC occupy =50% of the accessible NiTi surface and so no mono-
layer is formed for either myofibroblasts or MSC.

This means that toxicity of samples was not revealed, but the cell reaction was not the best
possible.
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Thus it is shown that the use of nanostructured nitinol, obtained and investigated in this
work, in medicine as a material for noninvasive implants is prospective compared with
microstructured material, but formation of a corrosion-resistant and biocompatible surface
layer in future still seems desirable.

Investigated nanostructural material is currently used to manufacture the noninvasive medi-
cal implants —stents—successfully applied to restore respiratory and urinary systems and
esophageal and intestinal patency (Figure 12).

In connection with the presence of increased corrosion resistance, strength and plasticity, shape
memory effect, controlled by the composition and heat treatment phase transformations, this

(a)

Figure 12. Patency restoration process: (a) stent applied to restore esophageal and intestinal patency, (b) example of the
restoration of patency in the case of large intestine cancer via the implantation of a stent (operation and photo of the
Blokhin Russian Cancer Research Center, Russian Academy of Medical Sciences).
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new nanostructural material can also be used to create other medical products and instru-
ments, as well as can be used in other areas that require the use of smart materials.

3. Conclusions

New nanostructural NiTi alloy that can be used in medical applications was obtained and
investigated.

The material base is the B2 phase in the form of nanofibers with a diameter of 30-70 nm,
which are elongated along the wire axis. Inclusions of Ti,Ni intermetallides are also observed,
the distribution and the size of which are not affected by annealing at 450°C for 15 min.

The nickel release from investigated nanostructural nitinol is less in comparison with data
for microstructural nitinol in a solution of any acidity. Although earlier in the literature, there
were no similar results. Dissolution in the alkali medium is absent.

Mechanical treatment increases nitinol corrosion resistance, and thermal treatment decreases
it, and the nanostructure possibly serves as the cause of the titanium ion presence in the solu-
tion of any acidity with unpolished samples. A significant retardation of the nickel ion release
(and insignificant concentration as a whole) and the absence of titanium ion release in the
weakly acidic and neutral solutions with polished samples are observed.

The mechanical treatment of the surface results in the formation of a thin layer of titanium
oxide, decreases the roughness and number of defects but does not completely remove nickel
from the surface. The nickel-free surface with the 25-nm titanium oxide protective layer is
attained by holding in a neutral 0.9 wt% solution of sodium chloride. Such a layer must be the
barrier to nickel release into the medium even under dynamic conditions.

A simultaneous 7-11% increase in strength and plasticity in comparison with microstructural
nitinol was attained. The presence of the shape memory effect and the absence of an uncon-
trolled change in the temperature of phase transformations in connection with nanostructur-
ing were noted.

Toxicity of samples has not been revealed. But no cell monolayer is formed on the surface of
nanostructural alloy after 5 days of culturing of the myofibroblasts and mesenchymal stromal
cells.

Nanostructured nitinol usage in medicine as a material for noninvasive implants is prospec-
tive compared with microstructured material but formation of corrosion-resistant and bio-
compatible surface layer still seems desirable.
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