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Abstract: Pseudoelastic NiTi shape memory alloys exhibit different stress–strain curves and modes
of deformation in tension vs. compression. We have recently shown that under a combination
of compression and shear, heterogeneous deformation can occur. In the present study, we use
digital image correlation to systematically analyze how characteristic features of the nominally
uniaxial engineering stress–strain curves (particularly the martensite nucleation peak and the
plateau length) are affected by extensometer parameters in tension, compression, and the novel
load case of shear-compression. By post-experimental analysis of full surface strain field data,
the effect of the placement of various virtual extensometers at different locations (with respect to
the nucleation site of martensite bands or inhomogeneously deforming regions) and with different
gauge lengths is documented. By positioning an extensometer directly on the region corresponding
to the nucleating martensite band, we, for the first time, directly record the strain-softening nature
of the material—a specific softening behavior that is, for instance, important for the modeling
community. Our results show that the stress–strain curves, which are often used as a basis
for constitutive modeling, are affected considerably by the choice of extensometer, particularly
under tensile loading, that leads to a distinct mode of localized deformation/transformation.
Under compression-shear loading, inhomogeneous deformation (without lateral growth of martensite
bands) is observed. The effects of extensometer gauge length are thus less pronounced than in
tension, yet systematic—they are rationalized by considering the relative impact of differently
deforming regions.
Keywords: deformation/strain analysis; digital image correlation (DIC); NiTi shape memory alloys;
stress-induced martensitic transformation; virtual extensometer

1. Introduction
NiTi shape memory alloys (SMAs) exhibit two unusual characteristics: shape memory and
pseudoelasticity. The shape memory effect refers to the ability of an SMA to reduce large, mechanically
induced strains (in the low temperature phase, martensite) and to recover its original shape by
post-deformation heating above a transition temperature (which transforms the material into the high
temperature phase, austenite). Pseudoelasticity describes a shape memory material‘s ability to return
to an initial shape during unloading after considerable deformation (with uniaxial transformation
strains in polycrystalline NiTi of about 6%) at a constant temperature. The underlying microstructural
mechanisms for this material behavior primarily result from the reversible, stress-induced martensitic
transformation (SIMT) from austenite to martensite during loading, and its reversal during unloading
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at a sufficiently high ambient temperature. NiTi alloys are the most important SMAs with outstanding
pseudoelasticity and good fatigue resistance, and are frequently used in commercial applications,
such as medical devices [1–6].
It is well-known that during pseudoelastic deformation of NiTi, the transformation occurs in
a localized manner (i.e., via nucleation and propagation of well-defined martensite bands) under
uniaxial tension [7–10]. Because of this localized mode of deformation, local and nominal stresses
and strains differ considerably. The results of finite element simulations, such as using a total
deformation strain model [11] capable of modeling the non-linear mechanical behavior of NiTi
SMAs, show that an implementation of material softening allows simulation of the inhomogeneous,
stress-induced martensitic phase transformation in NiTi SMAs under tension. In these models (e.g.,
see also [9,12–14]), the nucleation stress of the austenite to martensite transformation is higher than
the stress required to continue the SIMT. Direct experimental proof of material softening, however,
is challenging as band propagation occurs at a constant stress rate and the nominal stress–strain
curves typically exhibit a constant stress plateau. One goal of this study was to contribute to a better
understanding of the softening nature of pseudoelastic NiTi (and thus supporting numerical modeling
approaches that incorporate material softening) by providing additional experimental observations of
this phenomenon.
The mechanical response of NiTi subjected to simple compressive loading is quite
different [7,8,15–17]. While a constant stress plateau in the stress–strain curves is clearly associated with
the stable propagation of martensite bands in tension, the macroscopic deformation of polycrystalline
SMAs in compression proceeds homogeneously, and no flat stress plateau is observed [18]. The tension
compression asymmetry and the pseudoelastic hysteresis led to interesting strain/phase distributions
under more complex load cases, such as bending [19–21], bending rotation [3,22], or combinations
of torsion and tension [12,23,24]. In recent works [7,8], we have also demonstrated that localized
deformation is not necessarily limited to tensile loading alone—compression-shear loading (i.e.,
a combination of predominantly compressive loading with a certain amount of superimposed shear
stresses) can also lead to a localization/inhomogeneous distribution of the SIMT. These studies have
highlighted that a careful analysis of local strain fields is required to fully characterize the complex
material response of NiTi SMAs to these different load cases. Compression-shear loading in particular
has not been studied in-depth before, and there is a need to relate local and global strains in order to
accurately determine representative stress–strain data for this novel experimental load case.
In this study, the in-situ optical technique digital image correlation (DIC) was used to measure the
surface strain fields during quasi-static uniaxial tension, compression, and compression-shear loading.
Special emphasis was placed on the effect of the gauge length and positioning of “virtual extensometers”
(which can be defined after an experiment based on the full-field DIC data) on the nominal mechanical
behavior of a pseudoelastic NiTi bar material. We discuss the relationship between the macroscopic
deformation mode, the positioning of a virtual extensometer with respect to the nucleation site of a
martensite band, and their effects on distinct features of the resulting stress–strain curves (especially
on the shape of the nucleation peak that is typically observed prior to the stress plateau under tension,
and on the macroscopic transformation strains). As the most interesting special case, we also discuss
the strain-softening behavior of the material by analyzing the deformation in the distinct region of
martensite band nucleation. Our results confirm that the macroscopic stress–strain curves, which are
often used as a basis for constitutive modeling without considering important experimental details,
can be affected considerably by the positioning of extensometers, particularly under tensile loading,
and that the deformation mode of compression-shear tests differs significantly from the homogeneous
or distinctly localized modes of compression and tensile testing, respectively.
2. Materials and Methods
A commercial polycrystalline NiTi bar (diameter 12.7 mm) with a nominal alloy composition
of 50.9 at. % Ni (obtained from Memry Corp., Bethel, CT, USA) was used in the experiments.
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Figure 1. Geometries of the samples used for the mechanical testing and artificially-produced speckle
Figure 1. Geometries of the samples used for the mechanical testing and artificially-produced speckle
patterns on the samples required for the measurement of the surface strain fields using digital image
patterns on the samples required for the measurement of the surface strain fields using digital image
correlation (DIC): (a) cylindrical dog-bone-shaped tensile test sample; (b) cylindrical compression test
correlation (DIC): (a) cylindrical dog-bone-shaped tensile test sample; (b) cylindrical compression test
sample; (c) cylindrical compression-shear test sample with an inclination angle of 6°◦ that results in
sample; (c) cylindrical compression-shear test sample with an inclination angle of 6 that results in
superimposed shear stresses during compressive loading. The conventional clip-on extensometer for
superimposed shear stresses during compressive loading. The conventional clip-on extensometer for
tensile testing (indicated in (a)) and virtual extensometers used for the deformation measurements in
tensile testing (indicated in (a)) and virtual extensometers used for the deformation measurements in
all our mechanical tests are shown schematically on the specimen surfaces. In tensile, compression,
all our mechanical tests are shown schematically on the specimen surfaces. In tensile, compression,
and also in compression-shear tests, the uniaxial strain was determined from the DIC images by
and also in compression-shear tests, the uniaxial strain was determined from the DIC images by
considering two surface points (black dots) and their relative displacements in the axial direction, dy;
considering two surface points (black dots) and their relative displacements in the axial direction, dy;
positioning
positioning of
of these
these points
points was
was varied
varied in
in post-experimental
post-experimental analysis.
analysis.

2.1. Optical Strain Measurements Using DIC
Using the in-situ optical DIC technique, the surface strain fields (i.e., the deformation on the
surface of the specimens) were measured in all experiments. The non-contact DIC method provided
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2.1. Optical Strain Measurements Using DIC
Using the in-situ optical DIC technique, the surface strain fields (i.e., the deformation on the
surface of the specimens) were measured in all experiments. The non-contact DIC method provided
full-field measurements of surface displacements and strains [27–29] and provided complementary
information to e.g. diffraction experiments, where phase volume fractions in the surface or in the
bulk of a sample could be determined [30–32]. During the deformation, the spatial coordinates of
the specimen surface were changed. The DIC software (v6.3.1) first computed the displacements of
each point (pixel) on the surface of the sample by comparing the digital images recorded at different
times and then determined the local surface strain fields from these displacements. For deformation
measurements, a random gray intensity distribution on the sample surfaces was therefore required
so that the random speckle patterns could be tracked [33]. In our experiments, an artificially-applied
pattern was produced by spraying white and black paint using air-brush equipment onto the specimen
surfaces (see also Figure 1). DIC images were captured with a frame rate of 1 Hz using a single CCD
camera (with a resolution of 2358 × 1728 pixels) that was placed perpendicularly to the specimen
surfaces. The optical deformation analysis (ARAMIS) software package (v6.3.1) [34] was used for
analysis of the DIC images; the combination of the optical system (lenses), detector (pixel), and the
software determined the resolution. In the experiments presented here, strain values that can be
allocated to a pixel width of approx. 10 µm (~10 µm/pixel) could be determined.
2.2. Determination of Nominal Uniaxial Stresses and Strains
In uniaxial tensile and compressive experiments, the engineering stress can simply be defined
as the tensile/compressive force divided by the initial cross-sectional area of the specimen.
Under combined compression-shear loading, however, the deformation is not entirely uniaxial
and the corresponding stress state is somewhat more complex. While we have recently performed
numerical investigations on stresses and strains during the early, elastic loading of compression-shear
specimens [35], in the present study (where the SIMT dominates the material behavior once a
critical stress is reached) we only consider nominal compressive stresses and strains—i.e., load and
deformation components in the compression direction were used to calculate representative, “nominal”
stress and strain values.
For the determination of uniaxial engineering strains from the DIC data, in particular, two points
on the DIC image of the specimen surface were considered in the non-deformed state (see also black
dots in Figure 1). During the uniaxial (tension or compression) experiments, the relative displacements
of these points in axial deformation direction were recorded. The engineering strains were then
calculated from the axial displacements, considering the initial distance between these two points.
Likewise, under compression-shear loading, nominal strains were determined by considering only
the axial component of the displacements, dy, but neglecting changes in the transverse direction,
dx. Using nominal stress and strain values, we determined representative stress–strain curves that
could be directly compared to, and analyzed in light of, the corresponding data from tension and
compression experiments.
The method of strain determination by tracking the axial displacements of two points can
be considered as using a virtual extensometer, which is quite similar to the macroscopic strain
measurement using conventional clip-on extensometers (see, e.g., Figure 1a). A previous study [36]
demonstrated that using the DIC virtual extensometer method was just as reliable as clip-on
extensometers typically used during tensile testing to determine engineering strains in NiTi SMAs.
Indeed, deformation measurements using virtual extensometers are even more accurate than those
performed with inductive calipers (typically used in compression testing), because when conventional
inductive calipers are used with small compression samples, the deformation often cannot be measured
directly on the specimens—the calipers instead need to be attached to adjacent parts of the experimental
setup, and the displacement signal thus contains information about the deformation that is not limited
to the sample itself. Moreover, as, locally, even small increases in stress (which may result from the
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application of an extensometer) can trigger the SIMT (e.g. in thin wire or ribbon samples), DIC methods
provide an additional advantage since they are entirely contact-free. Finally, the DIC method also
provides much more information about local deformations on the specimen surface in complex load
cases (which is particularly relevant when analyzing compression-shear loading). An in-depth analysis
of local strain fields for the three experiments considered in the present study is not presented here
but can be found in [7,8]. The key goal of this study was to analyze how the nominal stress–strain
curves, determined using the virtual extensometer method on the different samples, are affected by the
placement of the extensometers at different locations and with different gauge lengths, and particularly
how the specific softening behavior can be experimentally characterized by the deliberate positioning
of a virtual extensometer directly onto the region corresponding to the nucleating martensite band
during uniaxial tensile loading.
3. Results and Discussion
In the case of localized deformation, the length/position of an extensometer has a significant
influence on the shape of the macroscopic stress–strain curves [37]. This is often not recognized by the
modeling community, where researchers simply take stress–strain data from literature and assume that
these data represent homogeneous material behavior. The DIC technique provides an ideal opportunity
to investigate the effect of the extensometer’s position on the stress–strain curves by simultaneous
analysis of various virtual extensometers using one set of experimental data. For the purposes of such
an analysis, tensile, compression, and compression-shear test samples were investigated. While we
have discussed in [7,8] that these different tests are associated with different modes of deformation,
the present study analyzes how the different types of tests differ in terms of their sensitivity to
extensometer placement, and how these effects lead to significant variations in the macroscopic
stress–strain data.
First, the effect of the extensometer gauge length was investigated under tension where the
pseudoelastic NiTi SMAs exhibit a distinct mode of localized deformation (formation of martensite
bands). The positions of the various virtual extensometers analyzed in the same experiment, and the
martensite band (M) formed during the deformation on reaching a critical transformation stress near
the lower grip, are shown schematically in Figure 2a. The four analyzed virtual extensometers were all
located centrally along the longitudinal axis of the dog-bone-shaped tensile test specimen. During
tensile experiments at low strain rates, a single martensite band was nucleated, which grew along the
gauge length of the sample. The propagation of the interface of the distinct martensite band proceeded
at a constant tensile stress rate, leading to a flat stress plateau in the macroscopic stress–strain curve (see
also Figure 3) [7,9,15,26,38,39]. A typical surface strain field, recorded during propagation of the band
at a macroscopic strain of about 2.1%, is shown in Figure 2b. We highlight that, while similar strain
field observations have been published before, and in some cases with higher magnification [19,27],
in the present study our primary aim was to simply visualize the different modes of deformation
in tension, compression, and shear-compression; the resolution of the strain maps presented here is
obviously sufficient to achieve this goal.
Prior to analyzing the effect of different virtual extensometers on the stress–strain curves, it is
important to note that, while the martensite band grows, all deformation occurs only at the meso-scale
“interface” with a finite width between the (still) fully austenitic and the (already) fully martensitic
regions [7,9,10,30]. These meso-scale interfaces represent transition regions (see also Figure 4a) that
span the entire width of a specimen, where phase fractions of martensite and austenite, and stress and
strain fields change significantly. In the martensite band itself, and in the austenitic regions further
away from the meso-scale interface, no deformation takes place. Moreover, it is well-known that the
initial formation of the martensite band requires higher stress levels than subsequent propagations of
the meso-scale phase interface; this typically leads to a “nucleation peak” and a subsequent stress-drop
to the plateau stress level in the macroscopic stress–strain curve of pseudoelastic NiTi [38,40,41]. It is
thus to be expected that the positioning of an extensometer relative to the location of initial martensite

the lower grip, are shown schematically in Figure 2a. The four analyzed virtual extensometers were
all located centrally along the longitudinal axis of the dog-bone-shaped tensile test specimen. During
tensile experiments at low strain rates, a single martensite band was nucleated, which grew along the
gauge length of the sample. The propagation of the interface of the distinct martensite band
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constant tensile stress rate, leading to a flat stress plateau in the macroscopic stress–
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strain curve (see also Figure 3) [7,9,15,26,38,39]. A typical surface strain field, recorded during
propagation of the band at a macroscopic strain of about 2.1%, is shown in Figure 2b. We highlight
formation directly affects the macroscopic stress–strain curve. We note in passing that nucleation peaks
that, while similar strain field observations have been published before, and in some cases with
are most pronounced at low strain rates, whereas samples of self-heating related to the SIMT (and the
higher magnification [19,27], in the present study our primary aim was to simply visualize the
corresponding increase of the critical stress level for the SIMT) at higher rates tend to mask nucleation
different modes of deformation in tension, compression, and shear-compression; the resolution of the
peaks [7,8]; the present study is therefore focused on slow, quasi-static experiments.
strain maps presented here is obviously sufficient to achieve this goal.
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nucleation side of the martensite band; (b) axial surface strain field image measured at a macroscopic
strain of about 2.1%. The analyzed extensometers are shifted sideways from the center line (where
they were located in the actual analysis of DIC data) to provide a better overview.
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Figure 3 shows the effect of the various extensometers (positions defined in Figure 2) on the
resulting stress–strain curves during tensile loading. In the early stages of apparently elastic loading,
non-linear behavior takes place at very low stress points. This effect is associated with the stressinduced formation of an intermediate, martensitic R-phase; further information on this phenomenon,
which is not investigated further in the present paper, is given, e.g., in [42]. Two main observations
that are discussed below concern the absolute length of the pseudoelastic plateau and the shape of
the nucleation peak. It is clear from Figure 3 that the plateau length (measured from the strain at
maximum nucleation peak stress) is very similar for extensometers 2, 3, and 4. Despite the different
lengths/positions, all of these extensometers provide the same value of total strain, e.g., at the end of
the plateau when the SIMT is completed throughout the specimen. The length of the plateau
represents the (uniaxial) transformation strain associated with the SIMT, but elastic strain

corresponding stress–strain curves, supporting the theoretical interpretation that strain-softening is
used for modeling the localized deformation/transformation in NiTi SMAs. A previous study [43]
made use of an ingenious experiment combining layers of (work-hardening) steel with a layer of NiTi
to evaluate the softening slope of the NiTi stress–strain curve. Our experimental investigations, to the
best
of our
demonstrate for the first time that this softening behavior can also be directly
Materials
2018,knowledge,
11, 1458
7 of 15
analyzed experimentally in uniaxial tension in a monomaterial sample.
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The slope of the softening part of the stress–strain curves, which can be considered as a very broad
Figure 3 shows the effect of the various extensometers (positions defined in Figure 2) on
nucleation peak, is approximately 16 MPa/%, which is substantially different to the nearly constant
the resulting stress–strain curves during tensile loading. In the early stages of apparently elastic
stress level typically observed in the nominal stress–strain curves of pseudoelastic NiTi. This
loading, non-linear behavior takes place at very low stress points. This effect is associated with
corresponds to a stress-drop of about 50 MPa over a strain range of about 3%, as shown in Figure 4b.
the stress-induced formation of an intermediate, martensitic R-phase; further information on this
These values may inform future modeling studies that aim at capturing localization phenomena in NiTi.
phenomenon, which is not investigated further in the present paper, is given, e.g., in [42]. Two main
The principal idea of this experiment was to directly capture strain softening in NiTi. We initially
observations that are discussed below concern the absolute length of the pseudoelastic plateau and
expected the resulting stress–strain curves to exhibit softening along the entire transformation region
the shape of the nucleation peak. It is clear from Figure 3 that the plateau length (measured from
up to uniaxial strains of about 5%, similar to the analysis presented in [43] (where an even more
the strain at maximum nucleation peak stress) is very similar for extensometers 2, 3, and 4. Despite
pronounced softening of about 30 MPa/% was reported in NiTi sheet material). Instead, the
the different lengths/positions, all of these extensometers provide the same value of total strain,
softening/nucleation peak measured by all extensometers ended at a surprisingly similar
e.g., at the end of the plateau when the SIMT is completed throughout the specimen. The length
macroscopic strain value of approx. 3.4%, and the stress remained constant at higher strains. Closer
of the plateau represents the (uniaxial) transformation strain associated with the SIMT, but elastic
analysis of the DIC data provides an explanation for this—the macroscopic stress drop occurs during
strain components (which are different in austenite and martensite because of different Young’s
nucleation of the martensite bands, and this process corresponds to the formation of two meso-scale
moduli) need to be carefully subtracted to arrive at physically reasonable transformation strain
interfaces (with surface strains between about 1.5 and 4.5%). Only once these interfaces move apart
values. The martensitic phase transformation thus produces a characteristic macroscopic strain,
(which occurs at constant stress as the same process, the passing of an interface across yet
and because from the beginning to the end of the transformation, the martensite band is formed and
untransformed material, occurs repeatedly), the martensite band begins to grow and the fully
then grows entirely within the gauge lengths of extensometers 2–4, once the transformation is complete,
transformed martensitic region in the center of the band can be observed. It is important to
all extensometers are attached to fully martensitic material and must measure a similar macroscopic
strain value. The longer extensometer 1, in contrast, produces strain data that leads to a shorter length
of the stress plateau (and therefore to lower total strain values at any given time during the experiment;
the difference in total strain is about 0.5%). This result indicates that the deformation at the ends of
the parallel length of the sample (where the two extensometer points associated with extensometer
1 were placed) is considerably constrained by the adjacent regions that, because of the increasing
cross-section, deform less. While this effect is typically negligible when analyzing homogeneous
deformation, the impact on total strains is much more pronounced here—in the regions with larger
cross-sections, true stresses decrease rapidly and no SIMT takes place. Therefore, while the complete
uniaxial transformation strain contributes to the sample deformation up to more than 5% inside
the parallel length of the sample, the adjacent regions still consist of (elastically strained) austenite,
and thus contribute much less to the nominal uniaxial strain measured by extensometer 1.
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The second and more important observation is that the shape of the nucleation peak at the
beginning of the pseudoelastic stress plateau changes considerably depending on the position of the
virtual extensometers. Figure 3 clearly shows that the macroscopic strain measured by extensometers
1 and 2 increases during the stress-drop process at the beginning of the stress plateau. This is because
the nucleation stage of the martensite band (during which the strain increases locally) occurs within
both gauge lengths. In stark contrast, the strain data from extensometers 3 and 4 indicate that strains
in the sample actually decrease during the nucleation of the martensite band—an observation that,
at first glance, seems to contradict the experimental procedure (where a constant displacement rate
was imposed on one end of the sample). This discrepancy can be rationalized by considering the
relative position of extensometers 3 and 4 with respect to the nucleation site—the martensite band
was formed near, but outside, the gauge length of extensometer 3. Local nucleation of a martensite
band leads to a spontaneous elongation and thus to a stress-drop—obviously, the adjacent, austenitic
regions are temporarily elastically unloaded. This effect was recorded by extensometer 3: Until its
gauge region was reached by the growing martensite band, the extensometer only covered areas that
were first elastically unloaded and then remained static (i.e., elastically deformed under a constant
stress). The gauge length of the shorter extensometer 4 was reached only later by the propagating
martensite band, compared to extensometer 3. This systematic effect of extensometer location with
respect to the nucleation site on the nucleation peak shape is highlighted by the black arrow in
Figure 3. A similar phenomenon is observed at the end of the stress plateau during unloading:
During the reverse transformation from martensite to austenite, the martensite band shrinks and
the final martensitic region becomes unstable. It suddenly collapses to form austenite, which leads
to a local contraction in axial direction and thus to a temporary increase of uniaxial stress. Again,
the corresponding stress peaks in the stress–strain curves are systematically shifted depending on
whether the localized event occurred inside (extensometers 1 and 2) or outside (extensometers 3 and
4) the respective virtual gauge lengths. In summary, these results clearly show that, in addition to
the total strain measured, the shape of the nucleation/transformation completion peaks can also be
significantly and systematically changed by modifying the positions and gauge lengths of the virtual
extensometers when evaluating tensile experiments on pseudoelastic NiTi. Despite the fact that the
four stress–strain curves represent the same experiment, they might, without proper consideration of
the effect of extensometer positioning, be interpreted quite differently (e.g., in terms of broad vs. sharp
nucleation peaks, and large vs. reduced transformation strains).
Although stress–strain curves, determined experimentally, typically provide information about
macroscopic mechanical behaviors, for numerical modeling, the local deformation characteristics
(e.g., under uniaxial tensile loading) need to be captured. Discrepancies arise whenever localized
deformation occurs, as is clearly the case in the pseudoelastic NiTi material studied here.
The observation of nucleation peaks shows that material softening is associated with martensite
band nucleation, and as growth of the band corresponds to propagation of meso-scale interfaces,
similar softening occurs locally as long as the transformation is not completed along the entire gauge
length. Our observations of the effect of different extensometer gauge lengths on the shape of the
nucleation peak inspired us to specifically analyze the nucleation event exclusively in the region
where a martensite band is formed. Virtual extensometers were thus deliberately located directly
on (and covering only) the region where the DIC data showed nucleation of the martensite band
to occur. Figure 4a shows this region at higher magnification, including a schematic representation
of the virtual extensometers (the dashed lines represent the approximate boundaries of this region).
As clearly outlined in Figure 4b, the positioning of the virtual extensometers directly onto the region
corresponding to the forming martensite band leads to a much broader nucleation peak in the
corresponding stress–strain curves, supporting the theoretical interpretation that strain-softening
is used for modeling the localized deformation/transformation in NiTi SMAs. A previous study [43]
made use of an ingenious experiment combining layers of (work-hardening) steel with a layer of NiTi
to evaluate the softening slope of the NiTi stress–strain curve. Our experimental investigations, to the
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best of our knowledge, demonstrate for the first time that this softening behavior can also be directly
analyzed experimentally in uniaxial tension in a monomaterial sample.
The slope of the softening part of the stress–strain curves, which can be considered as a very
broad nucleation peak, is approximately 16 MPa/%, which is substantially different to the nearly
constant stress level typically observed in the nominal stress–strain curves of pseudoelastic NiTi.
This corresponds to a stress-drop of about 50 MPa over a strain range of about 3%, as shown in
Figure 4b. These values may inform future modeling studies that aim at capturing localization
phenomena in NiTi.
The principal idea of this experiment was to directly capture strain softening in NiTi. We initially
expected the resulting stress–strain curves to exhibit softening along the entire transformation
region up to uniaxial strains of about 5%, similar to the analysis presented in [43] (where an even
more pronounced softening of about 30 MPa/% was reported in NiTi sheet material). Instead,
the softening/nucleation peak measured by all extensometers ended at a surprisingly similar
macroscopic strain value of approx. 3.4%, and the stress remained constant at higher strains.
Closer analysis of the DIC data provides an explanation for this—the macroscopic stress drop
occurs during nucleation of the martensite bands, and this process corresponds to the formation
of two meso-scale interfaces (with surface strains between about 1.5 and 4.5%). Only once these
interfaces move apart (which occurs at constant stress as the same process, the passing of an interface
across yet untransformed material, occurs repeatedly), the martensite band begins to grow and
the
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critical stresses required for the initial formation of martensite (see also Figures 3 and 6, where the
stress at the onset of the SIMT is about 100 MPa higher in compression than in tension). The strong
difference in the macroscopic stress–strain curves under tension and simple compression then
continues as straining through the transformation region produces a “hardening” response under
compression. The different macroscopic mechanical behavior is associated with highly different
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NiTi exhibits a well-known tension/compression asymmetry in terms of the critical stresses required
for the initial formation of martensite (see also Figures 3 and 6, where the stress at the onset of the SIMT
is about 100 MPa higher in compression than in tension). The strong difference in the macroscopic
stress–strain curves under tension and simple compression then continues as straining through the
transformation region produces a “hardening” response under compression. The different macroscopic
mechanical behavior is associated with highly different deformation modes [7]. As Figure 6 clearly
shows, the variations of the lengths of the different extensometers have no influence on the resulting
stress–strain curves—all extensometers provide the same strain value at any given time during the
experiment, and all curves fall on top of each other. This result confirms that under simple compression,
martensite does not form in a localized manner (by formation and growth of distinct martensite
bands)—instead, the deformation proceeds very homogeneously in the entire compression specimen.
We note in closing that friction at the top and bottom surfaces of cylindrical compression specimens
can lead to multiaxial stress-states and inhomogeneous deformation in the top and bottom regions.
These regions, however, were not covered by the three different virtual extensometers used in the
present study. The exact match of the three stress–strain curves also demonstrates the impressive
accuracy
of DIC-based
methods.
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a high martensite volume fraction (as indicated by the high axial strains) are observed next to much
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Figure 7a schematically shows the positioning of four different virtual extensometers with
different gauge lengths. The axial surface strain field image (taken at approx. 3.2% of nominal,
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Figure 7. (a) Schematic representation of the cylindrical specimen with an inclination angle for
Figure 7. (a) Schematic representation of the cylindrical specimen with an inclination angle for
compression-shear testing; (b) axial surface strain field image measured at the end of compressioncompression-shear testing; (b) axial surface strain field image measured at the end of compression-shear
loading (prior to unloading). Four virtual extensometers that are located here next to each other for
a better overview were investigated under compression-shear loading, where the strain fields are
inhomogeneous (localization of deformation) due to the more complex stress-state created by the
superimposed shear stresses and the special specimen geometry.

Clearly, the length of a virtual extensometer determines the ratio of highly strained regions
vs. less strained regions considered when measuring nominal strains, and this is reflected by
the corresponding stress–strain data in Figure 8. The small but systematic effect can again be
directly related to the different lengths of the virtual extensometers: The longest extensometer
1 measures the highest axial deformation values because it covers a substantial part of the mostly
martensitic regions (red regions in Figure 7b, representing the maximum load of the specimen).
We note that those regions are the most highly strained regions throughout loading and unloading,
which is why the systematic effect affects total strain values throughout the experiment. Considering
extensometers 2–4, the gauge length is further reduced—hence, increasingly less information from
the predominantly martensitic regions is collected. In particular, the shortest extensometer 4 only
takes the deformation of the incompletely transformed regions in the center of the specimen into
account, and thus records the lowest total strain values throughout the experiment. In contrast to
tensile loading, the difference in strain values inside the virtual extensometer gauge lengths is much
smaller in compression-shear—therefore, the effect of the extensometer position on the resulting
stress–strain curves, shown in Figure 8, appears to be relatively small. Our results clearly confirm,
however, that compression-shear deformation leads to a special mode of deformation with features
of heterogeneous deformation (as indicated by the effect of different extensometer gauge lengths on
the macroscopic stress–strain curves) that are different to homogeneous deformation (as observed in
compression) even when no distinct band growth occurs, as observed in tension.

shear—therefore, the effect of the extensometer position on the resulting stress–strain curves, shown
in Figure 8, appears to be relatively small. Our results clearly confirm, however, that compressionshear deformation leads to a special mode of deformation with features of heterogeneous
deformation (as indicated by the effect of different extensometer gauge lengths on the macroscopic
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1.

2.

3.

Under uniaxial tension, characteristics of the stress–strain curves in terms of the absolute length
of the pseudoelastic plateau, and especially in terms of the shape of the nucleation peak, can be
considerably affected by the position of a (virtual) extensometer with respect to the nucleation
site of distinct martensite bands. In the case of a localized deformation, which primarily occurs in
tension in NiTi, the positioning of the extensometer used for the strain analysis is highly important
when analyzing subtle features of the resulting stress–strain curves. We show, for the first time,
that the specific softening behavior of NiTi SMAs under uniaxial tensile loading can, to some
extent, be directly analyzed experimentally by locating an extensometer in post-experimental
DIC data analysis directly onto the region where a martensite band is nucleated. The amount of
strain softening (slope of the resulting stress–strain curve: 16 MPa/%) may form an experimental
basis for advanced mechanical modeling studies.
The mechanical response of pseudoelastic NiTi associated with the stress-induced martensitic
transformation exhibits a strong difference in tension and compression. This can be attributed to
the different macroscopic modes of deformation. Under tension, the stress-induced martensitic
transformation proceeds in a localized manner (via formation and growth of martensite
bands). Under simple compression, the deformation proceeds homogeneously (without distinct
martensite bands/strain localization. Therefore, the position and total gauge length of a (virtual)
extensometer has no influence on the stress–strain curves in compression.
In the multi-axial load case created by the special geometry of compression-shear specimens,
the material exhibits a strong inhomogeneity of the transformation. However, no lateral growth
of distinct martensite bands (as observed under uniaxial tension) occurs, and therefore the
macroscopic stress–strain behavior closely resembles the behavior under simple compression.
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However, there is a small but systematic effect of the virtual extensometer’s gauge length on
the resulting stress–strain curves in this special load case. While it is less pronounced when
compared to tensile loading, it clearly highlights the inhomogeneous deformation mode of NiTi
when subjected to compression-shear loading.
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