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A B S T R A C T

Fatigue behavior is intrinsically linked to microstructural alterations induced by cyclic loading. However,
the quantification of microstructural defects associated with fatigue damage of NiTi shape memory alloys
(SMAs) is lacking, which hinders the development of a physically based fatigue criterion. To this end, a
multi-scale experimental analysis was conducted on cyclically deformed NiTi SMAs, which evidenced a strong
correlation between microstructural inhomogeneity and localized deformation behavior. The microstructural
change associated with fatigue was quantified in terms of stored strain–energy, with the highest values observed
in the regions where fatigue cracks initiate. Consequently, stored energy is deemed as an effective fatigue
indicator, offering valuable insights for future work in the design and optimization of SMAs’ structures against
fatigue.
Pseudoelastic shape memory alloys (SMAs) are widely used in vari-
ous industrial fields owing to their unique property of large inelastic
strain recovery, with their fatigue behavior being an essential con-
cern [1–3]. Fatigue failure, marked by crack initiation and growth,
is intricately linked to microstructural evolution during cyclic load-
ing [4–8], necessitating the incorporation of this information into fa-
tigue analysis. This is particularly crucial for pseudoelastic NiTi SMAs,
characterized by inhomogeneous deformation that leads to significant
discrepancies between global and local behavior [9–11], and prefer-
ential fatigue failure in specific regions known as active zones [12,
13]. The existing fatigue criteria for SMAs are mainly empirical and
based on macroscopic parameters such as stress, strain, and dissipated
energy [14–18]. Although some studies have suggested using local
strain instead of global strain to better represent the effects of lo-
calized deformation [11,13], these parameters are still fundamentally
macroscopic. Consequently, current fatigue criteria do not adequately
capture the intrinsic physical mechanisms of fatigue at microscale,
thereby failing to fully reflect the impact of localized deformation on
fatigue behavior. To establish a physically-based fatigue criterion that
incorporates microstructural changes, there is a clear necessity for their
quantification. While extensive research has been conducted experi-
mentally at microscale to explore the impact of initial microstructures
(including TiC inclusions, precipitates, processing defects and grain
size) [19–22] and varying inelastic mechanisms (phase transformation
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and its associated plastic deformation) [5,23–25,25–33] on fatigue, a
quantitative analysis of specifically addressing the overall impact of
these factors within the context of fatigue behavior in SMAs is still
lacking.

Against this background, a combined use of Digital Image Corre-
lation (DIC), high-resolution X-ray diffraction (XRD) and Transmission
Electron Microscopy (TEM) is proposed in the present work to conduct
a quantitative analysis on the cyclically loaded NiTi SMAs. Global
microstructural changes due to inhomogeneous deformation are iden-
tified and quantified via X-ray line-profile analysis (XLPA) in terms
of stored energy. Stored energy is used in the present work as the
quantity accounting for the microstructural evolution during fatigue,
which is intrinsically associated with the strain field of the generated
crystal defects. While recognized as a robust fatigue indicator in elasto-
plastic materials [34–36], stored energy has received little attention
in the domain of SMAs [37]. Notably, our finding reveals that stored
energy is the highest in the active zones, which are the preferential
sites for damage in SMAs [12,13]. This work provides a methodology
to quantify the microstructural changes and lays the foundation for an
improved fatigue criterion for SMAs.

Pseudoelastic polycrystalline Ti-55.85 wt.% Ni strips (Johnson Mat-
they Inc., USA) with the austenite finish temperature 𝐴𝑓 ≈ 6 ◦C were
used. The fatigue behavior of NiTi SMAs utilized in this study has been
vailable online 1 June 2024
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Fig. 1. (a) Fatigue results of a series of NiTi strips under different loading conditions obtianed by Zheng et al. [13]. Transformation patterns (shaded areas indicate active zones)
and fatigue failure points (arrows) are shown. Label 𝐴0.01

500 represents specimen A tested under 𝜎𝑚𝑎𝑥 = 500 MPa and 𝑓 = 0.01 Hz; (b) Nominal stress–strain curves of cyclic loading;
(c) The DIC strain maps in states A and B at cycle 200; (d) The corresponding strain distribution along the centerline of the gauge section; (e) Different zones marked on the optical
and schematic maps. The red points at the center of the zones represent the positions where the local stress–strain curves shown in Fig. 1(f) were measured. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
systematically investigated in a prior work by Zheng et al. [12,13],
unveiling an inhomogeneous deformation characterized by transforma-
tion patterns and preferential failure within specific zones as evidenced
in Fig. 1(a). Based on these established findings, current investigation
follows their experimental method, focusing on a single specimen sub-
jected to cyclic deformation. The objective is to identify and quantify
the microstructural alterations and to explore their correlations with
preferential fatigue failure. A strain-control mode at a low loading rate
was chosen in order to simplify the transformation patterns [12]. The
corresponding stress–strain curve is shown in Fig. 1(b). The specimens
reached steady state after 100 cycles; hence, samples subjected to
200 cycles were chosen as a study subject for further microstructural
analysis. The morphology of the samples’ surface was synchronously
monitotred by a CMOS camera with 2048 × 1088 pixels. The local
strain field was obtained from the optical images processed with the
DIC software Vic-2D. Further insight into the inhomogeneous defor-
mation in terms of microstructural changes was obtained by XLPA
and TEM. The diffraction profiles were measured with a Panalytical
MRD diffractometer equipped with hybrid monochromator (2 × Ge220
crystals and a parabolic mirror) and a linear position sensitive detector.
The instrumental broadening was negligible compared to the physical
broadening of the specimens. TEM observations were carried out using
FEI TITAN Themis 300 operated at 300 kV.

Figs. 1(c)–(f) show the DIC results of the NiTi strips at cycle 200.
The inhomogeneous deformation is evident from the local strain maps
depicted in Figs. 1(c) and (d). At the maximum nominal strain (state
A), most regions are in the high-strain level (with a local strain of 5%)
and mostly contain stress-induced martensite. A small region showing
a low-strain level (with a local strain of 1%) remains austenite [29]. At
the minimum nominal strain (state B), part of the high-strain region
changes to low-strain level indicating reverse phase transformation.
Such region experiences cyclic phase transformation and is marked as
active zone. In contrast, other regions remain in relatively high-strain
level and contain untransformed martensite. Based on this features
the gauge section can be divided into several zones [12]: the active
zones (shaded with lines), the martensite zone (M) and the austenite
zone (A), as shown in Fig. 1(e) (marked by I–IV). To elucidate the
local strain evolution during one cycle, the values corresponding to the
zone centers (marked by red points) were plotted against the nominal
stress in Fig. 1(f). It can be seen that zone I and III show similar
pseudoelastic behavior, indicating a cycle of forward and reverse phase
2

transformation occurring in the active zones. The curves for zones II
and IV indicate a nearly ‘‘elastic’’ deformation taking place in the M
and A domains [13].

High-resolution XRD peaks were acquired from both the as-received
and cyclically deformed samples (Fig. 2). The diffractogram of the as-
received sample (Fig. 2(a)) confirms the presence of only austenite with
no evidence of martensite. The comparison of the 222 peaks measured
at the center of zones I–IV in the deformed sample is shown in Fig. 2(b).
The 222 peak shapes (including the widths and tails) for zones II and
IV are almost identical to that of the as-received sample, while the
peaks for zones I and III are broader. In addition to peak broadening,
a peak shift towards higher 2𝜃 angles in the actives zones I and III
is also observed. According to [25,38], this peak shift could originate
from the accumulation of residual martensite and residual stresses upon
cyclic transformation. We further plot the peak width and lattice plane
distance 𝑑222 as a function of the position from the left end of the
sample in Figs. 2(c) and (d). Consistent with Fig. 2(b), larger peak width
(characterized by the full width half maximum FWHM) and smaller
𝑑 are observed in the active zones (zone I and III) compared to the
other two. The observed variation delineates distinct zones, aligned
closely with those identified by DIC. This suggests that the global
microstructural inhomogeneity is efficiently captured by XRD, and
the correlation between this inhomogeneity and localized deformation
behavior is evident.

The inhomogeneous microstructures associated with localized de-
formation were further characterized at a lower scale by TEM (Fig. 3).
Compared to the as-received sample, the martensite zone shows similar
microstructure, while obvious distinctions are discernible in the active
zone. This observation is in line with the XRD results, where the peak
shapes for the M domain and for the as-received state are identical,
while significant differences are found for the peaks of active zones
(Fig. 2(b)). As shown in (Fig. 3(h)), a weak reflection, marked as
TBD (to be determined), is observed in the active zone. Based on
calculations, this reflection is not associated with austenite but likely
corresponds to either to martensite or to the R-phase. However, due to
the uncertainties inherent in measurement and calculation, as well as
the variations in theoretical values attributable to atomic composition,
it is challenging to conclusively determine through TEM whether the
reflection belongs to the martensite or to the R-phase. It is noteworthy
that no analogous undetermined diffraction spots were present in either
the as-received sample or in the martensite zone. This observation

suggests that the presence of residual martensite or R-phase is a unique
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Fig. 2. (a) X-ray diffraction pattern of the as-received NiTi sample; (b) 222 bragg peaks of the B2 phase measured on the as-received and in different zones of the deformed
sample (with background subtracted); FWHM (c) and the lattice plane distance (d) variation of the 222 peaks, as a function of the distance from the left end of the sample. The
𝑑-spacing was measured in the direction perpendicular to the sample surface and to the applied load, which is horizontal in Fig. 1(c). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
feature of the active zone in the deformed sample. Besides, deforma-
tion bands are also present exclusively in the active zone, which are
associated with the localization of the irrecoverable strain (Fig. 3(i)).

Notable differences in the microstructure of the active zones, in
comparison with that of the other two regions and the as-received
state, are indicated by XRD and TEM analyses. These observations
align with the findings presented in [9,10,39], which suggest that
damage is influenced by local mechanisms related to inhomogeneous
deformation during cycling. Building on these observations, subsequent
work attempts to quantify microstructural changes that are potentially
linked to fatigue failure. Peak broadening was described according to
the Williamson–Hall model [40] in terms of size and microstrain effects:

𝛥𝐾 = 0.9∕𝐷 + 𝜀𝐾, (1)

where 𝛥𝐾 = 2cos𝜃(𝛥𝜃)∕𝜆 represents the FWHM of the peaks in the
reciprocal space, 𝐷 is the crystallite size, 𝐾 = 2sin𝜃∕𝜆 is the scattering
vector and 𝜆 the wavelength of the X-rays. 𝜀 is the microstrain (also
called root-mean-square strain), associated to the standard deviation
of the relative inter-planar spacing distribution [41,42]. Given the
beam size of ∼ 150 μm × 50 μm for labo-XRD setup, the microstrain
measured at the micrometer scale is summed up over a mesoscopic
region. Therefore, this quantity might be considered as a ‘‘bridging’’
parameter between microscale and macroscale. Fig. 4 shows the FWHM
of 3 reflections of the as-received and deformed samples as a function
of K. The microstrain in the as-received sample is identical to that in
the martensite zone (zone II) (𝜀 = (20 ± 7) × 10−4) while a larger value
was found in the active zone (zone III) (𝜀 = (34 ± 2) × 10−4). The
microstrain can be further used for the calculation of stored energy
based on the model of Faulkner (Eq. (6b) in [43]). Consistent with
microstrain observations, a higher stored energy is revealed in the
active zone (𝐸𝑠𝑡 = (1.04 ± 0.12) MJ/m3) than in the as-received sample
or in the martensite zone (𝐸𝑠𝑡 = (0.4 ± 0.25) MJ/m3). The stored
energy resides within the field surrounding lattice defects and increases
with defect density. Ultimately, it has the potential to induce crack
3

formation upon reaching a critical value. Given the microstructural
inhomogeneity identified by XRD and TEM analyses, the variation
in stored energy across different regions indicates its capability in
quantifying such inhomogeneity. Notably, highest magnitudes of stored
energy are found to correlate with the regions more susceptible to
fatigue cracking (active zones), suggesting the feasibility of using the
stored energy as an effective indicator for fatigue in SMAs (see Fig. 4).

It is crucial to recognize that the current estimation of stored
energy is based on average values across mesoscopic regions, effectively
capturing the effects of global microstructural changes but possibly
overlooking local inhomogeneities at nano-scale. Initial defects such as
TiC inclusions and precipitates play a critical role in fatigue processes
and are often the primary sources of failure. These defects can cause
localized accumulations of stored energy that alter fatigue behavior.
Specifically, TiC inclusions in NiTi create stress concentrations and
initiate cracks during fatigue experiments [19,20], while small coherent
precipitates can significantly influence fatigue by enhancing dislocation
activity [22]. To capture the local effect of these initial defects and
precisely correlate local stored energy with specific sites of fatigue
crack initiation — rather than a broad region — employing high spatial-
resolution measurements, such as microbeams at synchrotron sources,
is essential. Building on this approach, a quantitative relationship
between local stored energy and fatigue lifetime of SMAs could be
determined through a series of measurements. In contrast to previous
fatigue criteria, this approach enables the identification of positions
susceptible to preferential fatigue failure, as marked by the peak of
local stored energy. Furthermore, the local stored energy could be com-
puted using finite element simulations, which is of great importance
for the design and optimization of SMAs’ structures to enhance fatigue
resistance.

In summary, a multi-scale experimental analysis was conducted to
investigate the localized deformation behavior of pseudoelastic NiTi
SMAs, with an emphasis on quantifying the microstructural change
linked to fatigue. By using XRD and TEM, the microstructural inho-
mogeneity was identified and demonstrated a significant correlation
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Fig. 3. TEM results showing bright-field images, selected-area diffraction patterns (SADPs) and microstructural images of the as-received NiTi sample (a–c); the martensite zone
(d–f) and the active zone (g–i) of the deformed sample as marked in Fig. 1(e), respectively. For the diffraction ring whose phase identification is uncertain, the corresponding
indice is marked as TBD (to be determined) on the pattern.
Fig. 4. Williamson–Hall plot of the austenite 110, 211 and 222 peak measured on the
as-received and deformed sample. The hollow circle represents the data for as-received
NiTi sample. The red square and blue triangle represent the data for zones II (martensite
zone) and III (active zone) marked in Fig. 1(e). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

with localized deformation behavior detected by DIC method. The
study quantified the microstructural changes in terms of stored energy,
revealing that regions exhibiting the highest stored energy directly
align with those where fatigue cracks are reported to occur. This work
proposes a method for quantifying the global microstructural changes
via stored energy, and demonstrates the potential of stored energy as a
indicator for fatigue assessment in SMAs.
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