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Abstract

Thermomechanical behavior of a biomedical Ti-25Nb-0.70 (at. %) shape memory alloy was investigated by con-
ducting a load-unload tensile test inspected by infrared thermography and digital image correlation. Global characteristics,
namely stress and average temperature change vs. strain curves, served to identify specific deformation stages of the
alloy. The stress vs. strain curve of the alloy indicated mechanical hysteresis during loading and a nonlinear superelastic
unloading with a recoverable strain of around 0.021. The initial, linear, elastic deformation of Ti-25Nb-0.70 was accompa-
nied by a temperature drop due to the thermoelastic effect. Subsequent superelastic loading was found to be exothermic.
The final stage of loading involved plastic deformation characterized by a temperature growth at a very similar rate when
compared to the superelastic loading. At the beginning of the unloading process, the temperature drop was fast and it
ended with a slight increase of temperature. Local thermomechanical features, i.e. temperature and strain fields showed
that the deformation of Ti-25Nb-0.70 was inhomogeneous since the beginning of the loading process. Furthermore, the
technique of IRT was able to capture very instantaneous temperature changes of the Ti-25Nb-0.70 SMA during the hys-
teretic deformation. They can be directly associated with the dissipative behaviour of the underlying deformation mecha-
nism of the superelastic Ti-25Nb-0.70 shape memory alloy.

Keywords: biomedical shape memory alloy, superelasticity, interstitial oxygen atoms, martensitic transformation,
digital image correlation, infrared thermography.

1. Introduction

Nickel titanium (NiTi), also known as nitinol, is the most commonly used shape memory alloy (SMA) in commercial
applications [1-3]. Nitinol can exhibit shape memory effect or superelasticity associated with the martensitic transformation
from the cubic B2 parent phase to the monoclinic B19’ martensite. It is macroscopically manifested by an inhomogeneous
Luders-type deformation during tensile loading [4]. The application of full-field measurement techniques for determination
of the thermomechanical behavior of SMAs, was reviewed in [5]. The nucleation and propagation of phase transformation
fronts in a NiTi SMA under deformation were studied using infrared thermography (IRT) [6-14] and digital image correlation
(DIC) [15-17]. Nickel hypersensitivity has dictated the need to develop biomedical Ni-free Ti-Nb based SMAs, which can
also exhibit shape memory effect or superelasticity associated with the martensitic transformation in this case from the
cubic B parent phase to the orthorhombic a" martensite [18-22]. The addition of oxygen to Ti-Nb SMAs can change the
deformation mechanism of superelasticity in this class of SMAs into a continuous strain glass transition due to a specific
nanosized lattice modulation (hanodomains) [23-25]. As a consequence, the addition of oxygen changes the stress-strain
response of Ti-Nb-O SMAs.

Recently, macroscopic deformation of Ti-25Nb-xO (x=0; 0.3; 0.7, at.%) SMAs under tension was investigated
using digital image correlation (DIC) in [26]. Strain fields of the SMAs determined at selected stages of tensile deformation
up to around 3% showed that the Ti-25Nb SMA exhibits development of two macroscopic bands, whereas the
Ti-25Nb-0.30 and Ti-25Nb-0.7 SMAs show a more discrete type of deformation in a form of very narrow bands. It is known,
that high content of oxygen (over 1 at. %) causes a nonlinear superelastic behavior of Ti-Nb-O SMAs, as in the case of
Gum Metal with composition Ti-23Nb-0.7Ta-2Zr-1.20 (at.%) [27-30]. Infrared thermography (IRT) and DIC were already
successfully applied to investigate the thermomechanical behavior of Gum Metal under tensile monotonic [31, 32] and
cyclic [33] loadings. However, only average temperature change values could contribute to a better understanding of
thermomechanical behavior of Gum Metal under deformation. Specifically, it was found that the recoverable deformation
of Gum Metal is composed of a linear elastic part accompanied by a temperature drop and a nonlinear part which causes
a temperature growth. The superelastic unloading of Gum Metal was found to be thermomechanically reversible. No local
effects were observed in strain or temperature fields determined at particular stages of the Gum Metal's deformation.
Strain-rate sensitivity analysis based on the DIC study did not reveal local particularities in Gum Metal under tension either
[34]. The goal of this study was to investigate the thermomechanical characteristics of Ti—25Nb—0.70 (at.%) SMA, which
has a lower oxygen content than Gum Metal, under tensile loading using IRT and DIC.
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2. Materials and methods

The Ti—25Nb-0.70 alloy was prepared by the Ar arc melting method using pre-melted sponges of Ti (99.9%) and
pure Nb (99.9%). The oxygen concentration of the alloys was adjusted by the amount of powder TiO2 (99.9%). The ingot
was sealed in a vacuumed quartz tube and homogenized at 1273 K for 120 min, and then cold-rolled with a reduction in
thickness of 95% (final thickness was 0.5 mm). Specimens for X-ray diffraction (XRD) measurements, scanning electron
microscopy (SEM) and tensile testing were cut using an electro-discharge machine. The damaged surface was removed
by mechanical polishing and chemical etching. The specimens were solution-treated at 1173 K for 30 min in an Ar
atmosphere, followed by water quenching. The oxidized surface was removed by chemical etching. The surface of SEM
samples was electropolished at 233 K using a solution of perchloric acid/butanol/methanol at 1:6:10 by volume. SEM
observations were made using a JEOL JSM-IT300 device. XRD measurements were conducted at room temperature with
Cu Ka radiation using a Bruker D2 PHASER Benchtop device.

A technical drawing and a photograph of the tensile specimen are shown in Figs. 1(a) and 1(b), respectively. The
gauge area of the specimen, with dimensions 4 mm x 6 mm, was covered with a speckle pattern for
2D DIC on one side and with sooth for IRT on the other side. An MTS 858 testing machine was used to perform
a displacement-controlled load-unload tensile test at room temperature. The maximal displacement was 0.35 mm. The
displacement rate was 0.06 mm-s™. It corresponds to an average strain rate of 1072 s™%, when the specimen geometry is
considered. During the deformation process, the specimen was observed by two synchronized camaras. The displacement
and strain fields were obtained from the visible range image sequence captured by a visible range camera sCMOS PCO
Edge 5.5 (image size 2560 px x 1046 px; pixel size 6.6 um; recording frequency 100 Hz).
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Fig. 1. (a) Technical drawing and (b) photograph of a Ti—-25Nb-0.70 SMA tensile specimen.

The average strain values of the specimen under loading were determined on the basis of DIC results using a
function of the virtual extensometer with an initial length of 6 mm. The data were calculated using a 2D DIC algorithm
implemented in ThermoCorr software [35]. The temperature fields during the deformation of the Ti-25Nb-0.70 SMA were
obtained based on the infrared radiation emitted from the specimen’s surface and registered by a ThermaCam Phoenix IR
camera (image size 320 px x 256 px; pixel size 40 ym; recording frequency 100 Hz).

The mean temperature was determined with high thermal sensitivity up to 0.02 °C based on the obtained
temperature distribution from the gauge area of the specimen. The temperature change AT was calculated using the
equation Eq.1.

AT =T(t) — T(ty), (Eq. 1)

where

T(t)is the mean value of the temperature calculated for the gauge area of the specimen at each instant of
straining

T(t,) is the mean temperature of the same area before the deformation.

This experimental methodology was already successfully applied for thermomechanical studies of stainless steel [36] and
Gum Metal [31-33] under deformation.
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3. Results and discussion

Stress, strain and temperature change vs. time curves of Ti—-25Nb—0.70 SMA under load-unload tension are
shown in Fig. 2. The deformation process was not fully reversible as indicated by the strain remained after unloading
greater than 0.01.
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Fig. 2. Stress, strain and temperature change vs. time curves of Ti—25Nb—0.70 SMA under load-unload
tension.

XRD profiles of as-fabricated and as-deformed Ti—25Nb—0.70 SMA showed peaks corresponding only to beta phase, as
seen in Fig. 3. SEM micrographs of as-fabricated and as-deformed Ti-25Nb—0.70 SMA are presented in Fig. 4(a) and
4(b), respectively. The microstructure of the as-fabricated alloy revealed beta phase grains. However, the microstructure
of the as-deformed Ti—-25Nb-0.70 SMA showed lamella structures, which are most probably twins produced during the
plastic deformation. This observation is in line with studies on plastic deformation mechanisms in metastable beta titanium
alloys [37-39].

as-deformed

as-fabricated

e .

T ‘ T ‘ T ‘ T | T I T ‘ T | T | T | T
35 40 45 50 55 60 65 70 75 80 85
20 [deg.]

Intensity [a.u.]

Fig. 3. XRD diffractograms of as-fabricated and as-deformed Ti—-25Nb—-0.70 SMA.
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Fig. 4. SEM images of (a) as-fabricated and (b) as-deformed Ti—-25Nb-0.70 SMA.
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Stress vs. strain curve of Ti-25Nb—0.70 SMA under load-unload tension is shown in Fig. 3(a). It indicates a clear
mechanical hysteresis. The recovery strain €, = 0.021 can be determined based on the unloading stress vs. strain curve.
Stress and temperature change vs. strain curves of Ti—-25Nb—0.70 SMA under tensile loading are shown in Fig. 3(b).

According to the formula proposed by W. Thomson [40], during the adiabatic, elastic deformation under
assumption of linear and isotropic elastic behavior of solid material, the temperature change can be described by Eq. 2.

aTtro

)
cpp

AT = (Ea. 2),

where

a is the coefficient of linear thermal expansion,
T is the absolute temperature of the specimen,
tro is the trace of stress tensor o,

¢, is the specific heat at constant pressure and
p is the density of the material.

Thus, in the case of conventional alloys subjected to tension, the minimum temperature change can be an indicator of the
yield stress at which the material begins to deform plastically [41, 42]. It was experimentally proven for instance for stainless
steel in [43-45], IMI-834 titanium alloy [46], titanium grade 2 and aluminum [47]. In the case of SMAs, the minimum
temperature change corresponds to the yield stress at which the material begins to deform via phase transformation
[8-14]. In Fig. 3(b), three methods for yield stress determination were compared. A proportionality limit YSg,, = 293 MPa
and an 0.2% offset yield stress YS, 5, = 470 MPa were identified based on the stress vs. strain curve only. The maximum
temperature drop AT,,;, = —0.31 °C of the Ti—-25Nb—-0.70 SMA specimen under tension can indicate another yield stress
value YSrmin = 399 MPa.
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Fig. 5. (a) Stress vs. strain curve of Ti—25Nb—0.70 SMA under load-unload tension and (b) yield stress
determination based on stress and temperature change vs. strain curves of Ti—25Nb—0.70 SMA during tensile loading.

Further deformation of Ti—-25Nb—0.70 SMA, recoverable until e, = 0.021, is accompanied by a temperature growth. Then,
the plastic deformation with a continuous temperature growth starts. Critical parameters determined based on the stress
and temperature change vs. strain curves of Ti—25Nb—0.70 SMA during tensile loading are listed in Table 1.

Table 1. Yield stress values YS,,,, YSj 29, and YSr,;;, determined based on stress and temperature
change vs. strain curves of Ti-25Nb—0.70 SMA during tensile loading

Yield stress YSa YSo.29 YStmin
Value 293 MPa 470 MPa 399 MPa

Stress and temperature change vs. strain curves of the Ti—25Nb—0.70 SMA under load-unload tension with strain
£yy (A)-(E) and temperature change AT (A*)-(E*) fields determined at selected stages of the loading process are presented
in Fig. 6.
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The stages correspond to the following values of £,,, during loading:

Q) Eyy = 0.005
2) &y = 0.008
?3) Eyy = 0.010
4) &y =0.020
(%) &y = &max-

The ¢, fields show that the Ti—25Nb—-0.70 SMA deforms in an inhomogeneous manner since the beginning of
the loading process (A)-(B) in a form of very narrow bands. The AT fields reveal that the initial part of deformation is
accompanied by a temperature drop 0-(A*)-(B*). Between stages (A)-(C), there is an apparent yield point, which can be
determined in (B) based on the maximum temperature drop (B*), as discussed previously. Temperature starts to increase
between (B*)-(C*). During an advanced stage of loading (C)-(D)-(E) three zones with significant values of ¢, with adjacent
AT growth (C*)-(D*)-(E*) develop. From Fig. 2(a), we know that the recoverable strain of Ti—25Nb—0.70 SMAis &, = 0.021.
Thus, it can be estimated that the Ti—-25Nb—0.70 SMA deforms in a recoverable manner between 0-(D).
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Fig. 6. Stress and temperature change vs. strain curves of the Ti—-25Nb-0.70 SMA under tension
with &,,, and AT fields determined at selected stages of the loading process.

At the beginning of the loading process 0-(B), a drop of temperature 0-(B*) occurs due to the thermoelastic effect. However,
subsequently a temperature increase (B*)-(D*) can be observed. During unloading (E)-(F), the temperature first rapidly
decreases (E*)-(F*) and then slightly increases (F*)-(G*). It proves that the superelasticity of oxygen-added Ti-Nb SMAs,
associated with a specific lattice modulation, is exothermic during loading and endothermic during unloading, as in the
case of Gum Metal [31-33]. It is also worth to note that the increase of temperature related to the plastic deformation
(D)-(E) involving mechanical twinning (see Fig. 4(b)) proceeds at a very similar rate when compared with the temperature
growth (B*)-(D*) linked to the superelastic deformation (B)-(D) caused by the strain glass transition. In the case of Gum
Metal, the temperature growth associated with the plastic deformation was faster than that related to superelasticity
[31-33]. This difference is caused by different mechanisms of plastic deformation of the Ti-25Nb-0.70 SMA and Gum
Metal. Dominant deformation stages of the Ti—-25Nb-0.70 SMA identified during load-unload tension with the
accompanying temperature change are listed in Table 2.
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Table 2. Dominant deformation stages of the Ti-25Nb—-0.70 SMA identified during load-unload tension with the
accompanying temperature change.

Dominant deformation stage Temperature change
(0)-(B) ELASTIC LOADING (0)-(B®) Slight drop
(B)-(D) SUPERELASTIC LOADING (B*)-(D*) Moderate growth
(D)-(E) PLASTIC LOADING (DH-(E*) Moderate growth
(E)-(F) SUPERELASTIC UNLOADING (EM-(FY Fast drop
-G ELASTIC UNLOADING (F"-(G* Slight growth

In general the AT fields show that local values of temperature determined at selected stages of the Ti-25Nb-0.70
SMA loading directly correspond to the local strain &,,,. However the AT fields were more blurred, whereas the &,,, fields
gave quite a detailed description of the inhomogeneity of the tensile process. Particularly, at the beginning of the loading
process, the ¢, fields showed deformation in a form of very narrow bands. No additional particular effects can be
distinguished either in the AT or ¢,, fields presented in Fig. 6. A comparison of ¢, and 4T fields of the Ti—25Nb-0.70
SMA captured at slightly different stages of the loading process corresponding to &,,, = 0.011, §,,, = 0.016 and &,,,, = 0.021
is shown in Fig. 7.
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Fig. 7. g, and AT fields of the Ti-25Nb—0.70 SMA under tension determined
at&,, = 0.011,,, = 0.016 and &, = 0.021.

It reveals an abrupt temperature growth in circled zones. These discrete changes of temperature occurring during
the superelastic deformation of the Ti-25Nb-0.70 SMA can be associated with the hysteretic behaviour caused by
a continuous strain glass transition due to the lattice modulation caused by the oxygen interstitials [23-25]. They are not
apparent in the corresponding ¢,,, fields presented in Fig. 7.

4, Conclusions

The analysis of the thermomechanical behavior of the Ti-25Nb-0.70 SMA under load-unload tension was
performed using synchronized techniques of IRT and DIC. Based on the results obtained in this work, the following
conclusions can be drawn.

1) The average temperature change can successfully serve to identify specific deformation stages of the
Ti-25Nb-0.70 SMA, which include a linear elastic deformation accompanied by a temperature drop followed by
superelastic and plastic deformation regimes of exothermic nature,

2) The deformation of the Ti-25Nb-0.70 SMA under tension was found to be inhomogeneous since the beginning of
the loading process as demonstrated in &,,, and AT fields. The «,,, fields gave quite a detailed description of the
inhomogeneity of the tensile process, whereas the AT fields were more blurred.

3) The technique of IRT was able to capture very instantaneous temperature changes of the Ti-25Nb-0.70 SMA
under tensile loading. These local effects were not evident in the «,,, fields determined by DIC. It suggests that
they are directly associated with the dissipative behaviour of the underlying deformation mechanism of the super-
elastic Ti-25Nb-0.70 SMA.
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