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Significant Temperature Change

®

Check for

and Inhomogeneous Tensile Deformation
of Superelastic Ti—26Nb, Ti—-25Nb—0.30
and Ti—25Nb—0.3N Shape Memory Alloys

KAROL MAREK GOLASINSKI, MICHAL MAJ, SANDRA MUSIAL,
WATARU TASAKI, and HEE YOUNG KIM

In this work, thermomechanical behavior of the superelastic Ti—26Nb, Ti-25Nb-0.30 and
Ti-25Nb-0.3N (at. pct) shape memory alloys (SMAs) under load-unload tension was
investigated using coupled techniques of infrared thermography and digital image correlation.
Local and average characteristics were analyzed in the context of particular deformation stages.
In the case of all the SMAs, during loading, first the temperature decreases due to the
thermoelastic effect, which can serve to estimate true elastic strain. During further loading, the
temperature significantly increases due to the forward stress-induced phase transformation,
whereas during unloading, the temperature significantly decreases due to the reverse phase
transformation. The average values of the temperature change generated due to the elastocaloric
heating and cooling were 15.95 K, 14.94 K, 16.05 K and 17.79 K, 14.44 K, 19.83 K in the case
of the Ti-26Nb, Ti-25Nb-0.30 and Ti-25Nb-0.3N SMAs, respectively. The kinematic fields
demonstrated that the deformation during loading and unloading is inhomogeneous. It starts
with the appearance of thin parallel bands perpendicular to the loading axis. These bands create
larger areas with higher strain upon further loading and gradually reappear upon unloading.
The results advance the comprehension of the thermal and kinematic aspects of tensile
deformation of superelastic Ti-Nb-based SMAs.

https://doi.org/10.1007/s11661-025-08036-4
© The Author(s) 2025

I. INTRODUCTION

THERMOMECHANICAL behavior of materials
under tension is directly associated with deformation
mechanisms activated during loading. For instance,
during purely elastic tension, the temperature signal is
linearly decreasing due to the thermoelastic effect.!-!
Under this assumption, a deviation of the temperature
behavior from linearity can serve to indicate the onset of
yielding.®! This strategy has been applied in
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experimental studies of various materials, including
metals.™> Analysis of mutual interactions between
kinematic and temperature fields is particularly inter-
esting in the case of shape memory alloys (SMAs). This
group of materials can exhibit phenomena of shape
memory effect or superelasticity due to temperature- or
stress-induced martensitic transformation. Nitinol
(NiTi), the most widely used SMA, has been compre-
hensively studied for the last decades.® ' Nitinol
subjected to tension exhibits an inhomogeneous, Liider-
s-type deformation accompanied with significant tem-
perature variations.*® The most comprehensive
description of the thermomechanical behavior of nitinol
was obtained using full-field optical and infrared imag-
ining techniques. Monitoring of the deformation and
thermal changes in nitinol associated with the stress-in-
duced phase transformation was presented for the first
time in.”! Strain fields of nitinol in tension obtained
using digital image correlation (DIC) were reported for
the first time in.”’ From then on, full-field quantitative
studies regarding propagation and development of
stress-induced martensitic bands of nitinol based and
other SMAs in tension have been presented in numerous
works. Selected results were reviewed in.['> Temperature
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of the superelastic SMAs during tensile loading signif-
icantly increases due to the stress-induced phase trans-
formation, while during unloading it decreases due the
reverse transformation. This phenomenon called elas-
tocaloric effect (eCE) has attracted increasing attention
as a potential cooling mechanism near room tempera-
ture.l'* ') Thus, various SMAs including those based on
Co, Fe, Ni and Ti have been studied in order to find the
most efficient alloy for elastocaloric cooling applica-
tions.['82%221 So far, thermomechanical behavior of a
relatively new class of Ni-free Ti-based SMAs under
tension has been seldom reported. However, selected
Ti—Nb or Ti—Zr-based SMAs have certain properties,
which can make them more suitable in the context of
solid-state refrigeration. They include among others low
driving stress, near-zero hysteresis and relatively good
cold workability.?*?% Few systems have been studied to
find high-performance and low-stress SMAs with small
hysteresis for elastocaloric cooling.?”**) Furthermore,
thermomechanical ~ behavior of Gum = Metal
(Ti-23Nb-0.7Ta-2.0Zr—1.20, at. pct) under tension
was analyzed in the context of the nonlinear and
superelastic-like deformation.*®3%] The temperature
decrease due to elastocaloric cooling was of relatively
small around 1.4 K. However, it was shown that the
maximum drop of the average temperature of Gum
Metal under tension corresponded to the strain value
which was significantly lower than the recoverable
strain. This a result of the mechanism of nonlinear
superelastic-like deformation in Gum Metal due to the
high oxygen content 1.2 at. _E)ct and nanometer—sized
martensite nanodomains.®***”1 However, by adjusting
the chemical composition one can also obtain supere-
lastic Ti-Nb or Ti-Zr SMAs doped with oxygen or
nitrogen interstitials, which exhibit a hysteresis
loop 2336739 Recently, a full-field kinematic analysis of
Ti—25Nb, Ti-25Nb-0.30 and Ti-25Nb-0.70 (at. pct)
SMAs under load-unload tension was presented in
Reference 40. On the one hand, it was shown that the
Ti-25Nb SMA, which exhibits shape memory effect,
displays a Liiders-type deformation with pronounced
macroscopic bands. On the other hand, it was demon-
strated that the local deformation of the superelastic
O-added Ti-25Nb SMAs is inhomogeneous but signifi-
cantly different. In the light of the above, this work
concerns a thermomechanical investigation of three
superelastic  systems Ti—26Nb, Ti-25Nb-0.30 and
Ti—25Nb-0.3N (at. pct) with relatively low transformation
stress under load-unload tension using full-field imagining
techniques. The main objective was to analyze kinematic
and thermal characteristics of the SMAs in tension.

II. MATERIALS AND METHODS

The Ti-26Nb, Ti-25Nb-0.30 and Ti-25Nb-0.3N
(at.pct) alloys were prepared by the Ar arc melting
method using pre-melted sponges of Ti (pu-
rity: > 99.7pct) and pure Nb (purity: 99.9pct). The
oxygen and nitrogen concentrations of the alloys were
adjusted by amount of TiO, and TiN powders (purity:
99.9pct), respectively. Homogeneity was ensured by

repeated melting for six times and by flipping of the
ingots between the melts. The obtained button-shaped
ingots (with diameter of ~ 20 mm, height ~ 10 mm and
mass ~ 22 g each) were subsequently sealed in a vacu-
umed quartz tube and homogenized at 1273 K for
120 min followed by air-cooling. Then the ingots were
cold-rolled with a reduction in thickness of 95pct.
Specimens were solution-treated at 1173 K for 30 min
in an Ar atmosphere, followed by water quenching. In
this paper, the as-fabricated state of the SMAs refers to
the state after the complete process of fabrication.
Specimens for Electron Backscatter Diffraction (EBSD)
and X-Ray Diffraction (XRD) measurements and ten-
sile tests were cut using an electro-discharge machine.
The damaged surface was removed by chemical etching
using a solution with a composition of
H,O:HNO;:HF = 5:4:1 by volume. EBSD specimens
were electropolished at 233 K using a solution of
CH;0H:C4HyOH:HCIO4 = 10:6:1 by volume. EBSD
analyses were performed using a Zeiss Crossbeam 350
Scanning Electron Microscope (SEM) at 500x magnifi-
cation and 0.5 um step size. XRD measurements were
conducted at room temperature with Cu K, radiation
using a Bruker D2 PHASER Benchtop XRD instru-
ment. Displacement-controlled load-unload tensile tests
of the SMAs specimens were carried out using an MTS
858 testing machine at room temperature. Maximal
displacement of 0.35 mm and displacement rate of
0.12 mm's~' were used. A technical drawing of the
tested specimens is shown in Figure 1(a). The gauge part
of each specimen was 4 mm x 6 mm x 0.5 mm. Taking
into account the specimen’s geometry, a maximum
strain of around 2 pct and an average strain rate of 2 - 10
257! (relatively close to adiabatic conditions) were
applied. This class of Ti-Nb SMAs exhibits recovery
strain of around 2 pct upon unloading.”* % Thus, the
maximum strain under load was selected to analyze the
themomechanical behavior of the SMAs during the
superelastic deformation, which is also interesting in the
view of elastocaloric effect. One surface of the specimen
was covered with soot in order to increase and make
uniform the emissivity of the specimen’s surface for
temperature determination on the basis of infrared
radiation measurements (assumed emissivity of soot
layer: 0.95). The other surface of the specimen was also
covered with soot but additionally a small dots of white
paint were sprayed onto the soot layer to obtain an
adequate pattern for digital image correlation (DIC)
algorithm. A region of interest (ROI), which was used
for further full-field thermomechanical analysis, is
marked in the gauge part of the specimen, as presented
in Figure 1(b). The deformation process of each
specimen was simultaneously monitored by a visible
range (0.4 um—1 um) sCMOS PCO Edge 5.5 camera
and an infrared range (3 yum—5 pum) ThermaCam Phoe-
nix camera. The loading force as a function of time and
two image sequences in the visible and infrared ranges
were recorded. The settings of the sCMOS PCO Edge
5.5 camera were the following: the image size 931
pixels x 1280 pixels what gave pixel size equal to
7.7 um, the recording frequency of the camera was
equal to 100 Hz.
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Fig. 1-—(a) a technical drawing of the tested specimens and (b) a ROI marked in the gauge part.

Hencky strain ¢,, and strain rate &,, fields (where y is
the loading direction) were determined on the basis of
the displacement fields measured using a 2D DIC
method implemented in a ThermoCorr software.*! In
particular, the mean Hencky strain &,, was calculated on
the basis of displacement fields obtained by DIC using
so called ‘virtual extensometers’ of the initial length of
6 mm placed in the gauge part of each specimen. The
temperature field during the deformation of the SMAs
specimen was obtained based on the IR radiation
emitted from the specimen’s surface and registered by
a ThermaCam Phoenix IR camera with high thermal
sensitivity up to 0.02 K and at the recording frequency
200 Hz. The mean temperature was determined based
on the obtained temperature distribution from the ROI
of the specimen.

The temperature change AT is expressed by Eq. [1]:

AT = T() — T(1) 1]

where T(z) is the mean value of the temperature
calculated for the ROI of the tested specimen at each
instant of straining and 7(#;) is the mean temperature of
the ROI before the deformation. The mean temperature
of all material points in the defined region can be
calculated at each instant of straining. The Thermocorr
software, used in this research, enabled to apply the
coupling procedure of the experimental results when the
DIC and IRT were simultaneously used. Exemplary
applications of the ThermoCorr software for character-
ization of various materials including Gum Metal,
aluminum multicrystal and stainless steel are described
in.*>*1 The detailed numerical procedures are pre-

in.
sented in.[*”

III. EXPERIMENTAL RESULTS

A. Phase Contents and Microstructure of As-Fabricated
SMAs

XRD  profiles of  as-fabricated  Ti—26Nb,
Ti-25Nb-0.30 and Ti-25Nb-0.3N SMAs determined
for 69° < 20 < 72° are shown in Figure 2. In the initial
state the peaks corresponding only to f phase were
identified.
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Orientation maps of as-fabricated Ti—26Nb,
Ti-25Nb-0.30, and Ti-25Nb—0.3N SMAs with respect
to the normal direction (ND) [001] and rolling direction
(RD) [010] are presented in Figures 3(a) and (b),
respectively.

The inverse pole figure (IPF) maps show that the
alloys are composed of body-centered cubic (bcc) f
phase grains. Furthermore, all SMAs reveal a compa-
rable crystallographic texture characterized primarily by
the (011)| RD fiber. Within this fiber, the {211}(110)
orientation component is particularly pronounced in the
Ti—25Nb-0.3N SMA.

B. Global Thermomechanical Characteristics
of the SMAs Under Load-Unload Tension

Force vs. displacement and true stress vs. true strain
curves of Ti—26Nb, Ti—25Nb-0.30 and Ti—25Nb-0.3N
SMAs under load-unload tension are shown in
Figures 4(a) and (b), respectively. Curves of all the
SMAs investigated in this work show superelastic
hysteresis loops. Temperature change vs. time curves
of the SMAs are presented in Figure 4(c).

During tensile loading of all SMAs considered in this
work, first the temperature decreases due to the ther-
moelastic effect. This can serve to estimate the range of
the true elastic deformation corresponding to the
transformation strain of SMAs. Minimum temperature
AT,» and the corresponding values of the stress oar,,,
and the strain g7, are given in Table I.

In the case of Ti—26Nb, the values oar,, = 61 MPa
and gar,,, = 0.09 are lower when compared to the SMAs
doped with interstitial atoms. The Ti-25Nb-0.30 SMA
exhibits the largest values oar,, =212 MPa and
Ear,;, = 0.37, whereas the values of the Ti-25Nb—0.3N
SMA are oar,, = 140 MPa and &ar,, = 0.27. This
indicates that the addition of oxygen and nitrogen
interstitials elevates, to varying degrees, the critical
stress necessary to induce the martensitic transforma-
tion. This phenomenon is evidenced by recorded tem-
perature decreases associated with the thermoelastic
effect.

Further loading of the SMAs generates heating
associated with the exothermic stress-induced phase
transformation. During unloading, the temperature
decreases due to the elastocaloric cooling. The mean
values of the temperature growth AT.y and decrease
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Fig. 2—XRD profiles of as-fabricated Ti-26Nb, Ti-25Nb—-0.30 and Ti-25Nb—-0.3N SMAs.
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Fig. 3—Orientation maps of as-fabricated Ti—26Nb, Ti-25Nb-0.30 and Ti-25Nb-0.3N SMAs with respect to: (¢) ND ([001]) and (b) RD

([010D).

AT and the recoverable strain & are given in Table II.
The values of the AT,y are 1595K, 1494 K and
16.05 K, whereas those of the temperature drop AT.c
are 17.79 K, 1444 K and 19.83 K for Ti-26Nb,
Ti-25Nb-0.30 and Ti-25Nb-0.3N, respectively. The
values of the recoverable strain g, are 1.56, 1.81 and 1.94
for Ti-26Nb, Ti-25Nb-0.30 and Ti-25Nb-0.3N,

respectively.

C. Full-Field thermomechanical Characterization
of the SM As Under Load-Unload Tension

Full-field thermomechanical characteristics of the
Ti-26Nb, Ti-25Nb-0.30 and Ti-25Nb-0.3N SMAs
under load-unload tension are shown in Figures 5(a
through c), respectively. Strain, strain rate (A)—(H) and
temperature fields (A*)—(H*) were captured at selected

METALLURGICAL AND MATERIALS TRANSACTIONS A



700 400

(b) (©)

18
4 Ti-26Nb e Ti-26Nb . _ Ti-26Nb
600 — Ti-25Nb-0.30 T ™ /;" 7 Ti-25Nb-0.30 ey £15 — Ti-25Nb-0.30
500 ] Tivl‘SNb-O,iN/,f/ el f,/ T300 —{ Ti-25Nb-0.3N ol 5 12 = Ti-25Nb-0.3N
= d 7 =3 i o - d;ﬂ’f g 03 <
400 - o S § :
5 7 6 3 (
£ 300 | g i e 3 A N
2 i i 5334 / :
@ o] b= |
200 Z 5 0
100 £
- 35
0 T aaaana L by
0 005 01 015 02 025 03 035 0 0.5 15 2 25 0 1 2 3 4 5
Displacement [mm] True strain, &, [%] time [s]

Fig. 4—(a) Force vs. displacement, (b) true stress vs. true strain curves and (c¢) temperature change vs. time curves of Ti-26Nb, Ti-25Nb-0.30

and Ti—25Nb-0.3N SMAs under load-unload tension.

Table I. Minimum Temperature AT, and the
Corresponding Values of Stress oar,,, and Strain gx7,,, of
Ti—26Nb, Ti-25Nb-0.30 and Ti-25Nb—-0.3N SMAs

Composition [at. pct]  ATwin[K]  oar,, [MPa]  ear,, [pct]
Ti-26Nb —0.16 61 0.09
Ti-25Nb-0.30 — 0.86 212 0.37
Ti-25Nb-0.3N —0.49 140 0.27

Table II. Temperature Growth ATy, Temperature drop
AT.c and Recoverable Strain . of Ti—26Nb, Ti—25Nb—-0.30
and Ti-25Nb-0.3N SMAs

Temperature  Temperature Recoverable

increase [K] decrease [K] strain [pct]
Composition _
[at.pet] ATen ATec ér
Ti—26Nb 15.95 17.79 1.56
Ti-25Nb-0.30 14.94 14.44 1.81
Ti-25Nb-0.3N 16.05 19.83 1.94

instants of loading and unloading corresponding to the
following values of &,y

(A) %y = 0.3pct (during loading)

(B) %y = 0.5pct (during loading)

(C) &y =1.0pct (during loading)

(D) &y = 1.5pct (during loading)

(E) &y = &max(maximal strain during loading)
(F) &y = 1.5pct(during unloading)

(G) &y = 1.0pct(during unloading)

(H) %y = &un(after unloading)

Both kinematic and temperature fields clearly indicate
that the deformation of Ti—26Nb, Ti—25Nb-0.30 and
Ti-25Nb-0.3N SMAs is inhomogeneous from the
beginning of loading process. However the strain g,
and strain rate &, fields give more accurate deformation
patterns, whereas the temperature fields are blurred. The
full-field thermomechanical characteristics presented in
Figures 6(a through c) prove that the deformation
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proceeds in a similar manner for each SMA. Narrow,
pararell bands perpendicular to the loading axis apear in
kinematic fields determined at (A). A number of
deformation bands increase with the deformation pro-
cess (B)—(C). Then, the bands gradually merge and form
larger areas with higher strain at the final stage of
loading (D)—~(E). During unloading, shape recovery
proceeds in an inhomogeneous manner (F)—(G)—-(H).
However, distinct differences are observed in the strain
fields of Ti-25Nb-0.30 and Ti-25Nb-0.3N. In the case
of Ti—25Nb-0.30, the strain field in the upper part of
the sample appears to be frozen, with no visible changes
during unloading. This suggests that the reverse trans-
formation is highly inhomogeneous and that certain
regions of the sample do not complete the transforma-
tion. In contrast, for Ti-25Nb-0.3N, the strain maps in
the final stage of unloading (G)—(H) indicate almost
complete shape recovery. Several deformation bands
can be still observed in kinematic fields captured just
after unloading at stage (H).

Additionally, shape recovery due to the reverse
martensitic transformation upon heating after unload-
ing was evaluated for all the studied SMAs. The shape
memory effect was observed in the Ti-26Nb and
Ti-25Nb-0.30 alloys, whereas the Ti-25Nb-0.3N alloy
exhibited superelastic behavior with no shape recovery
upon heating.

The instantaneous changes in the local values of &y
are macroscopic manifestations of the phase transfor-
mation kinetics occurring at the microscopic scale in
Ti-26Nb, Ti-25Nb-0.30 and Ti-25Nb-0.3N SMAs
under load—unload tension, as shown in the spatiotem-
poral graphs of &, presented in Figures 6(a through c),
respectively.

The spatiotemporal graphs illustrate the relationship
between the variation in the local &,y along the vertical
axis of symmetry of the sample and the time during the
deformation process. Accordingly, the graphs show the
y—coordinates of the points located along the vertical
axis of symmetry of the sample at successive moments of
tension. The spatiotemporal plots were obtained based
on the profiles marked on the strain rate &,, fields on the
sample’s surface in the reference configuration. Com-
paring the spatiotemporal graphs for the studied alloys,
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tension at selected stages of deformation.
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it can be observed that the loading behavior is quite
similar across all of them. However, during unloading,
the bands in Ti-25Nb-0.30 are the least intense and
appear only in the lower part of the gauge section. This
may indicate that the reverse transformation is the most
inhomogeneous in this alloy, and that in certain regions
of the sample, the reverse transformation may not be
fully completed. Maximum local values of strain sy,
strain rate &, and temperature AT of Ti-26Nb,
Ti-25Nb-0.30 and Ti-25Nb-0.3N SMAs under
load—unload tension are listed in Table I11.

Maximum local values of strain rate &y, max of the
SMAs considered in this work were over five times
higher than those of global strain rate at particular
stages of tension. Maximum local values of temperature
AT were around 2 K higher than the mean values of
the temperature increase AT,y values listed in Table I.

+0.63

Fig. 5—continued.

D. Phase Contents and Microstructure of the SMAs
After Unloading

XRD profiles of Ti-26Nb, Ti—25Nb-0.30, and
Ti-25Nb—0.3N SMAs after unloading, recorded in the
range 69° < 20 < 72°, are presented in Figure 7. The
orthorhombic o” martensite was identified in all SMAs
after unloading, with the lowest fraction detected in the
Ti-—25Nb-0.3N alloy.
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Crystallographic orientation maps of deformed and
unloaded Ti—26Nb, Ti-25Nb-0.30, and Ti-25Nb-0.3N
SMAs with respect to the ND and RD are shown in
Figures 8(a) and (b), respectively. The tensile axis was
aligned with the RD, and the (011)|| RD fiber seems to
be more pronounced in the unloaded state than in the
initial state. Deformation twins are observed only in the
Ti-25Nb-0.30 SMA, specifically in grains belonging to
the (011)|| RD fiber. However, in some cases, they are
close to the resolution limit of the analysis. This
crystallographic orientation facilitates twin propagation
across several grains with only minor directional devi-
ations, rather than their arrest at grain boundaries. The
deformation twins present in the unloaded state account
for the irreversible strain in the oxygen-doped SMA. A
high-magnification map (acquired with a scanning step
of 30 nm) and the corresponding misorientation pro-
files, presented in Figures 9(a through c), provide a more
detailed characterization of deformation twinning in the
Ti-25Nb-0.30 alloy.

In addition to the primary twins typical of the bcc
structure, secondary twins are also observed. The results
obtained may indicate the presence of the o phase,
particularly at the twin—matrix interface; however, the
spatial resolution of the EBSD measurements is insuf-
ficient to draw a definitive conclusion.
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Fig. 6—Spatiotemporal graphs of strain rate &y of (a) Ti-26Nb, (b) Ti-25Nb-0.30 and (c) Ti-25Nb-0.3N SMAs under load—unload tension.

IV. DISCUSSION

Superelasticity and shape memory effect in Ti—Nb-
based SMAs is associated with the stress or temperature
induced martensitic phase transformation from the bce
f phase to the orthorhombic o”” martensite. Both shuffle
and shear are involved in this deformation mecha-
nism.% Stress—induced o martensite was identified in
the in situ microscopic observations and XRD patterns
captured during the superelastic deformation of
Ti-26Nb SMA in tension.” All SMAs studied in this
work, in the as-fabricated state, consist of bcc f-phase
grains. Notably, the Ti-25Nb-0.3N alloy exhibits a
relatively strong {112}(110) recrystallization texture.
This can be attributed to the dual effect of nitrogen: it
increases the stored energy during deformation, pro-
moting the nucleation of recrystallization, while

simultaneously inhibiting excessive grain growth
through grain boundary pinning, thereby stabilizing
the recrystallization texture. Orthorhombic o marten-
site was identified using XRD analysis in all the SMAs
after unloading, with the Ti—-25Nb—0.3N alloy exhibiting
the lowest amount of this phase. Deformation twins are
found exclusively in the Ti-25Nb—-0.30 SMA, occurring
in grains belonging to the (011)|| RD fiber. Moreover,
the results suggest a possible presence of the o phase,
especially at the twin—matrix interface; however, the
spatial resolution of performed EBSD measurements
does not allow a definitive conclusion. However, the
addition of interstitial atoms changes the stress—strain
behavior of the Ti-Nb SMAs.*>34% For all the SMAs
considered in this work, the macroscopic deformation
develops in a form of narrow parallel bands, which
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Table III. Maximum Local Values of Strain ¢y, Strain Rate &,y and Temperature AT of Ti-26Nb, Ti-25Nb—-0.30 and
Ti—25Nb-0.3N SMAs Under Load—Unload Tension

Maximum Strain [pct]

Maximum Strain Rate [pct e s7']

Maximum Temperature [K]

Composition [at. pct] byy-max Eyy-max ATmax
Ti-26Nb 3.1 11.1 17.32
Ti-25Nb-0.30 3.9 10.7 15.98
Ti-25Nb-0.3N 2.9 16.0 16.95
Ti-26Nb (after unloading) Ti-25Nb-0.30 (after unloading) Ti-25Nb-0.3N (after unloading)
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Fig. 7—XRD profiles of Ti-26Nb, Ti-25Nb-0.30 and Ti-25Nb-0.3N SMAs after unloading.

create larger zones with higher values of strain upon
further loading due to the forward stress—induced phase
transformation. These zones gradually disappear due to
the reverse phase transformation and the parallel bands
reappear upon unloading. In,*" it was shown this type
of the O—added Ti-25Nb SMAs exhibit a similar type of
deformation. This work proves that other superelastic
systems, namely Ti—26Nb and Ti—25Nb—0.3N, present
this peculiar kind of deformation under tension. To
note, in the case of the SMAs, which exhibit a
Liiders—type deformation, e.g.: Ni-Ti or Ti-25Nb, the
angle of inclination of kinetic band measured with
respect to the loading direction is up to 55°.16154% The
potential reason can be associated with the critical
composition of the SMAs and the change of the
underlying deformation mechanism of superelasticity,
however this hypothesis needs further detailed investi-
gations. In this study, the narrowest hysteresis and the
most intensive reverse transformation during unloading
was observed for the Ti—25Nb-0.3N alloy. The stress—
strain curve of this SMA exhibits the highest value of
reversible strain g which was confirmed by the XRD
profile after unloading showing the smallest fraction of
the o martensite among all the SMAs. Thus, the
addition of nitrogen results in better superelastic behav-
ior for the given Ti-Nb SMA composition compared to
the addition of oxygen. On the other hand, for the
Ti—25Nb—0.30 alloy exhibited the highest increase in the
critical stress for slip and for inducing martensite, while
still maintaining a significant superelastic recovery. The
results of our work show that the temperature increase
AT,y and decrease AT.c generated during tensile
unloading of the SMAs exceeded 14 K in a single
load—unload tension cycle, as presented in Table II.

METALLURGICAL AND MATERIALS TRANSACTIONS A

They are lower than those of Nitinol, which are greater
than 30 K during a single load—unload tension cycle, as
reported in.'“'"1 On the one hand, a relatively low
transformation stress of Ti—26Nb, Ti-25Nb-0.30 and
Ti-25Nb-0.3N SMAs (under 213 MPa), which was
their drawback for biomedical applications, can be
beneficial in the area of elastocaloric devices. It is
significantly lower when compared to that of Nitinol
(usually over 550 MPa). Additionally, this class of alloys
have good cold workability, which can be advantageous
in the view of the complicated manufacture technology
of Nitinol. On the other hand, the Ti-Nb SMAs suffer
from instable superelastic deformation.’? ¥ Their
superelasticity is not fully recoverable and they signif-
icantly change stress—strain response under cyclic ten-
sion. It was shown that with an increasing number of
cycles, the transformation stress and superelastic strain
decreased, while the stress hysteresis became narrow. An
attempt to improve the stability of the superelastic
behavior of Ti—26Nb SMA during cyclic tension by
selected thermomechanical treatments for microstruc-
ture control such as low temperature annealing and
aging was presented in.?¥ Most stabilized superelastic-
ity of Ti-26Nb SMA was ascribed to the combined
effect of work hardening and fine isothermal w—phase
precipitation. However, it was insufficient for potential
elastocaloric applications. The addition of interstitial
alloying elements was another strategy for improving
cyclic stability of superelastic properties due to the
increase in the critical stress for slip by the solid solution
strengthening effect. Specifically, in the case of the
Ti-23Nb-1.0N SMA stable cyclic deformation behavior
was observed when compared with the Ti-26Nb SMA.
Around 2.2pct of superelastic strain was obtained even
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Ti-25Nb-0.30 (after unloading)
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Fig. 8 —EBSD maps of Ti-26Nb, Ti-25Nb-0.30, and Ti-25Nb-0.3N SMAs after unloading with respect to: (¢) ND ([001]) and (b) RD ([010]).

at the 500th cycle.”® Thus, this SMA can be a more
suitable candidate for elastocaloric applications.
Recently, selected Ti—Zr and Ti-Nb-based SMAs sys-
tems, with the adiabatic temperature change measured
during unloading between

2.5 K and 8 K, were studied in.*”*) Homogeneous
deformation combined with small hysteresis, which are
important features in the context of cyclic stability, were
achieved. Major challenges considering the development
of solid—state refrigerants include achieving high per-
formance combined with good structural and functional
properties as well as low processing cost.*®! Further
investigations of the -Ti superelastic alloys aimed at
overcoming their intrinsic problems with the use of
full-field thermomechanical characterization can con-
tribute to potential applications in the area of solid state
heating and cooling systems.

V. CONCLUDING REMARKS

The thermomechanical behavior of the Ti—26Nb,
Ti-25Nb-0.30 and Ti-25Nb-0.3N SMAs under
load—unload tension was studied using synchronized
techniques of IRT and DIC. The results provide insight
into the thermal and kinematic aspects of the deforma-
tion of the SMAs at the macroscopic scale. The
following conclusions can be drawn:

(1) The average temperature change can serve to
estimate specific deformation stages of the
Ti-26Nb, Ti-25Nb-0.30 and Ti-25Nb-0.3N
SMAs, including true elasticity accompanied by
a temperature decrease, as well as superelasticity
with exothermic loading and endothermic
unloading.

(2) The deformation of the Ti—-26Nb, Ti—25Nb-0.30,
and Ti-25Nb-0.3N SMAs under tension was
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found to be inhomogeneous from the beginning
of the loading process as demonstrated in &yy, &y
and AT fields. The kinematic fields gave a better
description of the inhomogeneity of the SMAs
under tension. It was shown that at the beginning
of the loading process, the SMAs exhibit narrow,
parallel bands perpendicular to the loading axis.
Subsequent loading generates an increasing num-
ber of bands appearing in the SMAs, which
further merge and form inhomogeneous areas of
deformation.

The temperature increase generated during load-
ing and the temperature increase generated during
unloading in all the SMAs considered in this work
exceeded 14 K. The Ti-25Nb-0.3N SMA demon-
strated the highest temperature change, the high-
est recoverable strain and a relatively low critical
transformation stress.

METALLURGICAL AND MATERIALS TRANSACTIONS A

4)

)

The addition of nitrogen enhances the superelastic
behavior of the given Ti-Nb SMA composition
more effectively than oxygen. In contrast, the
Ti—25Nb-0.30 alloy shows the greatest increase
in the critical stress for slip and for inducing
martensite, while still exhibiting a noticeable
superelastic recovery.

Certain drawbacks of the Ti—26Nb,
Ti-25Nb-0.30 and Ti-25Nb-0.3N SMAs, such
as insufficient superelastic stability and inhomo-
geneous deformation, do not make them good
candidates for elastocaloric heating or cooling
applications. However, it is confidently believed
that the f-Ti superelastic alloys with improved
properties will play a role in this field.
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