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Abstract: This paper studied the features of the martensitic transformations and mechanical proper-
ties of 40, 60, and 90 pum thick NiTi wires with nanocrystalline B2 structures. It was established that
the wires were composites and consisted of a TiNi matrix and a TiO, + TiNi3 surface layer. Structural
methods showed that the wire matrix was formed by grains of up to 20 nm in size. The method of
measuring the electrical resistivity during cooling and heating revealed a two-stage nature of the
martensitic transformation. Cyclic loading—unloading demonstrated that all the samples exhibited
superelasticity effects and completely restored their shape when unloaded from a 4-8% relative strain
at room temperature. An increase in mechanical characteristics with respect to the wire thickness
was experimentally established. This was due to the change in the composition of the TiNi matrix
during drawing.

Keywords: NiTi; wire; superelasticity effect; martensitic transformation; mechanical properties;
nanostructure

1. Introduction

Nitinol (NiTi) is a well-known shape-memory alloy, which is widely used in industry
and biomedicine [1-3]. Nitinol has gained popularity due to its unique properties, such as
shape memory, superelasticity, good biocompatibility, and corrosion resistance [4-8]. These
properties have made it possible to develop a large number of functional NiTi structures
implantable in the human body. In many such applications, NiTi is used in the form of thin
wires with 10-500 pm thickness and has good mechanical compatibility, shape memory,
superelasticity, and good wear and corrosion resistance [9].

NiTi wires are important medical materials used in endovascular surgery, orthodon-
tics, and soft tissue implants in the form of stents, catheters, orthodontic archwires, and
mesh structures. However, the literature review showed that the study of the mechanical
properties of NiTi wires has been carried out using samples with a diameter larger than
500 pm [10-13]. There are very few references devoted to the study of the mechanical
properties of thin wires with a diameter of 40-100 um. Therefore, the purpose of this
research was to study the mechanical behavior of thin wires with diameters of 40, 60, and
90 pm to evaluate the dependence of their deformation characteristics on the wire thickness
and to study their fracture surfaces.

2. Materials and Methods

NisgTisg alloys were smelted in an induction furnace, and the obtained 240 mm long
ingots with 20 mm diameters were subjected to repeated thermomechanical processing
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by drawing with intermediate annealing at 450 °C to obtain wires with 40, 60, and 90 pm
thicknesses in 4 stages:

1.  Strand rolling of an ingot with a 20 mm diameter to a bar with a 7 mm thickness
(20 cycles);

2. Rotary forging of the bar from 7 mm to 3.5 mm (7 cycles);

3. Cold wire drawing from 3.5 mm to 0.5 mm (25 cycles);

4. Hot wire drawing with intermediate annealing at 450 °C was carried out for 50-70 cycles
from a 500 um diameter to 90, 60, and 40 um thicknesses.

The deformation behavior of the nitinol microwires was studied using 50 mm long
samples and 40, 60, and 90 um thick samples by uniaxial tension-to-failure and cyclic
loading—unloading tension testing. Stress—strain diagrams of uniaxial tension-to-failure and
cyclic tension loading—unloading were carried out at room temperature with a tension rate
of 0.1 mm/s using an Instron 3969 universal tensile testing machine. Precision pneumatic
grippers, namely pneumatic cord, yarn, and fine wire grips, for cord and yarn grips G13KP
up to 200 N were used to fasten the microwires. The universal tensile testing machine had
a 3 um displacement and a 0.004 N load resolution.

Images of the fracture surfaces and the outer surfaces of the NiTi wires were obtained
using a scanning electron microscope (Tescan MIRA 3 LMU) operated at a 20 kV accelerating
voltage. The characteristic martensitic transformation (MT) temperature was determined
from the electrical resistivity curves obtained using the potentiometric method. A chromel-
alumel thermocouple was attached to the sample to measure its actual temperature. Liquid
nitrogen was used as a coolant for tests below room temperature down to —180 °C. Heating
above room temperature was performed using an electrical heater.

3. Results
3.1. Structural Studies

The images of the surface morphology of the NiTi wires obtained using scanning
electron microscopy showed that the wire consisted of a matrix and a rough surface layer,
as shown in Figure 1. Nitinol wire with a diameter of less than 100 pm should be considered
a composite material. A rough surface layer was formed on the wire surface during multiple
cycles of intense plastic deformation by drawing with intermediate annealing in air at
450 °C. Interstitial impurities stimulated the matrix decomposition in the surface layers
and the segregation of titanium to the surface [14-16].

{1 e
(c)

Figure 1. General view of the NiTi wire surface with a thickness of 60 pm: (a) cut wire; (b) wire

surface; (c) distribution of elements on the wire surface.

The results of the transmission electron microscopy imaging of the wire matrix showed
a nanocrystalline structure with a nanograin diameter of 15-65 nm and an average grain
size of 25 nm, as shown in Figure 2a. The electron diffraction patterns showed that the NiTi
wire matrix consisted of an austenitic B2 phase at room temperature, as shown in Figure 2b.
Nanosized grains can lead to an increase in yield strength, which contributes to a greater
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accumulation of energy in the material during loading and enhances the deformation
recovery by reversible MT when an external load is removed. Fragments of the subgrain
structure in Figure 2c seen in the dark field did not exceed 20 nm. In some areas, clusters of
particles were observed to be elongated in one direction due to the drawing process.

(b)

Figure 2. TEM images of the nanocrystalline structure of the NiTi wire with a thickness of 60 um
with the corresponding diffraction pattern from the B2 phase: (a) wire matrix structure and grain
size distribution histogram; (b) magnified view of the wire matrix structure with the corresponding
diffraction pattern; (c) dark-field image of the wire matrix structure.

A TEM study of the wire cross-section, which covered the areas of the matrix and the
composite surface layer of the wire, showed a complex structure, as shown in Figure 3.
The results of the elemental analysis showed that a non-continuous surface layer with a
thickness of ~400 nm had regions that differed in contrast, indicating a different phase
composition, as shown in Figure 3a. The bright areas shown were enriched in oxygen
and titanium, while the dark areas were enriched in nickel. The diffraction patterns in
Figure 3b,c and the elemental maps of these areas in Figure 3d—f identified the phases as
TiO, in spectra 1 and 2 and TiNij in spectrum 3. Such a mixed composition of the surface
layer is characteristic of monolithic NiTi alloys subjected to annealing [15,16].

spectrum 3

200 nm

Figure 3. TEM image of a 60 um wire section: (a) general view with selected areas for elemental
analysis; (b) diffraction pattern of the selected area in spectrum 3; (c) diffraction pattern of the selected
areas in spectra 1 and 2; (d—f) distribution maps of elements in the cross-section of the 60 pm thick
NiTi wire.
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There are several research reports studying the complex surface oxidation processes in
monolithic NiTi during annealing and the sequence of oxidation product formation [15-17].
A composite structure was formed, in which the outer layer was TiO;, and the inner layer
was represented by phases enriched in nickel, Ni3Ti, and Ni(Ti). The TiO, layer was formed
first by the preferential oxidation of Ti from the NiTi matrix, resulting in a Ti-depleted
layer under the outer TiO; layer. The continued nickel enrichment of the titanium-depleted
zone resulted in the formation of a TiNij layer during oxidation. A TiO,+Ni(Ti) composite
layer was formed between the TiO, and TiNi3 layers when the TiNi3 layer reached a critical
thickness. The impact of intensive plastic deformation in the process of the wire production
led to the mixing of the TiO; and TiNij layers, as shown in Figure 3a, Table 1.

Table 1. Results of elemental analysis in the surface layer of the 60 um thick NiTi wire.

Atomic %
Element
Spectrum 1 Spectrum 2 Spectrum 3
@) 65.7 67.39 5.71
Ti 33.33 31.98 20.81
Ni 1.97 0.63 73.48
Total 100 100 100

3.2. Mechanical Testing of NiTi Wires by Uniaxial Tension

Uniaxial tensile testing makes it possible to determine several important mechanical
characteristics of a material, such as the critical stress of MT, the intervals of elastic and
plastic deformation, and the tensile strength [5,6,18]. NiTi wires of different thicknesses (40,
60, and 90 um) were tested by uniaxial tension-to-failure testing, as shown in Figure 4, and
by using five loading—unloading cycles, as shown in Figure 5.
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Figure 4. Engineering tensile stress—strain diagrams of NiTi wires with thicknesses of (a) 40 um,
(b) 60 pm, and (c) 90 um tested to failure.
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Figure 5. Engineering stress—strain diagrams of cyclic tension of NiTi wires with thicknesses of
(a) 40 um, (b) 60 um, and (c) 90 pm.
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Three distinct regions were present in all the stress—strain diagrams. The initial linear
region from a 0 to 2% strain was due to elastic deformation of the B2 austenite phase. The
critical nominal stress of the MT, o, upon reaching which the austenite in the material
became unstable and the nuclei of the martensite phase formed in the 40 pm, 60 um, and
90 um thick wire samples was about 350 MPa, 800 MPa, and 1200 MPa, respectively. The
second region was the stress plateau at o} associated with the stress-induced transformation
of austenite into martensite, which is often called the viscous flow region. The critical
nominal stress plateau oy is associated with the onset of martensitic transformation, which
extends by e strain. In the process of martensitic transformation, the ¢y, strain was 5.5%
for the wires with a thickness of 40 um and 60 um and 7% for the wire with a thickness of
90 um. The third region of these curves was due to linear hardening, which is associated
with the elastic deformation of stress-induced martensite and was located in the strain
range of 7-11.5% for the 40 um thick wire, 7.5-13.5% for the 60 um thick wire, and 8.5-14%
for the 90 pm thick wire. For the samples under study, the tensile strength, ors was
1300 MPa for the 40 um, 1800 MPa for the 60 um, and 3150 MPa for the 90 um thick wires.
Based on the results of the tensile tests to failure, as shown in Table 2, the main mechanical
characteristics of the wires were compiled, where oy is the nominal MT stress, org is the
tensile strength, ¢ is the maximum strain at failure, €,q; is the martensite elastic strain,
and e, is the martensitic plateau strain width.

Table 2. Mechanical characteristics of NiTi wires.

Wire ot oTs £ €elast e
Thickness pm MPa MPa % % %
40+5 350 £+ 35 1300 £+ 130 11.5+1 45+ 04 55+ 0.6
60 £+ 5 800 £ 35 1800 £ 130 135+1 59+ 04 55+ 0.6
NM+5 1200 + 35 3150 + 130 14+1 54+ 04 71406

Cyclic stretching below the region of martensite linear hardening showed that all the
samples exhibited superelasticity. This was expressed by an almost complete return of the
4-8% relative strain under the action of external cyclic loading at room temperature, as
shown in Figure 5. A characteristic feature of the cyclic deformation of the tested samples
was the presence of stress and strain hysteresis associated with internal friction losses and
heating /cooling during reversible phase transformation. Under the cyclic stretching of the
specimens with thicknesses of 40 um, 60 pm, and 90 pm by 3%, 4%, and 6%, respectively,
the irreversible deformation was 0.1-0.25% for the 40 and 60 um thick wires and 0.5% for
the 90 um thick wires.

During cycling, a shift in strain was found with each subsequent cycle, and the stress—
strain hysteresis values decreased. The value of the MT stress, oy, decreased by 14% at a
thickness of 90 um and by 18% at thicknesses of 40 pm and 60 um. The decrease in the MT
stress can be explained by the irreversible crystallographic reorientation of the martensite
types. The applied stress caused the nucleation of martensite of different crystallographic
orientations and the growth of certain types of martensite along the externally applied
load direction. At the end of the transformation, the stress-induced martensite consisted
of a single type, which is the ideal case. However, after each loading—unloading cycle, a
portion of reoriented martensite remained, which is a source of internal stresses. In this
regard, residual internal stresses appeared and increased with each new cycle, causing the
earlier MT.

The nominal stress of MT decreased with decreasing the wire thickness. This was
due to the influence of the composite surface layer, which did not undergo MT and led
to a change in the concentration composition of the matrix and a decrease in its volume,
which was responsible for the MT. The influence of surface layers on stress is complex and
was difficult to determine due to several factors. On the one hand, the implementation
phases in the form of TiO, oxides, being brittle, crack at a 5-6% strain, which significantly
exceeds their maximum deformation before failure [15]. On the other hand, the TiNis
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phase is an intermetallic compound that contributes to a higher stress than the critical
stress for inducing martensite transformation in NiTi [16]. In addition, the modulus of
elasticity of TiO, and the intermetallic phases, TioNi and TiNi3 is much higher than the
modulus of elasticity of the main TiNi phase, and the additive modulus of elasticity of the
composite sample increases with their relative volume fraction [17]. In addition to all this,
there was also a titanium-depleted zone, part of which had too low of a titanium content
for martensitic transformation to occur.

3.3. Martensitic Transformations

The main phenomena responsible for the manifestation of the superelasticity effects
were thermoelastic martensitic transformations. The characteristic temperatures and the
type of MT were determined based on the temperature dependence of the electrical resis-
tivity p(T). The obtained electrical resistivity was typical for reversible MT B2<»R<+B19’ in
binary NiTi alloys [19,20]. The arrows in Figure 6 mark the transformation temperatures.
The deviation of the electrical resistivity from linearity during cooling reflected the begin-
ning of the transition of the high-temperature B2 phase to the R phase and corresponded to
the beginning temperature of the B2—R MT. A sharp decrease in the electrical resistivity
during cooling corresponded to the Mg temperature of the direct R—+B19’ MT onset. The
Mr temperature on the p(T) curves corresponded to the end of the direct MT. Ag is the char-
acteristic temperature of the reverse MT onset, while Ag is the characteristic temperature of
the end of the reverse MT, which was determined similarly. My and A are defined at the
points where the curves meet.

90 pm

2, arb.units

"200 150 100 50 O 50 100 150 200
T5°C
Figure 6. Temperature dependence of electrical resistivity p(T) for a 90 um thick sample.

A two-stage martensitic transition B2—+R—B19’ was observed in the graph of the
p(T) dependence for the sample with a 90 um thickness, as shown in Figure 6, with the
following characteristic temperatures: Tr = 31 °C, Mg = —49 °C, Mg = —80 °C, Ag = -2 °C,
and Ag =20 °C.

The characteristic temperatures for the 60 um thick sample shown in Figure 7 were:
Tr =49 °C, Mg = —60 °C, Mg = —140 °C, Ag = —21 °C, and A =40 °C.

The same sequences of martensitic transformations were observed, as shown in
Figures 6 and 7, which were characteristic of nanocrystalline materials [19,21]. The de-
pendence of the electrical resistivity on temperature p(T) for the 40 um thick sample in
Figure 8 differed from the curves for the 60 um and 90 pm wires shown in Figures 6 and 7,
respectively. A two-stage martensitic transition B2—+R—B19’ was observed, and the charac-
teristic temperatures of direct MT were graphically determined as Tg =45 °C, Mg = —80 °C,
and Ar = 42 °C. However, it was difficult to determine the temperature of the end of
the direct martensitic transformation Mg, since the temperature of the liquid nitrogen
turned out to be insufficient to complete the direct martensitic transformation in the sample.
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The concentration of nickel in the thinnest sample increased significantly as a result of
interaction with interstitial impurities and the decomposition of the TiNi phase.

60 um

p, arb.units

T R e SR I Rk L I e S T R
-200 -150 100 -50 O 50 100 150 200
T, °C

Figure 7. Temperature dependence of electrical resistivity p(T) for a 60 um thick sample.

vMs 40 um

MF
N
As

p, arb.units

i
i
1 |
|
|
|
|
I
|

T T T T T
-200 -150 -100 -50 0O 50 100 150 200

Figure 8. Temperature dependence of electrical resistivity p(T) for a 40 um thick sample.

The characteristic temperatures graphically determined from the temperature depen-
dences of the electrical resistivity are summarized in Table 3.

Table 3. The characteristic temperatures of martensitic transformations in NiTi samples.

Wire TR Ms MF As AF
Thickness um °C °C °C °C °C
40+5 45+3 —-80+3 - - 42 +3
60 £ 5 49 +3 —60+3 —140£3 —21+3 40+3
NM+5 31+3 —49+3 —-80+3 —-24+3 20+ 3

The experimental results confirmed that the concentration composition of the TiNi
matrix phase correlated with the thickness of the samples and the volume fraction of their
surface layer. It was shown that the martensitic transition expanded and shifted to lower
temperatures with decreasing the wire thickness.

SEM was used to study the fracture surfaces of the wires after a uniaxial tension failure.
The obtained images of the 40 pm thick wire in Figure 9 clearly show the wire thinning
at the point of rupture. The central part of the fracture surface was of a viscous type, as
evidenced by the typical pitted relief with particles at the bottom of the cups as well as the
combination of the deep center and the protruding periphery of the fracture zone.
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pitted reli

Figure 9. The fracture surfaces of a 40 um thick NiTi wire.

Thinning was also found at the rupture site of the 60 pm thick sample shown in
Figure 10. The revealed features of the relief allowed us to state that the shell enriched in
non-metallic phases fractured due to the brittle separation mechanism, while the center,
consisting of the viscous TiNi phase, fractured due to the ductile separation mechanism.

inclusions

Figure 10. The fracture surfaces of a 60 um thick NiTi wire.

The thinning of the sample and the formation of a neck occurred due to the plastic
shear of the viscous TiNi matrix. The fracture area of the shell was presented in the form of
a roller with a size of 2-5 um. The fracture surface also consisted of two zones: a flattened
granular relief and a pitted relief, which had a typical appearance with particles at the
bottom of the cups [22,23]. The fracture zone was located in a recess at the center of the
destruction zone surrounded by zones of flattened relief. In this case, both parts had a
viscous fracture type. The flattened relief was formed by plastic shear with the slow growth
of a fracture crack, and the cup relief was formed as a result of fast viscous separation in
the fracture zone [23].

Three large inclusions 5-10 pm in size were found at the opposite sides of the fracture
zone, which served as sources for the formation of a crack and determined the ratio of the
sizes of the crack formation zone and the fracture zone. The wire surface had a scaly relief,
which was formed as a result of the plastic deformation of the grains of the viscous matrix
during wire drawing. The size of the shell flakes was approximately 5-10 pm, and the size
of the grains in the center of the matrix phase fracture was 2-5 pm. In the obtained images
of a 90 um thick wire shown in Figure 11, thinning of the wire was also present in the form
of traces of plastic deformation at the rupture site.
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Figure 11. The fracture surfaces of a 90 um thick NiTi wire.

The fracture zone had dimensions of 25-55 um and was in a recess relative to the crack

propagation zone. In this case, both parts had a viscous type of fracture. Two large non-
metallic inclusions 15-25 um and 10-15 um in size were found at the opposite boundaries
of the fracture zone, which served as sources for the formation of a crack and determined
the dimensions of the fracture zone.

4. Conclusions

1.

The microscopic studies showed that on the surface of the samples with a thickness
of 60 pm, the interaction of interstitial impurities with the decomposition products
of the TiNi matrix formed a surface layer of TiO, oxides and TiNij intermetallic
fragments of the decomposition of the TiNi matrix phase. During wire drawing, the
impact of intensive plastic deformation in the presence of hydrocarbon lubricants
and intermediate annealing in the air led to the formation of fragmented TiO, surface
layers mixed with fragmented TiNij intermetallic layers.

It was established that the main phase of the nitinol samples at room temperature
before uniaxial tension was TiNi(B2) austenite.

The obtained temperature dependencies of electrical resistivity p(T) for the NiTi
samples with thicknesses of 40, 60, and 90 pm were characteristic of a two-stage
martensitic transformation B2<+R«»B19’. It was established that the characteristic
temperatures, Mg, Mg, and Ag, shifted to lower temperatures, and Ay shifted to a
higher temperature as the sample thickness decreased to 40 um.

The tests of the NiTi microwires with thicknesses of 40, 60, and 90 um by uniaxial
tension-to-failure and cyclic tension testing within the limits of reversible marten-
sitic deformation showed that the NiTi samples with a thickness of 40-90 pm were
characterized by superelastic behavior. An increase in the sample thickness led to an
increase in the critical stresses of martensitic transformation from 300 to 1200 MPa, an
increase in the ultimate tensile strength from 1300 to 3150 MPa, and an increase in the
stress hysteresis width from 250 to 400 MPa. Such a correlation was due to a change
in the composition of the TiNi matrix during wire drawing and annealing in air, the
formation of a surface TiO, oxide layer, and an intermetallic TiNi3 sublayer.



Nanomaterials 2022, 12, 4442 10 of 11

Author Contributions: Conceptualization, G.A.B. and M.A K,; data curation, E.SM. and E.A.C,;
formal analysis, G.A.B., E.S.M. and M.A K,; investigation, G.A.B., E.S.M. and M.A K.; methodology,
A.A.V,; project administration, E.S.M.; supervision, E.S.M.; validation, ESM., A.A.V. and Y.Z,;
visualization, G.A.B. and A.A.V,; writing—original draft, G.A.B., E.S.M. and M.A K,; writing—review
and editing, G.A.B., E.S.M. and A.A.V. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by the Mega grant from the Government of the Russian
Federation No. 220 of 9 April 2010 (Agreement No. 075-15-2021-612 of 4 June 2021).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: Structural studies were performed using the equipment of the Tomsk Regional
Common Use Centre of the National Research Tomsk State University. The Center is supported by the
Grant of the Ministry of Science and Higher Education of the Russian Federation no. 075-15-2021-693
(No. 13.CKP.21.0012).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Fu, Y.Q.; Du, HJ.; Huang, W.; Zhang, S.; Hu, M. TiNi based thin films in MEMS applications: A review. Sens. Actuators A 2004,
112, 395-408. [CrossRef]

2. Chernyshova, A.; Kolomiets, L.; Chekalkin, T.; Chernov, V.; Sinilkin, I.; Gunther, V.; Marchenko, E.; Baigonakova, G.; Kang, ].H.
Fertility-Sparing Surgery Using Knitted TiNi Mesh Implants and Sentinel Lymph Nodes: A 10-Year Experience. J. Investig. Surg.
2021, 34, 1110-1118. [CrossRef] [PubMed]

3. Margan, N.B. Medical shape memory alloy applications—The market and its products. Mater. Sci. Eng. A 2004, 378, 16-23.
[CrossRef]

4. Marchenko, E.S.; Yasenchuk, Y.E; Gunter, S.V.; Yasenchuk, Y.F,; Gunther, S.V.; Kokorev, O.V.; Baigonakova, G.A.; Gunther, VE,;
Chekalkin, T.L.; Chumlyakov, Y.I; et al. Viscoelastic Behavior of Biocompatible TiNi Alloys; Tomsk State University Publishing House:
Tomsk, Russia, 2020; 102p.

5. Heller, L.; Seiner, H.; Sittner, P,; Sedlak, P; Tyc, O.; Kadetavek, L. On the plastic deformation accompanying cyclic martensitic
transformation in thermomechanically loaded NiTi. Int. J. Plast. 2018, 111, 53-71. [CrossRef]

6. Otsuka, K,; Ren, X. Physical metallurgy of Ti-Ni-based shape memory alloys. Prog. Mater. Sci. 2005, 50, 511-678. [CrossRef]

7. Pushin, V.G.; Prokoshkin, S.D.; Valiev, R.Z. Part 1. Structure, phase transformations and properties. In TiNi Shape Memory Alloys;
Ural Branch of the Russian Academy of Sciences: Ekaterinburg, Russia, 2006; 438p.

8.  Miyazaki, S. The shape memory mechanism associated with the martensitic transformation in Ti-Ni alloys—I. Self-accommodation.
Acta Metall. 1989, 37, 1873-1884. [CrossRef]

9.  Jenko, M.; Godec, M.; Kocijan, A.; Rudolf, R.; Dolinar, D.; Ovsenik, M.; Gorensek, M.; Mozetic, M. A new route to biocompatible
Nitinol based on a rapid treatment with Hy /O, gaseous plasma. Appl. Surf. Sci. 2019, 473, 976-984. [CrossRef]

10. Nasakina, E.O.; Sevostyanov, M.A; Baikin, A.S.; Seryogin, A.V.; Konushkin, S.V.; Sergienko, K.V.; Leonov, A.V.; Kolmakov, A.G.
Applications of nanostructural NiTi alloys for medical devices. In Shape Memory Alloys—Fundamentals and Applications; IntechOpen:
London, UK, 2017.

11. Marandi, L.; Sen, I. In-vitro mechanical behavior and high cycle fatigue characteristics of NiTi-based shape memory alloy wire.
Int. J. Fatigue 2021, 148, 106226. [CrossRef]

12.  Racek, J.; Stora, M; Sittner, P; Heller, L.; Kopecek, J.; Petrenec, M. Monitoring Tensile Fatigue of Superelastic NiTi Wire in Liquids
by Electrochemical Potential. Shape Mem. Superelast. 2015, 1, 204-230. [CrossRef]

13. James, B.; Foulds, J.; Eiselstein, L. Failure analysis of NiTi wires used in medical applications. J. Fail. Anal. Prev. 2005, 5, 82-87.
[CrossRef]

14. Tsuchiya, K;; Hada, Y.; Koyano, T.; Nakajima, K.; Ohnuma, M.; Koike, T.; Todaka, Y.; Umemoto, M. Production of TiNi
amorphous/nanocrystalline wires with high strength and elastic modulus by severe cold drawing. Scr. Mater. 2009, 60, 749-752.
[CrossRef]

15. Mahmud, A.; Wu, Z.; Zhang, J.; Liu, Y.; Yang, H. Surface oxidation of NiTi and its effects on thermal and mechanical properties.
Intermetallics 2018, 103, 52—-62. [CrossRef]

16. Chu, C.; Wu, S;; Yen, Y. Oxidation behavior of equiatomic TiNi alloy in high temperature air environment. Mater. Sci. Eng. A 1996,
216, 193-200. [CrossRef]

17.  Dagdelen, E; Ercan, E. The surface oxidation behavior of Ni—45.16%Ti shape memory alloys at different temperatures. J. Therm.

Anal. Calorim. 2013, 115, 561-565. [CrossRef]


http://doi.org/10.1016/j.sna.2004.02.019
http://doi.org/10.1080/08941939.2020.1745965
http://www.ncbi.nlm.nih.gov/pubmed/32281433
http://doi.org/10.1016/j.msea.2003.10.326
http://doi.org/10.1016/j.ijplas.2018.07.007
http://doi.org/10.1016/j.pmatsci.2004.10.001
http://doi.org/10.1016/0001-6160(89)90072-2
http://doi.org/10.1016/j.apsusc.2018.12.140
http://doi.org/10.1016/j.ijfatigue.2021.106226
http://doi.org/10.1007/s40830-015-0020-5
http://doi.org/10.1361/154770205X70750
http://doi.org/10.1016/j.scriptamat.2008.12.058
http://doi.org/10.1016/j.intermet.2018.09.013
http://doi.org/10.1016/0921-5093(96)10409-3
http://doi.org/10.1007/s10973-013-3208-y

Nanomaterials 2022, 12, 4442 11 of 11

18.

19.

20.

21.

22.
23.

Chen, X,; Shen, Y.; Fu, S.; Yu, D.; Zhang, Z.; Chen, G. Size effects on uniaxial tension and multiaxial ratcheting of oligo-crystalline
stainless steel thin wires. Int. J. Fatigue 2018, 116, 163-171. [CrossRef]

Baturin, A.; Lotkov, A.; Grishkov, V.; Rodionov, I.; Kudiiarov, V. Effect of hydrogen redistribution during aging on the structure
and phase state of nanocrystalline and coarse-grained TiNi alloys. J. Alloys Compd. 2018, 751, 359-363. [CrossRef]

Cong, D.; Saha, G.; Barnett, M. Thermomechanical properties of Ni-Ti shape memory wires containing nanoscale precipitates
induced by stress-assisted ageing. Acta Biomater. 2014, 10, 5178-5192. [CrossRef] [PubMed]

Liang, X.; Xiao, E; Chen, H.; Li, Z,; Jin, X.; Fukuda, T. Growth of B2 parent phase grain assisted by martensitic transformation in a
nanocrystalline Ti-50.8Ni (at.%) shape memory alloy. Scr. Mater. 2019, 159, 37-40. [CrossRef]

Buslaeva, E.M. Materials Science: Textbook, 2nd ed.; IPR Media: Saratov, Russia, 2019; 149p.

Maziz, A.; Concas, A.; Khaldi, A.; Stalhand, J.; Persson, N.K.; Jager, E.W.H. Knitting and weaving artificial muscles. Sci. Adv.
2017, 3, €1600327. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ijfatigue.2018.06.018
http://doi.org/10.1016/j.jallcom.2018.04.045
http://doi.org/10.1016/j.actbio.2014.08.017
http://www.ncbi.nlm.nih.gov/pubmed/25159371
http://doi.org/10.1016/j.scriptamat.2018.09.002
http://doi.org/10.1126/sciadv.1600327
http://www.ncbi.nlm.nih.gov/pubmed/28138542

	Introduction 
	Materials and Methods 
	Results 
	Structural Studies 
	Mechanical Testing of NiTi Wires by Uniaxial Tension 
	Martensitic Transformations 

	Conclusions 
	References

