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a b s t r a c t

Thanks to its unique behaviour characterised by a superelastic response, Nitinol has now become the
material of preference in a number of critical applications, especially in the area of medical implants.
However, the reversible phase transformation producing its exceptional comportment is also responsible
for a number of phenomena that make its mechanical characterisation particularly complex, by hindering
the assumptions at the very basis of common uniaxial tensile testing. This necessarily reduces the level of
safety and design optimization of current applications, which rely on incorrect mechanical parameters. In
this study, the spurious effects introduced by the unconventional material behaviour during uniaxial ten-
sile testing are analysed by means of digital image correlation (DIC), identifying the onset of undesirable
material inhomogeneities and bending moments that are dependent on the test setup and strongly limit
the reliability of standard characterisation. Hence, a more accurate and systematic testing approach,
exploiting the ability of DIC to analyse the local mechanical response at specific regions of the test spec-
imen, is presented and discussed.
� 2022 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nitinol is an equiatomic Ni-Ti alloy characterised by the ability
to recover levels of strain orders of magnitude larger than standard
metals (commonly indicated as super-elasticity or super-elastic
behaviour) and exert more stable forces for a range of deforma-
tions. Thanks to these unique properties this material is increas-
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Nomenclature

EA Young’s modulus of the austenitic phase;
EM Young’s modulus of the martensitic phase;
mA Poisson’s ratio of the austenitic phase;
mM Poisson’s ratio of the martensitic phase;
rAM
s initial stress for the austenite to martensite phase trans-

formation;
rAM
f final stress for the austenite to martensite transforma-

tion;
rUPS upper plateau strength (at 3% of strain during loading);
rMA
s initial stress for the martensite to austenite phase trans-

formation;

rMA
f final stress for the martensite to austenite phase trans-

formation;
rLPS lower plateau strength (at 2.5% of strain during);
rE reference stress for young modulus calculation (Eq. (1))
eL� transformation strain (axial) associated with the

austenite to martensite transformation
eLx� trasversal transformation strain associated with the

austenite to martensite transformation
mT Poisson’s ratio associated with the transformation.
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ingly used in in the automotive, aerospace and automation indus-
try [1–3], and its biocompatibility has contributed to make it
establish as a material of preference in a number of medical
devices including cardiovascular, orthopaedic and orthodontic
implants [4].

The criticality of these applications, which demands the highest
level of safety and design optimisation, requires the accurate char-
acterisation of the material mechanical behaviour at the working
temperatures. This is normally achieved by means of uniaxial ten-
sion testing, as accepted by regulatory standards such as the ASTM
E8 [5], which describes the methods for tension testing of homoge-
neous and isotropic metals. In the case of the assessment of
superelastic Ni-Ti alloy, this is integrated by the ASTM F2516 [6],
which provides additional details for the extraction of the upper
and lower plateau strength and residual elongation from the test
data.

Although these tests are based on the idealised assumption of
homogeneity, previous studies have observed that when the
super-elastic behaviour is exhibited during the test, specimens
comprise regions with different crystal structures and mechanical
properties. In fact, the material superelastic behaviour is the result
of a stress-induced phase transformation from austenite to
martensite, which initiates at localised Lüders bands [7,8]. These
regions, characterised by very large strains of the order of 6–8%
[9] (or larger, in the case of other SMA systems, such as Fe and
Cu-based alloys [10–11]), progressively expand with the specimen
elongation, until the entire gauge length has transformed. This
invalidates the assumption of homogeneity of the test material,
potentially reducing the reliability of the information obtained
from standard tension testing.

As a consequence, test results commonly used to characterise
Nitinol need to be reinterpreted to determine if and how they
can still provide quantitative parameters suitable to describe the
mechanical behaviour of the material. This work presents an anal-
ysis of the phenomena occurring in a Nitinol plate specimen during
quasistatic uniaxial tension testing in the super-elastic region, by
means of digital image correlation (DIC). The study examines the
limitations introduced by the presence of inhomogeneous regions
varying in extension during the test. This analysis is then used to
implement a new approach to extract more objective parameters
from the standard uniaxial test, providing a more accurate
mechanical characterisation of superelastic Ni-Ti alloys.
2. Materials and methods

A test specimen was obtained from a Nitinol plate (0.2 mm
thick, 6.35 mm large and 35 mm high) of transformation tempera-
2

ture equal to 13 �C, as determined from differential scanning
calorimetry analysis [12]. A black random speckle was applied
with an airbrush on one side of the plate specimen, previously
painted white (the specimen surface is shown in Fig. 1). The sam-
ple was tested on a uniaxial electromechanical testing machine
Instron 3367, at room temperature (20 �C). Displacement was
applied through a sequence of quasi-static triangular waves, at a
cross-head speed of 0.5 mm/min. Progressively increasing peaks
of deformation, raising of 1% at each cycle, were applied, monitor-
ing the stress–strain diagram in order to arrest the applied defor-
mation at the lowest percentage integer ensuring that the stress-
induced martensitic transformation for the whole gauge length
was achieved (i.e. the upper transformation plateau is completed).
The analysis was then performed on the final cycle.

The specimen was monitored during the test with a Reflex
Nikon D5100 camera, equipped with a Macro lens (AF-S VR
Micro-Nikkor 105 mm f/2.8G IF-ED), used to acquire pictures of
the painted face of the specimen plate at every 3 s. These images
were used to determine the displacement and the strain on the
specimen surface by means of 2D DIC [13]. This is a contactless full
field experimental technique that allows to estimate the displace-
ment/strain experienced in the flat surface of a component by
tracking the speckle movement and distortion. The MATLAB open
source 2D DIC program Ncorr [14] was used to cross-correlate
the pictures, obtaining displacement and strain maps during the
test.
3. Strain and stress calculation

3.1. Standard analysis

For the standard analysis, strains were calculated from the
crosshead displacement and stresses as force measured by the
load-cell, divided by initial cross-sectional area.

In compliance with the ASTM F2516 � 14 guidance [6] the
upper plateau strength rUPS was measured as the stress at 3% of
strain during the loading of the sample, and the lower plateau
strength rLPS as the stress at 2.5% of strain during the unloading
of the sample.

The Young’s moduli of the austenitic and martensitic phases
were calculated by fitting the modulus line to the fully transformed
stress–strain curves (i.e. before and after the transformation pla-
teaus) by least-squares regression analyses. As the regions close
to the upper and lower plateaus initiation are characterised by sig-
nificant departures from linearity, the austenitic modulus was cal-
culated on the portion of the loading curve up to a stress rE, at ¾
between rLPS and rUPS:



Fig. 1. Specimen speckle surface.
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rE ¼ rLPS þ 3
4
rUPS � rLPSð Þ: ð1Þ

Similarly, the martensitic modulus was calculated on the por-
tion of the unloading curve from the maximum applied stress to
rE.

For the determination of the mechanical parameters, the pla-
teau curves were fitted with straight lines, as per standard practice
[1516] by least-squares regression analyses. The initial and final
transformation stresses between the two crystal phases (namely,
the initial stress for the austenite to martensite phase transforma-
tion rAM

s ; the final stress for the austenite to martensite phase
transformation rAM

f ; the initial stress for the martensite to austen-

ite phase transformation rMA
s ; and the initial stress for the marten-

site to austenite phase transformation rMA
f ) were obtained from the

intersection between these lines and those used to fit the regions
where the Young’s moduli were estimated. The intersection points
at the ends of the upper plateau were used to determine the trans-
formation strain associated with the austenite to martensite trans-
formation eL.
3.2. DIC analysis

As previously mentioned, the usual stress and strain calculation
described above does not take into consideration the inhomogene-
ity due to the presence of local regions of different material phases,
which nucleate in Lüders bands and progressively expand to
occupy the entire gauge length [17]. The strain maps determined
applying DIC on Nitinol can overcome this issue, as they are able
to clearly identify the regions where the specimen is in the auste-
nitic and martensitic phase, with the latter characterised by much
higher strain levels [13]. However, these are not free from the lim-
itations intrinsic in the technique and in the specific experiment. In
fact, evaluation of deformation in DIC is based on the assumption
of continuity of displacements over the surface, which makes it
unsuitable to provide accurate data in regions where there are dis-
continuities [18]. Moreover, when the analysis is performed in the
transformation regions separating the austenitic and martensitic
portions, these keep changing between the successive images that
are used to perform the correlation. This results in the presence of
a thin band (typically of a few tenths of a millimetre) at the inter-
face between the austenitic and martensitic phases, characterised
by a gradual variation between the strains identifying the two
regions. This appears clear in Fig. 2, where the propagation of the
front of phase transition between two successive images is repre-
sented together with the regions where the gradual variation is
predicted by the technique. Hence, caution must be adopted when
3

analysing the strain data estimated in this transition band, where
data are of difficult interpretation. In the proposed approach, two
threshold strain values were set at 20% and 80% of eL, distinguish-
ing three zones: austenite, martensite and an indeterminate band.
The latter was excluded from the computation of the mean values
of strain, as shown in Fig. 2.b.

True stresses were calculated as the ratio between the force
recorded at the loadcell and the actual cross-sectional area of the
analysed region of interest (ROI), estimated as:

r ¼ F

w � t 1þ e
�
xx

� �2 ð2Þ

where w and t are the width and thickness of the specimen, respec-

tively, and e
�
xx is the mean strain measured orthogonally to the

direction of the load (horizontal direction) for the entire ROI. Here,
it is assumed that the lateral strain is the same along the width and
along the thickness of the specimen.

The Young’s moduli of the austenitic and martensitic configura-
tions were calculated from DIC data as ratio between the true
stress and the mean strains over a region of interest covering the
whole specimen, with exception of two regions in the grips prox-
imity of length equal to the width of the specimen (ROIE,m in
Fig. 3.a). For consistency with the standard analysis, the same por-
tion of the stress–strain curve and the same fitting approach as
described above for the moduli calculation were used. For these
cases, as the whole specimen is in a single phase (either austenite
or martensite), the homogeneity assumption can be considered
accurate.

A convenient feature of DIC approaches is that they evaluate the
whole plain strain tensor, from which it is straight forward to
obtain the Poisson’s ratio [19]. The Poisson’s ratios of the austenitic
and martensitic configurations were calculated from DIC data over
the same ROI (ROIE,m in Fig. 3.a) and obtained as negative of the

ratio of the mean transverse strain in the region, e
�
xx, to the mean

axial strain in the region, e
�
yy.

The phase transformation process is characterised by the prop-
agations of Lüders bands, which typically form at an angle of about
55� from the specimen axis [20], thus determining the simultane-
ous presence of austenite and martensite along the transverse sec-
tions crossing the bands. As these two crystal phases are
characterised by significantly different Young’s moduli, this can
result in the local departure of the neutral axis from the centre
of gravity of the specimen and the onset of a bending moment.
The presence of bending produces local variations of strains and
stresses that increase the uncertainty in the stress–strain parame-
ters determined from standard tests. In order to minimise this
effect, the features of DIC can be exploited to focus on small ROIs,
so as to reduce the variation in the measured parameters. How-
ever, although the reduction in the ROI can provide accurate values
of the local strains, the associated local stress is more uncertain,
especially if a bending moment is superposed to the tensile load.
The maximum eccentricity of the neutral axis will be reached
when the transformation occurs with a single front within the
sample un-gripped area. In this case, the neutral axis will also coin-
cide with the interface between the two phases, which will be
located at a distance from the axis of the cross section equal to:

emax ¼ w
2
� 1�

ffiffiffi
2

p

1þ
ffiffiffi
2

p ¼ �0:086w ð3Þ

Under these conditions, it can be demonstrated that, assuming
an extreme ratio between the Young’s moduli of the austenitic and
martensitic phases equal to 2, a square ROI region covering 25% of
the specimen width and centred at the geometric axis of the spec-
imen would reduce the effect of the spurious bending stress on the



Fig. 2. Propagation of the front of phase transition observed in a generic ROI between two successive images, superposed to the region of gradual strain variation predicted by
the DIC technique (a); and strain map after exclusion of the transition region (b).

Fig. 3. Regions of interest selected for the calculation of the Young’s moduli and
Poisson’s ratios (a); and for the determination of the stress–strain parameters (b).
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average stress calculated through equation (2) of one order of mag-
nitude (see Appendix A, equation (A9)). This selected ROI size
allows an accurate strains measurement by focusing on a small
region, without compromising the accuracy in the stress
determination.

This is in particular true when the maximum bending moment
is assumed to keep below:

Mmax � tw2

6
� rUPS � rLPSð Þ: ð4Þ

In fact, for higher values, the cross sections immediately adja-
cent to the transformation front where the martensitic transforma-
tion has covered the full section would not be able to remain in the
martensitic phase and, in the compressed side, would return to
austenite.

The maximum expected error in the stress determination
would be around 0.12 times the difference between the upper
and lower plateau strengths (see Appendix A, equation (A15)).
4

Please notice that the above mentioned behaviour is based on an
extreme conservative condition, as the ratio between the austenitic
and martensitic Young’s moduli is normally lower than 2, and the
Lüders bands tend to separate into striae in the regions of high
bending moment, thus reducing the eccentricity of the neutral axis,
the peak of bending stress and the error in the stress measurement.
Moreover, the mentioned bending moment induced by the mis-
match in Young’s modulus of the two phases is partially counter-
balanced by the bending moment produced by the curvature
taken by the specimen as effect of the higher elongation experi-
enced by the specimen side with more interested by the marten-
sitic transformation (see also Section 5 for a more in-depth
analysis).

Hence, in order to obtain results representative of the whole
specimen, the analysis of the stress–strain relationship was per-
formed and averaged over five square regions of interest (ROIsr,e)
of equal size, with square side equal to 25% of the specimen’s width
and centre located on the vertical axis, evenly spaced along the
sample length so as to cover the whole region up to a distance from
the grips equal to the specimen width (see in Fig. 3.b).

The initial and final transformation stress between the two
crystal phases and the transformation strain eL were determined
as described above for the standard analysis.

Another interesting additional parameter determined from the
DIC analysis was the Poisson’s ratio associated with the transfor-
mation, mT , here defined as the negative of the ratio of the trans-
verse transformation strain eLx to the axial transformation strain
eL calculated over the ROIE,m (see Fig. 3.a).
4. Results

4.1. Standard analysis

Stress-induced martensitic transformation was achieved for the
whole gauge length at a peak deformation of 6%, when the upper
transformation plateau appeared to have been completed.

The stress–strain curve obtained from the tensile machine out-
put is represented in Fig. 4.a. The curve starts with a smooth and
linear behaviour during the austenitic specimen deformation, up
to the initiation of the phase transformation (portion O-A in
Fig. 4.a). This is associated with an initial loss in linearity (portion
A-B in Fig. 4.a), followed by a sudden drop in the stress at point B in
Fig. 4.a. Then the stress plateaus up to point C in Fig. 4.a, achieving
large increases of strains with relatively reduced changes in the



Fig. 4. Stress–strain curve obtained from the tensile machine output (a); and fitting used for the determination of the parameters defining the mechanical behaviour of the
material (b).
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stress level. Once the entire gauge length of the specimen has
transformed, the material swaps to the Young’s modulus of the
martensitic phase, terminating the plateau region (portion C-D in
Fig. 4.a). Then the load is gradually removed, recovering pseudo-
elastically the entire strain, through the re-transformation into
the austenitic phase achieved along the lower plateau (portion E-
F in Fig. 4.a). This is associated with the nucleation of austenite
in unloading Lüders bands, followed by a linear elastic return to
the initial unloaded configuration (portion F-O in Fig. 4.a).

The rUPS and rLPS were respectively equal to 373.3 MPa and
143.6 MPa, giving a value of rE equal to 315.87 MPa. The austenitic
Young’s modulus was equal to 34.7 GPa; and the martensitic
Young’s modulus, calculated during the unloading from the peak
stress of 411.1 MPa to rE was 28.8 GPa (17.0% lower than the aus-
tenitic one).

The fitted straight lines used for the determination of the
parameters defining the mechanical behaviour of the material
are displayed in Fig. 4.b. The initial and final stresses defining the
upper plateau wererAM

s = 356.8 MPa andrAM
f = 402.4 MPa, respec-

tively; while the initial and final stresses defining the lower pla-
teau wererMA

s = 163.7 MPa andrMA
f = 127.9 MPa, respectively. The

transformation strain associated with the austenite to martensite
transformation eL was equal to 5.1%.

All mechanical characteristics obtained with the standard anal-
ysis are summarised in Table 1.
Table 1
Mechanical characteristics obtained with the different approaches.

Parameter Standard analysis

EA [GPa] 34.7
EM [GPa] 28.8
mA –
mM –
mT –
rAM
s [MPa] 356.8

rAM
f

[MPa] 402.4

rUPS [MPA] 373.3
rMA
s [MPa] 163.7

rMA
f

[MPa] 127.9

rLPS [MPA] 143.6
eL [%] 5.1

5

4.2. DIC analysis

The maps of the horizontal (U) and vertical (V) displacements
obtained from Ncorr postprocessing at a generic instant P of the
upper plateau (as indicated in Fig. 4.a) are represented in Fig. 5.a
and b, respectively. These reveal that, for the analysed instant,
the deformation is substantially higher at the bottom portion of
the specimen. Moreover, the maps of U and V are not symmetrical
about the axis of the specimen, confirming the presence of lateral
deflections and local curvatures.

The associated maps of the horizontal and vertical strains exx
and eyy are reported in Fig. 5.c and d, respectively. The strain com-
ponents clearly indicate a bipolar behaviour, with portions of the
specimen (the bottom portion for the selected instant) undergoing
very high levels of vertical strain (about 7%), associated with sub-
stantial lateral contraction (around 3.5%). These appear uniformly
distributed up to the Lüders bands. This behaviour is consistent
with the crystal rearrangement produced by the transformation
into martensite. The level of strains experienced by the region in
its austenitic state are negligible, when compared with the bottom
region. As mentioned above, a band of gradual passage from the
strains characterising the two regions, where strains are consid-
ered indeterminate, can be observed in the maps. This, in the pre-
sented test, had a thickness of about 0.3 mm, which is consistent
with the propagation of the martensitic region between the two
instants used for the image correlation.
DIC reduced ROI Variation

39.0 + 12.0%
30.8 + 7%
0.46
0.40
0.50
378.6 (±1.1%) + 6.1%
401.9 (±1.4%) + 0.1%

387.2 (±1.3%) + 3.7%
150.3 (±2.2%) � 8.2%
140.0 (±1.6%) + 9.5%

144.3 (±1.1%) + 0.5%
5.3 (±0.4%) +3.9%



Fig. 5. (a) Horizontal displacement map; (b) vertical displacement map; (c) horizontal strain map; (d) vertical strain map.

Fig. 6. (a) Instants of the cycle (i-ix) where the sequence of specimen deformations in (b) was determined. Horizontal displacements are amplified of 10 times, and the
regions occupied by austenite and martensite, obtained from the strain maps, are represented in light and dark grey, respectively. The complete deformation history is
available in the Video 1.
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A sequence of deformed shapes of the sample, obtained from
the DIC data for the instants i-ix indicated in Fig. 6.a is represented
in Fig. 6.b. Horizontal displacements are amplified of 10 times,
while the vertical displacements are kept in the same scale as
the physical ones. For each instant, the martensitic and austenitic
regions obtained from the strains are mapped on the deformed
shape (light grey for austenite and dark grey for martensite). The
sequence clearly confirms that the transformation from austenite
to martensite initiates at one end of the specimen (in proximity
of the bottom grip, for the presented test) and then propagates
towards the other end, with Lüders bands forming fringes as the
front of propagation progresses towards the centre of the speci-
men. The transformation follows the opposite direction during
unloading, maintaining similar features.

The Young’s moduli of the austenitic and martensitic configura-
tions calculated from DIC over ROIE,m in Fig. 3.a were equal to 39.0
GPa and 30.8 GPa, respectively. These values are expected to be dif-
ferent from the corresponding constants quantified from the stan-
dard approach, because they are based on strains quantified only in
a region at a distance from the grips, and on true stresses, esti-
mated on the basis of the transversal strains according to Eq. (2).
Fig. 7. (a) Shape of the specimen with amplified lateral displacements; (b) map of the
neutral axis represented by a white line (calculated using Eq. (5)); (c) principal directions
indicated in Fig. 4.a.

Fig. 8. Typical stress–strain map determined on square ROIs with side equal to 25% of th
used for the determination of the parameters defining the mechanical behaviour of the

7

In particular, both moduli are significantly larger than estimated
with the standard analysis (§ 4.1).

The Poisson’s ratios for the austenitic and martensitic phases,
estimated in the same ROI, were respectively equal to 0.47 and
0.42.

The above results confirm the material inhomogeneity and the
presence of spurious bending moments, in support of the hypoth-
esis that the analysis of the stress–strain relationship shall be per-
formed on small regions of the specimen in proximity of the
longitudinal axis. The fact that the ratio between the austenitic
and martensitic Young’s modulus is 1.45, and hence much smaller
than the value of 2 previously assumed for the estimation of the
stress error, indicates that the accuracy is expected to be higher
than the one defined above as acceptable. In addition, the eccen-
tricity of the neutral axis due to the mismatch in Young’s modulus
of the two phases, measured along the entire specimen’s axis as:

eNA ¼
P

xE xð ÞP
E xð Þ ; ð5Þ

is only about one quarter of that estimated from Eq. (3).
specimen showing the austenitic and martensitic regions, and the position of the
determined on the measured strains. All pictures are in relation to the instant P, as

e specimen width (in Fig. 3.b), positioned on the axis of the specimen (a); and fitting
material (b).
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Another useful result is the fact that the maximum princi-
pal direction determined from the strain maps is maintained
about aligned with the direction of the applied force (±5�)
(see Fig. 7). All these considerations confirm that the usual
stress calculation over the ROIsr,e (the ratio between the force
measured at the load-cell divided by the actual cross section
for the ROIsr,e represented in Fig. 3.b) is an acceptable
approximation.

The typical stress–strain diagram obtained from the ROIsr,e in
Fig. 3.b is represented in Fig. 8 (in particular, the central ROI is used
in the figure). The diagrams from the different ROIs are very similar
and with very low variability, as indicated by the small standard
deviation in the parameters reported below.

The initial and final stresses defining the upper plateau, recom-
puted using DIC, were respectively rAM

s = 378.6 (±1.1%) MPa
andrAM

f = 401.9 (±1.4%) MPa; the initial and final stresses defining

the lower plateau were respectively rMA
s = 150.3 (±2.2%) MPa and

rMA
f = 140.0 (±1.6%) MPa; and the upper and lower plateau

strengths were rUPS = 387.2 (±1.3%) MPa and rLPS = 144.3 (±1.1%)
MPa, respectively. Hence, despite maintaining the plateau strength
nearly unchanged compared to the standard analysis, significant
increase in rAM

s and rMA
s and decrease in rAM

f and rMA
f indicate a

substantial flattening of the two plateaus (more evident for the
lower plateau).

The transformation strain associated with the austenite to
martensite transformation eL estimated with DIC was eL = 0.053,
and the associated transversal (horizontal) transformation strain
was eLx = -0.027, indicating a Poisson’s ratio mT associated with
the transformation equal to 0.5.
Fig. 9. Schematic representation of the region of interface between the austenitic and m
(b).

8

The stress–strain curve obtained from this approach (e.g. curves
displayed in Fig. 8a,b) are much closer to the idealised set of
straight lines that are fitted to extract the parameters defining
the mechanical response of Nitinol. Therefore, they are particularly
suitable to characterise the material in a more accurate and consis-
tent way.

The parameters obtained from this approach are summarised in
the second data column in Table 1, aside the mechanical character-
istics obtained with the standard analysis.

5. Discussion

In the common practice and in compliance with the available
regulatory standards, the stress and strain in Nitinol specimens
subjected to uniaxial tension testing are assumed uniformly dis-
tributed over a finite area comprised in the extensometer gauge
length. However, the present study confirms that this assumption
cannot be considered valid. The strain distribution (shown in Fig. 5.
c,d and used to obtain the maps of phase distribution in the
sequence in Fig. 6) suggests that the material instantaneously
switches between the austenitic and martensitic configurations
when the plateau stress is locally reached. This bimodal behaviour
has major consequences. In fact, in order to maintain geometrical
congruence, the interface between the region where the marten-
sitic transformation has occurred, which experiences significant
levels of longitudinal and lateral deformation, and the portion of
the specimen which is in the austenitic phase needs to take a speci-
fic angle with respect to the axis. With reference to Fig. 9.a, as an
effect of the transformation strain eL experienced by the marten-
sitic region, it will be:
artensitic regions (a), and of the full specimen in the transformation plateau region
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hM ¼ hA 1þ eLð Þ ð6Þ

and

wM ¼ wA 1� mTeLð Þ ð7Þ

where mT corresponds to the Poisson’s ration associated with the
phase transformation. Basic geometrical considerations (reported
in Appendix B) lead to the determination of the angles that need
to establish between the interface (transformation front line) and
the transversal section of the austenitic and martensitic regions,
aA and aM , respectively:

aA ¼ arctan

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mT � m2TeL
2þ eL

s
; ð8Þ

and

aM ¼ arcsin 1þ eLð Þ sinaA½ � ð9Þ
Interestingly, these angles do not depend on the mechanical

properties of two phases, but only on the transformation strain
and on the transformation Poisson’s ratio. As in our case
eL ¼ 0:053 and mT = 0.5, the equation above provides an angle of
34.73� for aA and 36.86� for aM , with an average inclination of
the transformation front with respect to the cross section of the
specimen of a ¼ 35:80

�
: Moreover, because of the same phe-

nomenon, the axes of the austenitic and martensitic regions will
tend to be angled with respect to each other, aiming at a misalign-
ment given by aM � aA, which in the presented case is of 2.13�. As a
result, the specimen splays towards the side where the martensitic
length is greater, as shown in Fig. 6.b(ii). This is necessarily associ-
ated with the introduction of a spurious bending moment. More-
over, the presence of a fixed constrain at the grips requires that
the length of the specimen in the left and right sides stays approx-
imately equal and the axes at the top and bottom maintain their
alignment during the test. Hence, as the front of transformation
progresses towards the midspan, the bending moment increases
until, eventually, a set of new fringes form, serving as hinge regions
which allow the specimen to realign its axes at the top and bottom
ends and relax the bending moment, as schematically shown in
Fig. 9.b (this is evident in the experimentally determined sequence
reported in Fig. 6.b, starting from instant iii). These fringes allow to
balance the percentage of austenite (whose stretching is negligi-
ble) and martensite (which is highly stretched) in the left and right
sides of the specimen, so as to match the vertical length of the
specimen for the different vertical lines. This phenomenon pro-
duces new transformation fringes at the side of the specimen
where the length of the stretched martensitic region is inferior
and, therefore, needs to be increased. The described process justi-
fies and explains the formation of the Lüders bands which, consis-
tently with the literature [7,8], were observed in the presented
study at an angle of about 35� from the cross-sectional plane (cor-
responding to about 55� from the specimen’s longitudinal axis). It
is reasonable to expect that similar phenomena may occur along
the thickness, although with much smaller influence on the overall
specimen behaviour, due to reduced dimension.

The implication of the described phenomenon is that the same
cross section may be characterised by multiple regions with alter-
native crystal configurations and, therefore, different mechanical
properties. This, as described above, results in departures of the
neutral axis from the cross-sectional centre of gravity, that con-
tribute to locally introduce an additional bending moment. How-
ever, as the neutral axis tends to move towards the side where
the Young’s modulus is greater (the austenitic region), this effect
does not cumulate with the one described above, but is does locally
counterbalance it.
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The phenomena described above refute the very basis of uniax-
ial tension tests, questioning the suitability of current practices to
derive information on the material behaviour which should be
compatible with the high-risk applications that rely on Nitinol. In
fact, the stress–strain curve obtained from the tensile machine out-
put, as shown in Fig. 3, represents an average in time of a combi-
nation of effects which interest different and varying regions of
the specimen. This is reflected in the irregularity of the plateaus,
that makes particularly difficult to identify objective criterial to
idealise the diagram and extract the common material
characteristics.

In this test, the testing machine crosshead was used to deter-
mine the strain (this is accepted by the ASTM standards [5,6]),
but similar issues are to be expected with the use of mechanical
extensometers. In fact, any practical distance between the exten-
someters knife edges would still be associated with highly inhomo-
geneous behaviours. Moreover, the propagation of the
transformation front and hinge fringes at a large angle with the
specimen’s cross section (larger than 35�) would introduce errors
and further complexity in the interpretation of the results.

Most importantly, all phenomena described above that can
affect the results are essentially dependent on the specimen
dimensions and testing setup, making the measurement of the
mechanical characteristics of the material very difficult to gener-
alise. This indicates a clear need for a new approach allowing a
more objective analysis, especially in consideration of the high-
risk healthcare applications where Nitinol is commonly used, that
require the highest levels of optimisation. In this scenario, features
of full-field and non-contact measurement such as those of DIC
techniques become essential to provide a proper investigation of
the material behaviour.

The stress–strain curve obtained from the DIC results (in Fig. 8)
on smaller ROIs (25% of the specimen’s width in the presented
study) focalised along the geometric axis of the specimen, so as
to minimise bending stresses, become very repeatable and more
suitable to characterise the material behaviour. Comparing the
stress–strain diagrams obtained with the standard and DIC
approaches (see Fig. 10), it is evident that the sudden drop in the
stress observed in the data from the tensile machine output is an
artefact due to the phenomena described above. Instead, at local
level, the reduction in load associated with the triggering of the
martensitic transformation at a different region of the specimen,
is perceived as a small unloading along the austenitic curve, then
compensated by further increase in stress, until transformation ini-
tiates in the analysed ROI (Video 2 reports Stress–strain map his-
tory determined with the standard and DIC approaches). As a
result, the plateau flattens substantially at levels of stress closer
to the final plateau stress. Flattening of the plateau is even more
evident for the lower plateau, where the difference between the
start and finish transformation stress is in the order of 7%.

Another interesting correction introduced by the local DIC anal-
ysis is in the slope of the martensitic phase, which contrary to the
standard approach appears to be well overlapping for the loading
and unloading branches.

As expected, true stresses determined from the DIC analysis are
substantially larger than the engineering stresses, resulting in sig-
nificant increase in the transformation stresses and in the Young’s
moduli of the two materials than predicted with the standard
approach.

These differences are due to the high Poisson’s ratios observed
for the austenitic and martensitic phases (mA ¼ 0:46 and
mM ¼ 0:40), which appear to be much larger than the value of
0.33 commonly assumed in the literature for both phases [21]
and produce substantial contractions in the actual cross section.
This interesting finding compares well with measurements of the
Poisson’s ration performed on polycrystalline martensitic NiTi with
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neutron diffraction, which indicated a value of mM equal 0.39 ± 0.03
[22]. Similarly, the material data provided in a computational
study from Kleinstreuer et al. [23] indicate a value of 0.46 for both
mA and mM . For what concerns the Poisson’s ratio associated with
the transformation mT , this appears more consistent with the data
in the literature, that typically refer to a value of 0.5 [17]. As the
Poisson’s ratios are critical for a correct description and modelling
of the material’s behaviour, these contrasting data clearly indicates
a gap in the current literature.

Although the presented approach may contribute to determine
more objective and representative parameters of the mechanical
properties, less dependent of the specific test setup and conditions,
this still needs to be accompanied by the implementation of more
advanced constitutive models for NiTi alloys, able to better repli-
cate the inhomogeneous phenomena observed in the test.

6. Conclusions

This work analyses the main sources of error affecting the reli-
ability of standard uniaxial tension tests for the mechanical charac-
terisation of superelastic Nitinol aloys. In particular, the stress
induced transformation that provides the super-elastic behaviour
also causes the presence of regional inhomogeneities in the test
specimen, associated with the formation of Lüders bands, lateral
displacements and spurious bending moments superposed to the
tensile load. These phenomena limit the reliability of standard
characterisation methods to provide parameters sufficiently accu-
rate to achieve an adequate description of the material and to
exploit its features optimally. DIC analysis, by allowing a full field
detection of the strains, can help not just to clarify, but also to
overcome these limitations. In fact, performing the mechanical
characterisation in regions of interest sufficiently small, in proxim-
ity of the specimen’s axis, allows to minimise the spurious effects
and determine more accurate and consistent parameters, that
describe a material response which appear to be closer to the ideal
one and independent of the testing setup. This is characterised by
flatter plateaus that closely match straight lines suitable to extract
parameters defining the mechanical response of Nitinol. Therefore,
10
they are particularly suitable to provide a more accurate and con-
sistent characterisation of the material. Still, results are affected by
assumptions and approximations in the determination of the stress
and in the exclusion of the regions at the interface between the
two crystal phases. Nevertheless, the proposed approach surely
provides a substantially improved characterisation of the material,
much needed to support the selection of specific alloys and ther-
momechanical treatments, and to achieve optimised levels of
safety and efficacy in the most critical applications where Nitinol
is employed.
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In order to maintain geometrical congruence, the interface
between the region where the martensitic transformation has
occurred and the portion of the specimen which is in the austenitic
phase needs to take a specific angle with respect to the axis. There-
fore, the cross sections hosting the front of transformation are par-
titioned into multiple regions with different mechanical properties.
This results in departures of the neutral axis from the cross-
sectional centre of gravity, contributing to locally introduce a
bending moment.

Based on the common theory of composite beams, for each
cross-section, the eccentricity of the neutral axis will depend on
the cross-section geometry, on the distribution of the regions with
different Young’s modulus and, in the case where only two Young’s
moduli are present, on their ratio n. In particular, the maximum
eccentricity of the neutral axis will be reached when the transfor-
mation occurs with a single front.

In fact, if the front of the martensitic phase reaches a distancem
from the origin of a reference system positioned at the left end of
the specimen cross-section, with the x-axis aligned with the spec-
imen width w (see Fig. A1.a), the position of the neutral axis can be
determined as:

xNA ¼ AMxM þ nAAxA
AM þ nAA

¼ 1
2
�m

2 þ n w2 �m2
� �

mþ n w�mð Þ ðA1Þ

and the eccentricity of the neural axis is:

eNA ¼ xNA �w
2
¼ 1

2
�m

2 1� nð Þ �mw 1� nð Þ
nwþm 1� nð Þ : ðA2Þ

This eccentricity will be maximum when:

deNA
dm

¼ n� 1ð Þ n� 1ð Þm2 � 2nwmþ nw2

n� 1ð Þm� nw½ �2
¼ 0; ðA3Þ

which has acceptable solution:

m ¼ w
ffiffiffi
n

p

1þ ffiffiffi
n

p : ðA4Þ

Substituting into the expression of the eccentricity:

eNAmax ¼ w
2
�

ffiffiffi
n

p � 1ffiffiffi
n

p þ 1
: ðA5Þ
Fig. A1. (a) Specimen cross-section;
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In this case, the position of the neutral axis in the reference sys-
tem, xe and that of the front of transformation,m, are coincident. In
fact:

xe ¼ w
2
þ e

NAmax
¼ w

2
1þ

ffiffiffi
n

p � 1ffiffiffi
n

p þ 1

� �
¼ w

ffiffiffi
n

p

1þ ffiffiffi
n

p ¼ m: ðA6Þ

Hence, the stress associated with the resulting bending moment
M (excluding the stress produced by the normal load) will have the
distribution represented in Fig. A1.b, with:

rMmax ¼ m
n w�mð ÞrAmax ðA7Þ

The mean stress calculated over a centred specimen length of
dimension p �w, is given by:

r
�
x ¼

1
2 m� 1�p

2 w
� �2 rMmax

m � 1
2 w�m� 1�p

2 w
� �2 rAmax

w�m

p �w

¼
ffiffiffi
n

p � 1
1þ ffiffiffi

n
p þ p

� �2

� n
1� ffiffiffi

n
p

1þ ffiffiffi
n

p þ p
� �2

" #
1þ ffiffiffi

n
p� �

8np
r

Amax
ðA8Þ

Assuming a reasonably conservative value of n ¼ EA=EM ¼ 2,
analysing a region equal to 25�% of the specimen width (p ¼ 0:25):

r
�
x � 0:10rAmax ðA9Þ
Determination of the maximum expected error in the stress

determination, in relation to the upper and lower plateau strength.
The maximum stress in the austenitic region is given by:

rmaxA ¼ nM
I

w�mð Þ ¼ nwM
I

1�
ffiffiffi
n

p

1þ ffiffiffi
n

p
� �

¼ wM
I

� n
1þ ffiffiffi

n
p ðA10Þ

where I is the moment of inertia of the cross-section, and M is the
value of the bending moment at the considered cross-section.

The moment of inertia for a composite beam can be calculated
applying the parallel axis theorem, as:

I ¼ tm3

12
þ tm3

4

	 

þ n

t w�mð Þ3
12

þ t w�mð Þ3
4

" #

¼ tm3

3
þ n

t w�mð Þ3
3

¼ tw3

3
� n

1þ ffiffiffi
n

p� �2 ðA11Þ
(b) Bending moment diagram.
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Hence:

rmaxA ¼ wM
I

� n
1þ ffiffiffi

n
p ¼ 3M

tw2 1þ ffiffiffi
n

p� � ðA12Þ

For the condition in Eq. (4), the expression for the maximum
stress in the austenitic region becomes:

rmaxA ¼ 1þ ffiffiffi
n

p
2

rUPS � rLPSð Þ ðA13Þ

For the conservative assumption that n ¼ 2, this value becomes:

rmaxA ¼ 1þ
ffiffiffi
2

p

2
rUPS � rLPSð Þ � 1:2 rUPS � rLPSð Þ ðA14Þ

Based on Eq. (A9), the error introduced by the spurious bending
stress on the average stress calculated through Eq. (1) is one order
of magnitude lower than this value, hence:

r
�
x � 0:12 rUPS � rLPSð Þ ðA15Þ
Appendix B

Angles between the regions at the interface between the two
phases

Due to the large transformation strain eL and transformation
Poisson’s ratio mT , the martensitic region of the specimen is charac-
terised by significant dimensional changes compared to the
untransformed austenitic region. Hence, in order to preserve conti-
nuity, the interface between two phases and the two regions at the
interface will needs to take specific angles that, in first approxima-
tion, can be determined from basic geometric considerations.

Assuming, for simplicity, that the transformation propagates
with a single front (see Fig. 9.a), the dimensions of the martensitic
triangular region covering the specimen length interested by front
will be:

hM ¼ hA 1þ eLð Þ; ðB1Þ
and

wM ¼ wA 1� mTeLð Þ ðB2Þ
Indicating with aA and aM the angles between the transforma-

tion front line and the transversal section of the austenitic and
martensitic regions, respectively, it will also be:

hA ¼ wA tanaA ðB3Þ
The Pythagorean theorem can provide the following additional

relation, which allows to solve the system:

h2
A þw2

A ¼ h2
M þw2

M ðB4Þ
Combining equations (B1) with (B2), aA can be determined as:

aA ¼ arctan

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mT � m2TeL
2þ eL

s
ðB5Þ

aM can be determined from the equations below, thanks to the
trigonometric relationship:

hA

sinaA
¼ hM

sinaM
: ðB6Þ

In fact, combining equations (B6) with (B3), aM can be obtained
as:

aM ¼ arcsin 1þ eLð Þ sinaA½ � ðB7Þ

� Video 1. Stress–strain map video
12
Stress–strain map history determined with the standard
approaches (in black) and with the DIC approaches calculated for
the ROIE,m and the central ROIr,e (in Fig. 3) represented in green
and magenta, respectively.

� Video 2. Amplified specimen deformation video

Video of the amplified specimen deformations of Fig. 6.
Where the horizontal displacements are amplified of 10 times,
and the regions occupied by austenite and martensite, obtained
from the strain maps, are represented in light and dark grey,
respectively.
Appendix C. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.matdes.2022.110538.
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