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ARTICLE INFO ABSTRACT

Handling Editor: Jean-F Molinari The superelastic behaviour of nitinol is crucial for the design of collapsible and self-expanding cardiovascular

implants. Once these are expanded into the host anatomy, the material is predominantly in the austenitic
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Superelastic nitinol small blood pressure variations occurring during the cardiac cycle. Nevertheless, only very few studies have
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explored the temperature evolution during small cyclic loading of nitinol in a stable austenitic state, reporting an
unusual response, where the thermoelastic signal is in phase with the sinusoidal loading wave, rendering the
common fundamental law of the thermoelastic effect inapplicable. In this study, infrared thermography (IRT)
was employed to investigate the thermomechanical behaviour of an austenitic nitinol specimen under cyclic
sinusoidal loading, with increasing amplitude and average strain values. An inversion of the thermomechanical
response of nitinol was observed experimentally and explained analytically adopting the higher-order thermo-
elastic theory. The understanding of the austenitic temperature modulation with the local level of stress allowed
to define an IRT approach suitable to quantify the stress levels, knowing the material thermal response and the
ratio between mean and amplitude of the applied load.
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1. Introduction

Nitinol is a nearly equi-atomic Nickel-Titanium alloy that presents
two possible crystalline structures: austenite, stable at high tempera-
tures and low stress, and martensite, stable at lower temperatures and
high stress. The transformation between these two phases, which can be
induced by the stress level or by temperature changes, confers the ma-
terial its peculiar superelastic or shape memory behaviour. Unloaded
superelastic nitinol is in the austenitic configuration. When subjected to
a load, austenite follows an elastic, approximately linear, behaviour up
to a stress level that initiates a stress-induced martensite transformation
(SIMT). After that, the stress keeps about stable up to completion of the
phase transformation, which occurs at strain levels of about 7-8 %. Once
the material is completely transformed, if the load is increased further,
martensite follows an elastic about linear behaviour up to yielding.
Below this stage, the transformation is reversible: upon unloading,
martensite retransforms into austenite along a plateau at lower stress
than that associated with the transformation during loading, and
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eventually recovers the whole deformation (Lagoudas, 2008; Zheng
et al., 2016).

This property is widely exploited in the support structures used for
minimally invasive biomedical devices, where the superelastic behav-
iour is the most essential feature in self-expanding cardiovascular im-
plants, including angioplasty stents, stent grafts for endovascular
aneurysm repair and transcatheter heart valves (Petrini and Miglia-
vacca, 2011; Wadood, 2016). These devices are collapsed into a cath-
eter, that is delivered to the anatomical position through the
vasculature, and then let to re-expand to its operating configuration,
thus avoiding surgery and the related complications. The support com-
ponents typically consist of cellular structures composed of inter-
connected nitinol struts, that deform under the effect of elastic flexural
deformation and pseudo-plastic hinges forming at the strut joints
(Wolcott, 1990). When the device is loaded into the delivery system,
these hinges experience SIMT, undergoing large superelastic de-
formations, which are recovered when the device self-expands at the end
of the implant (Tzamtzis et al., 2013). A reliable experimental stress
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analysis method suitable for the study of self-expanding devices oper-
ating in their implanted configuration would be essential to assess and
optimise their design and efficacy. In this context, infrared thermog-
raphy (IRT) has been established as one of the most effective techniques
for non-contact and full-field temperature measurements. The technique
relates the temperature of an object to its electromagnetic radiation in
the infrared field. However, IRT applications to the analysis of nitinol
have been mostly qualitative and limited to the detection of the localised
latent heat in the phase transformation front, well-known as
elasto-caloric effect (Churchill et al., 2010; Pieczyska et al., 2013). In
fact, as the material releases heat in the stress induced transformation
from austenite to martensite and absorbs heat during the reverse phase
transformation, during the crystal rearrangement, it expresses a marked
signature on the temperature map which is clearly detected by infrared
cameras. This phenomenon is accompanied by significant changes in the
superelastic behaviour, which result in fatigue failure after relatively
few deformation cycles (Bonsignore et al., 2019; Furgiuele et al., 2020;
Soul and Yawny, 2017; Tusek et al., 2018; Xie et al., 2016; Yin et al.,
2021).

The elasto-caloric effect has been extensively investigated in the
literature (Song et al., 2026; Xiao and Jiang, 2022; Yu et al., 2015, 2022;
Zhang et al., 2022, 2024), exploring phenomena such as the crystal
reorientation, the thermomechanical instability during localised trans-
formation at different temperatures and uncharacteristic phase trans-
formation phenomena. While these studies have provided significant
insights into the fundamental aspects of nitinol thermomechanical
behaviour, they overlook the material thermoelastic response, which is
particularly relevant in practical applications, where the material re-
mains predominantly austenitic. In fact, in the case of nitinol cardio-
vascular implants, the phase transformation is only experienced during
the crimping and delivery phases, when the material at the hinge regions
undergoes a complete superelastic transformation and, therefore, is not
associated with fatigue. Once the device is implanted, the material
returns to the austenitic configuration (with the potential exception of
small localised martensitic regions) (Berti et al., 2021) and is subjected
to the small strain amplitudes produced by the blood pressure fluctua-
tions occurring during the cardiac cycle. For this condition, high-cycle
structural fatigue failure is expected (Cao et al., 2020; Launey et al.,
2023; Mitchell et al., 2019; Senthilnathan et al., 2019). Despite this
representing the most relevant form of load experienced by high risk
transcatheter medical devices, only very few studies have investigated
the temperature evolution of nitinol in a stable austenitic configuration
during small cyclic loading (Ahadi et al., 2019; Di Leonardo et al., 2021;
Eaton-Evans et al., 2006; Pinto et al., 2025). This is justified by the
unusual response observed in these tests, which is characterised by a
thermoelastic signal in phase with the loading (Eaton-Evans et al., 2006,
2008). The practical observations of nitinol heating under tension
demonstrate a potential limitation of the fundamental law of the ther-
moelastic effect and conventional thermoelastic stress analysis (TSA).

The hypothesis of this work is that the unusual thermomechanical
behaviour of austenitic nitinol under cyclic sinusoidal loading can be
explained and interpreted by adopting the higher-order thermoelastic
theory proposed by (Wong et al., 1987), with the aim to expand the
application of TSA to the assessment of austenitic nitinol.

Specifically, TSA was applied to study the thermomechanical
response of an austenitic nitinol specimen under cyclic sinusoidal
loading at increasing values of the amplitude and average strain. The
significance of this work lies in demonstrating that, despite the use of the
common thermoelastic stress analysis leads to largely incorrect pre-
dictions of the stress state, the higher-order thermoelastic theory allows
for the accurate determination of the stress state. This analytical
explanation of the thermomechanical behaviour observed experimen-
tally aims to implement a material characterisation approach more
suitable for real medical applications.
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2. Materials and methods
2.1. Experimental setup

2.1.1. Differential scanning calorimetry

A sample of 38.6 mg was extracted from a sheet of superelastic
nitinol 0.4 mm thick and used to determine the phase transformation
temperatures by differential scanning calorimetry (DSC) analysis. The
test was performed on a DSC 131 system (Setaram, Caluire-et-Cuire,
France) applying a sequence of thermal ramps in the range
—40 °C-200 °C, at a rate of 5 °C/min. Phase transformation tempera-
tures were obtained from the heat flow peaks in compliance with the
standard ASTM F2004-03 (2018).

2.1.2. Mechanical testing

A nitinol strip of dimensions 10 mm x 100 mm was cut from the
same sheet characterised by DSC, by means of electrical discharge
machining, so as to minimise the residual stresses introduced by the
cutting process. One face of the specimen was painted with matte black
dye, to enhance infrared emission and reduce the effects of environ-
mental reflection in the IRT analysis, and the other was painted with
matte black speckle on a matte white background, for digital image
correlation (DIC) analysis. The strip was gripped on an electrodynamic
testing machine BOSE Electroforce 3550 (TA Instruments, UK), leaving a
gauge length of 67.5 mm, and tested at room temperature (T, = 290.66
K). The temperature of the black painted face of the specimen was ac-
quired with a cooled sensor FLIR X6540SC thermal camera (Teledyne
FLIR LLC, UK), while the other face was photographed during the de-
formations with a reflex Nikon D5100 camera (Nikon Corporation,
Tokyo, Japan) with a ring led light mounted to the objective Micro-
Nikkor 105 mm f/2.8 (experimental set-up in Fig. 1a).

The strip was initially characterised through a quasi-static tensile test
in displacement control at a speed of 0.50 mm/min, reaching a
maximum displacement of 0.44 mm (0.7 % deformation).

Subsequently, the sample was subjected to a series of 5 traction-
traction sinusoidal loadings, applying for each test a sequence of 2 cy-
cles at a frequency of 0.02 Hz, followed by 60 cycles at a frequency of 1
Hz. Test were performed in displacement control with maximum and
minimum target displacements of the moving crosshead equal to 0.1 mm
and 0.15 mm for test 1; to 0.1 mm and 0.2 mm for test 2; to 0.1 mm and
0.25 mm for test 3; to 0.1 mm and 0.3 mm for test 4; and to 0.1 mm and
0.35 mm for test 5. However, some departure from the target displace-
ments was observed at the higher frequency (1 Hz), with a reduction in
the amplitude of the sinusoidal loading (applied displacement in
Fig. 1b).

Deformation of quasi-static test and cycles at 0.02 Hz was acquired
with the camera at 4 s intervals, for DIC analysis. Specimen surface
temperature was acquired during the cycles at 1 Hz with the thermal
camera, with acquisition sampling rate of 50 frames per second.

DIC analysis was performed by using Ncorr (Blaber et al., 2015), a
Matlab (MathWorks, USA) open-source software. The software sub-
divides the reference image into subsets and tracks the subset dis-
placements in the following images by means of correlation function.
Subsequently, the displacement gradients are used to evaluate the full
field strains by selecting a specific number of subsets to reduce signal
noise. Tests were analysed by setting a subset radius of 15 px, spaced
every 7 px, and 3 subset spacings for strain calculation, with a magni-
fication factor of the camera pictures of 0.0167 mm/px. Resulting strain
maps were averaged over the specimen gauge length surface, obtaining
the mean specimen deformation. DIC strains were used to obtain
stress-strain curves. Stress was evaluated as force divided by initial
cross-section. Full-field thermograms were averaged over the gauge
length surface, obtaining a temperature signal over time for each test. To
better identify temperature peak values, the thermal signal was
smoothed out by applying the smoothdata function available in Matlab,
imposing a robust quadratic regression. Mean peak values were
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Fig. 1. a) Experimental set-up; b) displacement vs time curve.

evaluated as the average of five consecutive cycles.

2.2. Nitinol thermomechanical modelling

2.2.1. Theoretical background

TSA exploits the thermoelastic effect (i.e. the temperature variations
that occur due to elastic deformations induced by applied loads) to
extract information on the state of stress in a material. For the case of
nitinol, the thermomechanical behaviour has commonly been modelled
by applying the theory of thermodynamics for solid systems
(Chrysochoos, 2012a; Chrysochoos et al., 1996), based on the first and
second principles of thermodynamics, and a set of state variables which
include the temperature T, the strain tensor ¢; and other internal state
variables included into a vector x. These latter serve to describe the
energetic implications of mechanically induced changes of material
states. In the case of nitinol, such internal state variables have, for
instance, been proposed to consider the micro-lattice phase status and its
changes (Peyroux et al., 1998). By combining the first and second
principles of thermodynamics and introducing the Helmholtz free en-
ergy (F), it is possible to obtain the local energy balance in the form of a
heat diffusion law, as follows (Lemaitre et al., 1993):

pc,,TkaZT:D,,,JeraZ—Féi-JerﬁJéJrq 1)
0Tde; oTox™

where p is the material density, c, the specific heat at constant volume, k
the scalar isotropic heat conductivity, Dy, the intrinsic dissipation, and g,
quantifies the external heat sources.

The first and second terms of the left-hand side of Equation (1) de-
scribes the heat stored/released by conduction, considering an isotropic
Fourier heat conduction law. The right-hand side provides the
deformation-induced heat sources (first three terms) and the heat supply
from the environment. The second term is related to the thermoelastic
effect heat source. Under linear reversible elastic straining conditions,
the derivative of the potential F with respect to strain provides the
following thermoelastic state law (Lemaitre et al., 1993):

oj=p 3% (2)

where ¢ is the Cauchy stress tensor associated with the elastic strain.

Under linear elastic cyclic straining, the intrinsic dissipation in
Equation (1) can be considered negligible compared to the thermoelastic
contribution. The third term can be associated with the latent heat of the
phase transformation and matter changes (Chrysochoos, 2012b;
Lemaitre et al., 1993). If the loading amplitude is sufficiently small to be
included within a purely elastic material response (it does not activate
the austenite-martensite phase transformation), it is possible to assume
x = 0. Finally, when the material undergoes cyclic loading at a suffi-
ciently high frequency, it can be assumed that the transformation is
adiabatic (i.e. no internal heat conduction arises), so that the second
term on the left-hand side of Equation (1) becomes negligible. Adiabatic
conditions also imply that the term gs, considering heat flux from and to
the environment, is negligible.

All previous simplifications allow rewriting Equation (1) as follows
(Pitarresi and Patterson, 2003):

T 00’U

T orV 3

=

Further details about the assumptions and derivations leading to this
expression, starting from Equation (1), are well described in Lemaitre
et al. (1993) and Pitarresi and Patterson (2003).

Integrating over a finite time, and assuming that temperature and
strain changes are small compared to the initial values T, and (&;)
Equation (3) can also be written as:

0’

1 6%

AT= —
L oT
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The first-order thermoelastic law is based on the assumption that all
elastic constants have a negligible dependence on temperature changes.
This is an acceptable assumption for most materials. In this case,

Equation (4) can be further simplified as follows:

a

AT= —
Op Cy 1-

Aé‘kk ~ —To A(Tkk (5)
pc

E

2v .
where E is the Young’s modulus, v is the Poisson’s ratio and a is the
coefficient of thermal expansion.

This is commonly known as the fundamental law of the thermoelastic
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effect, and expresses the temperature variation (AT) experienced during
loading as a linear function of the strain or stress first invariant (Aeg and
Aoy, respectively). The latter expression, written in terms of Aoy, as-
sumes that due to the small value of «, the strain variation due to tem-
perature change is negligible.

As described by Equation (5), standard materials heat up when
subjected to a compressive load (negative volume variation) and cool
down when subjected to a tensile load (positive volume variation).
Nevertheless, as mentioned above, this law appears inadequate to
explain the thermal response observed in nitinol tests, which is reported
to follow an opposite relationship between AT and the stress/strain
invariant (Ahadi et al., 2019; Di Leonardo et al., 2021; Eaton-Evans
et al., 2006).

A higher-order thermoelastic law was derived by Wong et al. (1987),
where the dependence of the material parameters from T is taken into
account:

T
PCym= —

r {a+<y aEil‘du) I}dﬂr{(l +v) 0E 1 ov 0.6, ®)

E?2 0T E OT E?2 0T E dT

with o; = 01; 02; 03 corresponding to the principal stress components and
o] = 01 + 05 + 03 to the first stress invariant.

If a one-dimensional stress field is considered: 6; = 6; =61 =0 (62 =
o3 = 0), and the terms including the Poisson’s ratio cancel out, Equa-
tion (6) simplifies into:

Pflﬁﬁ4a @

T
PoT= B2 T

T

It is worth observing that the stress state experienced by nitinol in
medical devices is mostly associated with bending moment acting on
struts, and is therefore about uniaxial.

To achieve adiabatic conditions, TSA usually applies cyclic loads.
Considering a sinusoidal tensile load in the form ¢ = 6,y + 064 sin (ot +
@), where o is the frequency and ¢ is the phase, assumed equal to zero,
Equation (7) becomes:

T { 1
pPCym= — |a—

T B 3T (0m + 04 sin wt)} (64 @ cos wt). 8)

Equation (8) can be integrated as follows:

/[1 % 1 /[{{
—.— dt=
oT ot pPcvo
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where the first term on the right side is related to the “first harmonic” (i.
e. the harmonic at the frequency w), and the second term is related to the
“second harmonic” (with frequency 2w).

Integrating both sides of Equation (9), under the assumption that
temperature change is small compared with the initial temperature T,

the expression of T(t) — T, becomes:
a 1 0E
T(t)—To = 7Tpc 04 Sin wt + To— cyEz ST 04 Oy SIN Wt
1 1 0E¢?
To— ——-2sin” ot. 10
T E a2t a0

2.2.2. Test analytical modelling
The right-hand side of Equation (10) can be reformulated as the sum
of three terms:

A= — i —o0, Sin wt = —a sin wt; an
v
1 1 0E
B=T, /7 . SR T 04 0, Sin wt = b sin wt; (12)
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where A corresponds to the first order thermoelastic term, while B and C
account for the contribution associated with the change of Young’s
modulus with the temperature, and a, b and c are the respective
amplitudes.

Therefore, Equation (10) can then be written in the form:

T(t)—To =A+B+C= — (a—b)sin wt + c sin” wt. 14

Material parameters a, p and c, of nitinol were imposed based on the
literature (Eaton-Evans et al., 2006; Peyroux et al., 1998). The Young’s
modulus E of the austenite phase was determined from the quasi-static
tests described in section 2.1.2. The value of JE/JT was extracted from
the stress-strain curves at 288 K and 293 K (these are in the range of
temperature of the presented tests) reported in the study by Tyc et al. on
nitinol specimens (Tyc et al., 2020), resulting equal to 440 N/K mm?. It
is important to observe that positive values of 0E/dT imply that the
material becomes stiffer as the temperature increases. This behaviour is
extremely rare in engineering materials, that typically soften at higher
temperatures (for stainless steel 0E/dT = — 19 N/K mm?). The param-
eters describing the thermomechanical response of the material are
summarised in Table 1.

T(t) — To, A, B and C were calculated over time for the different
tested conditions, imposing Ty, 04,0, and @ as in the experiments, and
compared with the experimental results. Equation (10) was used to
predict the applied stresses ( o,,0,) by fitting the experimental tem-
perature signals with a sum of three sinusoids customised to reproduce
the equation terms, imposing the material parameters reported in
Table 1. Stresses of each test were also evaluated by imposing in
Equation (10) the experimental ratio between the mean and amplitude
of the applied stress (A = om/04) and the experimental temperatures at
time t; = /2w and t, = 37/2w.

3. Results and discussion

Phase transformation temperatures, obtained from DSC, resulted
equal to 3.3 °C and —16.4 °C for start and finish of austenite-martensite
transformation, respectively, and to —8.5 °C ad 5.1 °C for start and finish
of martensite-austenite transformation, respectively. Therefore, at the
room temperature T, the material is in the austenitic phase and exhibits
superelastic behaviour.

The engineering stress-strain curve was obtained from the quasi-
static test, and linearly fitted to determine the austenite Young’s
modulus, resulting this equal to 60000 N mm 2

Strains were calculated from the strain values determined from the
DIC analyses performed at 0.02 Hz, at the displacement values achieved
at 1 Hz. In fact, as mentioned above, the electrodynamic testing machine
did not manage to reach the target displacements at 1 Hz, producing
smaller amplitudes. Stress values of the tests at 1 Hz were obtained as
the force recorded by the test machine loadcell divided by the initial
cross-section.

Table 2 summarises the mean and amplitude of the strains and

Table 1
Material properties.
Material Property Symbol and Unit Value
Young’s modulus E [N mm~™2] 60000
Material density p [kg mm*ﬂ 6.45 x
10°°
Coefficient of thermal expansion a [K*I} 11x 10°°

Specific heat at constant volume 320 x 103

cy [N mm kg’1 K’l]
Change of Young’s modulus with the OE/0T [NK 'mm~2] 440

temperature
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Table 2
Experimental mean and amplitude strains and stresses and temperatures at time
t1, ty for each test.

Test €m, € [%] Gm, 6a [N mm 2] T(t1), T(tz) [K]

1 0.078 0.023 57.31 19.94 290.603 290.623
2 0.107 0.052 76.24 37.26 290.685 290.705
3 0.134 0.077 93.91 53.09 290.644 290.641
4 0.161 0.104 111.45 69.05 290.706 290.664
5 0.189 0.133 127.59 85.41 290.783 290.692

stresses estimated experimentally for the different tests performed at 1
Hz, with the corresponding temperatures at time t;, t,.

The load and temperature waves measured for each test of cyclic
loadings are represented in the diagrams on the left column of Fig. 2.
Results clearly confirm the unusual response of the material, which
exhibits the conventional first order thermoelastic trend, with the tem-
perature variation in opposite-phase to the stress, only for the lowest
loading amplitudes (tests 1). At higher load (test 2) a flattening of the
troughs in the temperature signal is observed. As load increases (test 3)
the temperature signal oscillates at 2 Hz, revealing the dominance of a
2w modulation (second harmonic). For further increases in the applied
load (tests 4 and 5), an in-phase peak of temperature becomes dominant,
in agreement with the behaviour reported in previous studies, where
austenitic nitinol shows a temperature modulation mainly in phase with
the stress (Ahadi et al., 2019; Di Leonardo et al., 2021; Eaton-Evans
et al., 2006).

Graphs of the equivalent analytical prediction from Equation (14),
drawn for the different test conditions, are represented in the right
column of Fig. 2. In particular, to support the interpretation of the
phenomenon, the individual contributions of terms A, B and C are re-
ported, clarifying the role of their ratio on the temperature signal
modulation. The correspondence between the measurements and the
analytical prediction is remarkable, confirming that the higher-order
thermoelastic theory (Wong et al., 1987) is adequate to model and
interpret the phenomenon. This thermomechanical response is due to
the large increase of the austenitic nitinol Young’s modulus with the
temperature (Eaton-Evans et al., 2006). In fact, the rigidity modulus of
common materials changes little with the temperature, slightly reducing
as this increases. This implies that terms B and C keep negligible
compared to A, and B has the same sign as A. Hence the common
behaviour described by the fundamental law of the thermoelastic effect.
Instead, the uncommon behaviour of nitinol, only observed in very few
materials such as invar (a Fe-Ni alloy) (Ozégﬁt and Cakir, 2017; Wong
et al,, 1987), and the large values of 0E/0T, greatly increase the
contribution of terms B and C to the temperature modulation. These
terms become dominant at relatively low stresses, well below phase
transformation.

Looking at the studied conditions in more detail, test 1 is charac-
terised by the lowest mean and amplitude load (6,, = 57 N mm’z, 0q =
20 N mm2). In this case, the temperature variation is modulated in
phase opposition to the stress. As mentioned above, this behaviour is in
agreement with the thermoelastic effect observed with common mate-
rials, modelled by the fundamental law of the thermoelastic effect
described by Equation (5). The analytical graphs show that this behav-
iour is due to the fact that, in this test condition, a is larger than b and c,
and therefore the mean and amplitude of the stress are:

a E? 20 E?
O < —5— and 64 < —5—. (15)
JaT oT

The predominance of term A, which describes the first order ther-
moelastic effect, causes the temperature wave of test 1 to be in opposite
phase to the stress. However, it is important to notice that the compli-
ance with the thermoelastic effect observed in standard materials is only
apparent. In fact, the recorded temperature variation is smaller than that
predicted from the fundamental law of the thermoelastic effect,
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modelled by Equation (5) and described by the green dashed curve in the
analytical graph. This is due to the presence of term B, which partially
counterbalances A. Moreover, term C, with its double frequency, in-
fluences the temperature modulation by flattening the troughs and
sharpening the crests of the thermal signal waves.

Increasing the load mean and amplitude in test 2 (6, = 76 N mm ™2,
64 = 37 N mm™2), the negative peaks of the experimental data appear to
be cut off or flattened. The analytical solution on the right panel, where
noise is absent, explains and clarifies this behaviour. While the first-
order thermoelastic effect, described by term A, remains dominant,
the difference between a and b reduces, amplifying the effect of the
second harmonic, associated with C. This results in an increase in the
value of the crest in opposition with the load, and the appearance of a
smaller crest in phase with the load.

In test 3 (6,; = 94 N mm 2, 6, = 53 N mm2), the second harmonic
becomes dominant, and the temperature signal oscillates about sinu-
soidally at twice the load frequency (2 Hz). The analytical model clar-
ifies that this condition is achieved when a and b become similar,
cancelling out. As a result, the temperature signal is mostly regulated by
term C, which has frequency 2 w. This test result is associated with the
following conditions:

a E?
5
or

Om =~ (16)

It is worth observing that, in traction-traction cyclic loading (also
typical in operating cardiovascular devices), o, is always smaller than
om, SO that c will be always smaller than one quarter of b (see Equations
(12) and (13)). As a result, the second harmonic becomes dominant only
for a very narrow range of conditions, when a and b are very close to
each other. Therefore, this second harmonic condition can be very useful
for stress analysis, as it allows to determine the value of the mean and
amplitude of the stress. Otherwise, if these are known, it can be used to
estimate material properties such as 0E/0T.

In test 4 (o, = 111 N mm_z, 64 = 69 N mm~2) both the mean and
amplitude stress increase, determining a rise in the contribution of B
compared to A and, therefore, the in phase crest associated with term B
becomes predominant over the in phase opposition peak. Moreover, the
difference between b and a still is of the same order as c. This causes the
presence of a smaller crest, in phase opposition with the load. The effect
is further amplified with the load conditions of test 5 (6, = 127 N mm’z,
64 = 85 N mm~2). The resulting thermoelastic signal in phase with the
loading wave has been well reported in the literature (Ahadi et al., 2019;
Di Leonardo et al., 2021; Eaton-Evans et al., 2006), where the temper-
ature modulation of austenitic nitinol in phase to the stress austenite is
well documented. This type of thermal response occurs when b becomes
larger than a, at loads:

a E?
i
oT

Om > a7)

The above model of the austenitic temperature modulation with the
level of stress allows to adopt IRT to identify the regions subjected to
higher stress levels. In fact, based on the thermomechanical response (in
phase, at double frequency and in phase opposition) and knowing the
thermoelastic and mechanical parameters, it is possible to extract the
range of stress from Equations (15)-(17).

Moreover, if 4 is known, the stress distribution can still be deter-
mined from the thermal signal, by solving Equation (10) at time t; and
ty:

1 1 ¢E , 1

ve A B2 o™

1 OE 0,2

% ¢, 22 B2 T 2°
18)

a
T(ty) —To= — To—— T
(tr) 0 Opcv/lgm+ 0
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Fig. 2. Experimental and analytical results for each cyclic test. (video 1 in the supplementary material reports the temperature evolution analytically predicted at
increasing applied load).

a 1 1 ¢ , 1 1 0E o2 Since tests are performed in the linear elastic austenitic region, below
T(tz) ~To= T°p ¢ 20m~ ¢, A E2 0T om” + 1o e, 22 B2 0T 2 the SIMT plateau, proportionality between external and internal actions,
19) displacements and deformations implies that 4 can be calculated from

any of these quantities (e.g. the applied forces or displacements).
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Solving the system of Equations (18) and (19) with respect to op,, the
mean stress and stress amplitude can be obtained as:

E2oT T,

a+,/a* + 25 LL(T(h) — T(t))

Om ; Og=—. (20)

7o A

Table 3 includes the values of 6,0, estimated from the fitting, as
described above and determined by inputting the experimental tem-
peratures T(t;) and T(t;) of each test (reported in Table 2) in Equation
(20). Comparison of the values obtained from fitting and from the
equation with the corresponding quantities measured from the loadcell
(in Table 2) indicates that the analytical equation provides more accu-
rate estimates, with maximum percentage difference generally below 5
%, except for Test 1. However, the larger error observed in the first test
can be justified by the low stress values and variation applied in this
case, which are of the same order of magnitude as the noise in the
thermal signal.

Hence, despite the study confirming that the common fundamental
law of the thermoelastic effect is inapplicable to study the stress distri-
bution in austenitic nitinol, the use of the higher-order thermoelastic
theory overcomes this limit, allowing the application of TSA to extract
essential information on the stress state. If the ratio between the mean
and amplitude of the applied load is known, the stress values can be
determined with satisfactory accuracy.

4. Conclusion

This work analyses, both experimentally and analytically, the ther-
momechanical response of nitinol in a stable austenitic configuration,
under small cyclic loading. This loading configuration is particularly
relevant for the assessment of a number of critical applications,
including transcatheter medical devices. Results confirm that the ma-
terial exhibits an unconventional thermomechanical behaviour, with
the temperature either in phase opposition or in phase with the stress, in
dependence of the load level. The presented study has shown that the
higher-order thermoelastic law is an adequate and accurate model, and
allows to expand the application of TSA to the assessment of austenitic
nitinol, unlike the fundamental law of the standard TSA.

In particular, the formulation applied to a uniaxial test has been
shown suitable to obtain the material properties and the regions char-
acterised by higher stress levels. Knowing the ratio between the mean
and the amplitude of applied load, the higher-order thermoelastic law
also allows to estimate the local stress state with basic equations,
extending the applicability of TSA to the evaluation of the local stress
levels in loading situations more descriptive of critical operating con-
ditions experienced by nitinol superelastic components.
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Table 3
Mean and amplitude stresses predicted by sinusoidal fitting and calculated by
using Equation (20) (departure from experimental values of o, and o,).

Test 6m, 0, (fitting) [N mm~?] 6m, 64 (20) [N mm~2]

52.02 (-9 %)
72.26 (=5 %)

1 15.19 (—24 %)
2

3 92.54 (-1 %)

4

5

31.52 (—15 %)
43.13 (-19 %)
64.90 (-6 %)
80.58 (-6 %)

63.26 (+10 %)
74.06 (-3 %)
91.81 (-2 %)
108.00 (-3 %)
122.51 (-4 %)

22.20 (+11 %)
36.05 (-3 %)
51.76 (-3 %)
67.14 (-3 %)
81.36 (-5 %)

107.99 (-3 %)
123.49 (-3 %)
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