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ORIGINAL ARTICLE

Experimental and computational study of the NiTi thin wires mechanical 
behavior

Ekaterina S. Marchenkoa,b , Alexander A. Kozulina , Anna V. Vetrovaa , Marina A. Kovalevaa ,  
Alex A. Volinskya,c , and Kirill M. Dubovikova 

aLaboratory of Medical Alloys and Shape Memory Implants, National Research Tomsk State University, Tomsk, Russia; bInstitute for Problems 
of Chemical and Energy Technologies, Siberian Branch of the Russian Academy of Sciences, Biysk, Russia; cDepartment of Mechanical 
Engineering, University of South Florida, Tampa, Florida, USA 

ABSTRACT 
NiTi wires used for biological implants demonstrated ductile fracture. NiTi 40, 60, and 90 mm thick 
wires were tested in uniaxial tension to fracture and loading-unloading. Uniaxial stress-strain curves 
demonstrate superelastic behavior. The inelastic martensite transformation strain is completely recov
ered upon unloading, forming thermo-mechanical hysteresis. A mathematical model was developed 
to describe superelasticity effects in NiTi wires. Modeling results are qualitatively and quantitatively 
similar to experimental data, and capture elastic deformation of austenite, forward martensite phase 
transformation stress plateau before the onset of martensite elastic deformation and the entire 
unloading range. The elastic limit and strength increase with the wire thickness.
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1. Introduction

Nitinol (NiTi) is an intermetallic compound of nickel and 
titanium in almost equiatomic quantities (50–51 at.% Ni). 
NiTi belongs to the class of shape memory alloys (SMA), 
which have unique properties of superelasticity and shape 
memory [1]. The shape memory effect was first used in 
industry. The first successful engineering applications in the 
60s and 70s used limited recovery of SMA for joining and 
fastening [2]. Superelastic NiTi can recover 6–8% strain 
through the reversible stress-induced martensitic transform
ation, where the B2 austenitic phase transforms into B19’ 
monoclinic martensite under the so-called upper stress plat
eau. In recent decades, the superelasticity effect has been 
used in several applications, including the development of 
alternative thermal cooling methods [3, 4]. Elastocaloric 
cooling is particularly attractive due to its efficiency in creat
ing large temperature ranges (differences between hot and 
cold regions) [5–7].

The superelastic properties of NiTi are widely used for 
medical purposes [8]. NiTi is particularly attractive for the 
manufacture of implants, such as stents, vena cava filters, 
metal hosiery, and transcatheter heart valves for minimally 
invasive medical interventions. Unlike other bioinert metals 
that are used to make stents and require plastic deformation 
to expand the capillary wall, NiTi stents are self-expanding. 
That is, they are compressed from an open configuration, 
loaded into the catheter, and then deployed. When deployed, 
the stent self-expands and exerts the necessary radial force to 
keep the capillary open. Typically, the stent outer diameter is 

�10% larger than the capillary to restore blood flow and 
ensure reliable stent fixation [8]. Thus, the device is never 
completely unloaded after deployment, leaving it in a state of 
mixed austenite and martensite phase. Once deployed, NiTi 
stents experience loading from cardiac cycles, respiration, and 
musculoskeletal movements [9]. The deployment and loading 
of a device determine its operating average strain and 
“loading-unloading” strain, respectively. Metal knitwear made 
of superelastic NiTi wire is also highly promising for recon
structive surgery of bone and soft tissues [10–14].

Currently, there are many physical and mathematical mod
els for numerical calculations of the stress-strain state of a 
structure made of SMA. For example, there is a thermome
chanical model that can realistically simulate several physical 
phenomena, including the interphase transition, as well as the 
reorientation of martensite, which can simultaneously occur 
under a common thermomechanical load [15–17]. The paper 
[18] evaluated fatigue life based on strain amplitude, tempera
ture, and cycle frequency. There is also a model based on 
equivalent strain to estimate the number of cycles before fail
ure of NiTi alloys used in medical devices under multiaxial 
loads [19]. The paper [20] examines the study of the finite 
deformation bending of shape-memory wires that takes cog
nizance of the dissipative nature of the body under consider
ation. The contribution [21] presents the kinetostatic analysis 
of a spatial compliant mechanism actuated by three SMA 
wire actuators.

There are many examples in the literature of physical and 
mathematical models of SMA that have been developed specif
ically to describe the thermomechanical behavior of NiTi in a 
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manner (including superelastic-plastic effects, inelastic stress 
accumulation due to fatigue, shape memory). However, they 
require a significant number of input parameters and, therefore, 
multiple experiments to evaluate them. There is work in which 
a simple one-dimensional model was used to analyze limited 
recovery in an SMA wire. The model is based on the general
ized plasticity theory developed by Lubliner and Auricchio [22, 
23]. The finite element simulation software Ansys Mechanical 
allows the use of the Auricchio constitutive model [24] for 
superelastic materials. It can capture the most important aspects 
of a superelastic material using just seven parameters that can 
be obtained from experimental results. Moreover, this model 
allows one to take into account the tension- 
compression asymmetry, which affects the localization of 
stresses and strains in NiTi during bending. The rheological 
description and the mechanical behavior of microwires should 
be taken into account when developing physical and mathemat
ical models and carrying out numerical calculations of the 
stress-strain state of both the wire itself and products made 
from it under constant and alternating loads. As mentioned 
earlier, many papers are dedicated to modeling NiTi wires’ 
behavior during bending, tension, or damping, however, most 
literature reports consider thicker wires over 1 mm in diameter 
[25, 26]. These wires with larger diameter are not applicable for 
medical purposes because thinner wires with <1 mm thickness 
must be used for stents [27, 28]. Some experimental investiga
tions demonstrate mechanical properties dependence on the 
wire diameter, including copper wires [29]. In earlier work we 
reported experimental results that demonstrated the existence of 
mechanical properties dependence on the NiTi wire diameter 
[30]. At the same time, we didn’t find theoretical papers con
firming these effects in NiTi. Therefore, the aim of this work is 
to investigate the dependence of the NiTi mechanical properties 
on the wire diameter using the Auricchio model based on 
experimental results of stretching wires with 40, 60, and 90 μm 
thickness. The results obtained in this work will expand the 
existing knowledge about the deformation behavior of microm
eter-thick wires and also allow to create metallic knitwear in 
accordance with individual patient requirements [31].

The purpose of this research is to assess the mechanical 
behavior of NiTi microwires to create physical and mathem
atical models for assessing the stress-strain state using 
numerical methods.

2. Materials and methods

NiTi wires (Ti-50 at.% Ni) with 40, 60, and 90 mm thickness 
were obtained from 240� 20 mm monolithic ingots using 
thermomechanical processing with intermediate annealing in 
four stages, sequential multi-cycle strip rolling, rotational 
forging of rods, cold and hot drawing:

1. Straight rolling of an ingot with a 20 mm diameter to a 
7 mm thick rod in 20 cycles at 1050 �C for 2 min;

2. Rotary forging of rods from 7 to 3.5 mm thickness in 7 
cycles at 950 �C for up to 1 min;

3. Cold wire drawing from 3.5 mm to 500 mm in 25 cycles 
at 750 �C for 30 s;

4. Hot wire drawing from 500 to 90–40 mm in 50–70 
cycles at 450 �C for 20 s.

NiTi wire with a 90 mm diameter is shown in Figure 1. 
Stress-strain curves for NiTi wires were obtained using a 
custom-built tensile testing machine at 0.1 mm/s deform
ation speed. Tensile elongation was monitored using a built- 
in displacement sensor with a 3 μm resolution, while simul
taneously recording the developed force in the samples with 
a 0.004 N resolution accuracy. Fracture surfaces of the wires 
for scanning electron microscopy (SEM) and energy disper
sive spectroscopy (EDS) characterization were obtained 
using a portable universal tensile testing machine Micron 
Test (Tomsk, Russia) [32] at room temperature and 0.1 mm/ 
s deformation speed. The length of the tested wires was 
150 mm. Images of the fracture surfaces of NiTi wire were 
obtained using a TESCAN MIRA3 LMU scanning electron 
microscope (SEM, 20 kV).

The uniaxial tension of superelastic NiTi wires was 
described by a standard system of continuum mechanics 
equations and solved by the finite element method in the 
Lagrangian formulation using the Ansys Workbench soft
ware package. The constitutive equation given by Auricchio 
[33] was used based on the experimental data, taking into 
account the NiTi wire superelastic behavior under loading 
and unloading to obtain stress-strain curves using numerical 
methods.

The model takes into account two phase transformations 
from austenite to martensite and vice versa in the con
tinuum approximation. The martensite nM and the austenite 
nA fractions add to 1:

nM þ nA ¼ 1 (1) 

The material mechanical behavior is isotropic. The pres
sure dependence of phase transformation is modeled using 
the Drucker-Prager load function:

F ¼ qþ 3ap (2) 

Figure 1. (a) Macroscopic view of 90 mm NiTi wire, (b) scanning electron 
microscopy image of 90 mm NiTi wire side.
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q ¼
ffiffiffiffiffiffiffiffiffi
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r

(3) 

S ¼ r − p1 (4) 

p ¼
1
3
r:1 (5) 

Here, a is the material parameter, r is the stress, 1 is the 
unit tensor, and S is the deviatoric part of the stress tensor. 
In this case, the martensite fraction nM is determined as:
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RAM
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0 otherwise
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RAM
M ¼ rAM

M ð1 þ aÞ (11) 

RMA
M ¼ rMA

M ð1 þ aÞ (12) 

Here, rAM
f , rMA

f , rAM
M , and rMA

M are material parameters listed 
in Table 1. The material parameter a characterizes the material 
response under tension and compression but was not taken 
into account in this work, since the load was only tensile, so 
a¼ 0. The stress-strain relationship is expressed as:

r ¼ D:ðe − etrÞ (13) 

e:tr ¼ n
:

eL
@F
@r

(14) 

Here, D is the elastic moduli matrix and etr is the transition 
strain tensor.

The problem of the wire uniaxial tension was solved in a 
three-dimensional spatial formulation. Representative vol
umes in the form of 40, 60, and 90 mm diameter cylindrical 
400, 600, and 900 mm long samples were used as geometric 
models of wires in Figure 2. Boundary conditions were 
specified as one fixed end and displacements of the other 
end along the cylinder axis:

uxð0;y, zÞ ¼ 0; uyð0;y, zÞ ¼ 0; uzð0;y, zÞ ¼ 0; uxðL, y, zÞ ¼ u0

(15) 

where ui are the components of the displacement vector, 
and u0 is the magnitude of the tensile displacements.

Table 1. Superelasticity parameters for the governing constitutive equation.

Wire diameter (mm) EA (GPa) rAM
M (MPa) rAM

f (MPa) rMA
M (MPa) rMA

f (MPa) �eL a EM (GPa)

40 30 359 379 191 157 0.03 0 19
60 31 797 808 505 425 0.03 15
90 90 846 900 394 266 0.02 45

Figure 2. Finite element model of the wire under study.

Figure 3. Uniaxial tension stress-strain curves of 40, 60, and 90 mm NiTi wires 
tested to failure.

Figure 4. Uniaxial tension engineering stress-strain curves for 40, 60, and 
90 mm NiTi wire under a single loading-unloading cycle.
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3. Results and discussions

3.1. Mechanical tests

NiTi 40, 60, and 90 mm thick wire samples were tested using 
uniaxial tension to fracture (Figure 3) and uniaxial loading- 

unloading tension cycles (Figure 4) in accordance with 
ASTM F2516-22.

All uniaxial tension stress-strain curves to fracture have 
three characteristics in Figure 3. There’s austenite elastic 
deformation of up to 1% for 40 and 90 mm wires, and up to 
3% for 60 mm wire. There’s martensitic transformation at 
1–5.5, 3–9, and 1–4.5% for 40, 60, and 90 mm wires, respect
ively. Finally, there’s linear martensite deformation at 
5.5–11% for 40 mm, 3–9% for 60 mm, and 4.5–7% for 90 mm 
thick wire. Martensitic shear stresses develop when the elastic 
limit is reached. Martensite propagates in the sample under 
constant stress, and a stress plateau is associated with the 
growth of martensite bands. The plateau stress coincides with 
the elastic limit, which is the maximum 846 MPa for a 90 mm 
wire, and the minimum 359 MPa for a 40 mm wire.

The deformation behavior of all samples is superelastic 
during the loading-unloading cycle. In tension, inelastic mar
tensitic strain is completely restored upon unloading, result
ing in mechanical hysteresis Dr. The stress hysteresis is 200, 
400, and 600 MPa for 40, 60, and 90 mm wires, respectively. 
The area of the superelastic hysteresis curve corresponds to 
the dissipated mechanical energy due to internal friction dur
ing the movement of the austenite-martensite interfaces and 

Figure 5. Martensitic transformation stress and tensile strength dependence on 
wire thickness.

Figure 6. SEM images of NiTi 60 mm wire fracture surfaces: (a) secondary electrons (SE)—higher magnification, (b) backscatter secondary electrons (BSE)—corre
sponding phase contrast backscatter electron image, (c) SE—lower magnification image showing the whole fracture surface, (d) BSE—corresponding phase contrast 
backscatter electron image.
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increases with wire thickness. The obtained engineering 
stress-strain curves correspond to typical NiTi behavior [30, 
34, 35].

Figure 5 shows the mechanical properties dependence on 
the wire thickness. Both martensitic transformation stress 
(15) and tensile strength (16) increase with wire thickness in 
Figure 5. These properties can be approximated using linear 
equations:

rm ¼ 10:7d þ 38:5 (16) 

rB ¼ 10:9d þ 859:2 (17) 

Here, rm and rB is the martensitic transformation stress and 
tensile strength, respectively, and d is the wire thickness.

It is noted that the mechanical properties depend on the 
wire thickness. In this case, the strength of wires of different 
diameters at room temperature is 1314 ± 52, 1447 ± 45, and 
2013 ± 128 MPa for 40, 60, and 90 mm thick wires. These 
strength values exceed the known monolithic polycrystalline 
TN-10, TN-20, and TN-1B NiTi-based alloys’ strength of 
740 ± 10, 820 ± 22, and 1110 ± 16 MPa [36]. This effect is 

explained by the nanocrystalline state of the wire material, 
formed by repeated thermal deformation during manufac
turing, and precipitation, which easily can improve the 
strength of the NiTi by hundreds of MPa.

3.2. Microstructure studies

SEM images in Figure 6 show wire thinning at failure from 
60 to 45 mm. Thinning and necking with limited ductility 
occurred due to the plastic shear of the viscous TiNi matrix. 
The fracture zone of the outer wire shell looks like a roller 
in Figure 6(c). The fracture surface appears as a pitted relief, 
having a typical appearance with particles at the bottom of 
the dimples in Figure 6(a). The final fracture zone is located 
in a depression in the center of the fracture zone, sur
rounded by zones of flattened relief in Figure 6(b). In this 
case, both parts have a viscous type of fracture. It is known 
that a flattened relief is formed by plastic shear during the 
slow crack growth, and a dimple relief is formed as a result 
of rapid viscous separation in the final fracture zone. 

Figure 7. Elemental mapping of the 60 mm wire fracture surface: (a) combined elements map, (b) Ti, (c) Ni, (d) C, (e) O, (f) Si, (g) Cl, and (h) Ca maps.
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The outer surface of the wire has a scaly relief formed due 
to the strong oxidation of the NiTi surface, forming layers 
of TiO2.

Elemental analysis in Figures 7(a–h) shows a uniform dis
tribution of titanium, nickel, and chlorine in the matrix, and 
an increased oxygen content in the surface layers, indicating 
that an oxide surface layer formed on the wire. In addition to 
oxygen, carbon, calcium, silicon, and chlorine-based inclu
sions were found in the wire outer shell. These maps were 
made to analyze fracture surfaces in more detail and identify 
possible inclusions that could serve as sources of cracks.

It can be argued that based on the discovered features of 
the relief and distribution of elements, the outer shell, 
enriched in nonmetallic phases, fractured by the brittle 
mechanism, and the center, consisting of the viscous TiNi 
phase, fractured by the ductile separation mechanism.

Surface phases are formed on the wire during the inter
action of interstitial impurities with the surface layers of the 
TiNi matrix during cyclic plastic deformation and annealing 
in air in the presence of a lubricant in Figure 8. Interstitial 
impurities stimulate the matrix decomposition in the surface 
layers and the segregation of titanium to the surface.

NiTi characterization was performed using the equipment 
at Tomsk Regional Core Shared Research Facilities Center 
of the National Research Tomsk State University, supported 
by the grant from the Ministry of Science and Higher 
Education of the Russian Federation 075-15-2021-693 (No. 
13.RFC.21.0012).

3.3. Modeling NiTi wire deformation

The formation of a complex stress state with inhomogen
eous strain and stress fields in structures with complex 
geometry is confirmed by the numerical modeling analysis 
of experimental results. For further studies of the nature of 
the inhomogeneous stress-strain state of metal knitwear 

made of NiTi using solid-state geometric modeling methods, 
it is necessary to select and test a finite element model that 
describes the superelasticity of the NiTi alloy based on 
experimental results obtained by uniaxial tension of NiTi 
wires. The constitutive equation in the selected model 
includes 7 material constants obtained experimentally from 
uniaxial tensile stress-strain curves, listed in Table 1.

In Table 1, ða and ðM are elastic moduli of the austenitic 
and martensitic phases, rAM

M and rAM
f are values of initial 

and final stresses for forward phase transition, rMA
M and rMA

f 
are values of the initial and final stresses for the reverse 
phase transition, eL is the maximum inelastic strain of the 
phase transition. The experimental methodology for deter
mining material constants is presented in Figure 9.

Figures 10 and 11 show the calculated and experimental 
stress-strain curves of cyclic loading and uniaxial tension to 
failure of 40, 60, and 90 mm NiTi wires. The results of 
numerical modeling in the form of stress-strain curves are 
qualitatively and quantitatively similar to the experimental 

Figure 8. (a,b) 60 mm NiTi Wire fracture surfaces, (c) general view of the 60 mm NiTi wire side.

Figure 9. Stress-strain diagram for determining parameters of NiTi wire supere
lastic tensile behavior.
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data. This will make it possible to simulate the deformation 
behavior of superelastic NiTi wires and structures made 
from them.

4. Conclusions

Wire thinning and formation of a neck at rupture were dis
covered, which occurred due to the plastic shear of the vis
cous TiNi matrix. The fracture surface appears as a pitted 

relief, having a typical appearance with particles at the bot
tom of the dimples.

Elemental analysis showed a uniform distribution of 
titanium, nickel, and chlorine in the matrix, and an 
increased oxygen content in the surface layers, indicating a 
surface oxide layer formation. Based on the fracture surface 
observations and elements distribution, the wire outer shell, 
enriched in nonmetallic phases, fractured in a brittle man
ner, and the wire center, consisting of the viscous TiNi 
phase, fractured by the ductile mechanism.

Figure 10. Comparison of experimental and calculated stress-strain curves of 
(a) 40 mm, (b) 60 mm, and (c) 90 mm NiTi wires loading-unloading cycle.

Figure 11. Comparison of experimental and calculated tensile stress-strain 
curves of (a) 40 mm, (b) 60 mm, and (c) 90 mm NiTi wires to failure.

MECHANICS OF ADVANCED MATERIALS AND STRUCTURES 7



All uniaxial tension stress-strain curves to rupture have 
three linear sections of elastic deformation, viscous flow, 
and linear hardening. The deformation behavior of all sam
ples loaded cyclically is superelastic. The hysteresis width 
increases with the wire thickness. The obtained experimental 
stress-strain curves are typical for superelastic NiTi.

A finite element model was developed and tested to 
describe the superelasticity of the NiTi alloy. It is demon
strated that the Auricchio model is applicable for NiTi 
wires with diameters of 40, 60, and 90 mm, and the mar
tensitic stress and tensile strength increase with the wire 
thickness.
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