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Abstract
Additive manufacturing of architected materials—particularly lattice or porous structures—has
gained significant attention in recent years due to their enhanced strength-to-weight ratios,
load-bearing capabilities, and energy absorption properties. The integration of these structures
with shape memory alloys offers multifunctional performance for advanced engineering
applications. This study investigates the compressive fatigue behavior of NiTi lattice structures
fabricated by Laser powder bed fusion. Initial quasi-static compression tests, carried out to full
structural collapse, were used to define load levels for subsequent fatigue experiments. Fatigue
testing was then conducted at 40 ◦C to induce pseudoelastic behavior, and an S–N curve was
generated to characterize fatigue performance. Results showed that the NiTi lattice could sustain
cyclic loading at 8 kN for an average of approximately 86 000 cycles, and around 18 000 cycles
at 11 kN. Post-mortem microstructural analyses revealed martensite accumulation near fracture
regions, attributed to stress-induced phase transformation.

Keywords: additive manufacturing, LPBF, shape memory alloys, NiTi, architected structures,
fatigue

1. Introduction

In recent years, considerable efforts have been directed toward
enhancing structural functionality through the integration of
the inherent capabilities of shape memory alloys (SMAs)
[1, 2]. The remarkable flexibility and freeform capacity
of additive manufacturing (AM) technologies have shown
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significant promise in fabricating SMAs, thus opening up new
avenues of opportunity by enabling the creation of intricate
geometries, like complex shape lattice structures, previously
unattainable with conventional manufacturing techniques [3,
4]. One of the most encouraging potential applications of
AM SMAs is in the fabrication of lattice or porous structures
with shape recovery performance, so that they can retrieve
their original shape [5–7]. These structures have demonstrated
remarkable thermomechanical performance in terms of light-
weight properties [8–10], improved damping abilities [11],
high energy absorption [12, 13], and high specific strength and
stiffness [14–17].

Architected NiTi structures produced by AM are typically
designed for conditions in which compressive forces
predominate. One of the advantages of AM technology in
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fabricating these types of structures is the ability to optimize
parameters such as strut diameter, strut length, wall thick-
ness, or unit cell configuration [18–23]. This optimization is
particularly beneficial for tuning the mechanical performance
of such lattices as well as load bearing, Young’s modulus
of components, and energy absorption applications [24–28].
For example, there is a report on improvement in the design
of NiTi-SMA gradient lattice structure by outstanding shape
memory effect and functional stability with a larger displace-
ment recovery interval of up to 99% for the unidirectional
setup and an accumulative irrecoverable strain up to 0.8%
which showed the excellent compression energy absorption
[29]. In another study, enhancement in the architected design
of Fe-based SMA through AM techniques demonstrated
increased compressive strength. This improvement led to
enhanced multifunctional behavior, energy absorption capa-
city, load-bearing ability, and geometric recoverability of the
components [30].

Multiple studies have highlighted the complex fatigue
behavior of superelastic Nitinol, emphasizing the influence
of microstructure, loading conditions, and processing history
[31–37]. For instance, Mahtabi et al reviewed the state-of-
the-art and ongoing challenges, noting that fatigue in nitinol
is more complex than in traditional alloys due to its unique
superelastic and shape memory properties, with microstruc-
tural effects and testing conditions playing significant roles in
fatigue life [38]. Malito et al established a methodology for
determining small crack growth thresholds, finding that small
cracks—comparable to native inclusions—are critical for pre-
dicting fatigue lifetime in medical devices [39]. Launey et al
demonstrated that pre-strain, mean strain, temperature, and
strain amplitude all significantly affect the fatigue response,
and they proposed both empirical and energy-based models
for predicting fatigue strain limits [40]. Pelton et al found
that pre-strain and mean strain can either enhance or degrade
fatigue performance, with cycling in the two-phase region gen-
erally leading to longer fatigue lives due to martensite sta-
bilization and cyclic phase transformation [41]. Gugat et al
reported excellent high-cycle fatigue resistance in sputtered
nitinol thin films, with a fatigue safety limit of 1.75% strain
amplitude for mean strains up to 2.5% [42]. Additionally,
Shabani Nezhad et al showed that wire size and microstruc-
tural inhomogeneities introduced during processing signific-
antly influence fatigue behavior, with smaller wires being
more vulnerable to surface defects but exhibiting better func-
tional performance [43]. These findings collectively under-
score the importance of microstructural control, loading his-
tory, and device geometry in optimizing the fatigue perform-
ance of superelastic nitinol.

Alarcon et al reported a significant reduction in the
fatigue performance of NiTi wires, particularly when load-
ing approaches the stress-induced martensitic transformation
(MT) regime, which results in large recoverable strains due
to the superelastic effect [44]. Similarly, Sherif et al demon-
strated successful fatigue cycling of NiTi wires and explored
the influence of various parameters, such as maximum tensile
stress and residual strain, on the material’s cyclic perform-
ance. However, the fatigue behavior of NiTi SMA lattice

structures under varying stress conditions presents a distinct
research direction. These investigations highlight the poten-
tial of tailored design strategies to achieve high-cycle func-
tional performance, which is particularly critical for biomed-
ical applications like stents [45]. It is important to note that
the functional longevity of a printed component is not determ-
ined solely by structural failure; high functional fatigue life
is equally important and can be heavily influenced by lattice
geometry.

Despite this, most existing studies have focused on the lim-
ited cycling behavior of SMA lattices, underscoring the need
for further research involving extended fatigue cycles [46–
49]. The interplay between geometric design and scanning
strategy plays a vital role in fatigue performance, as it gov-
erns the initiation and growth of defects or inclusions that can
severely degrade the material’s endurance [50]. For instance,
Chen et al demonstrated that careful component design can
lead to enhanced fatigue life in NiTi lattice structures [29].
Biffi et al investigated the cyclic compression and shape recov-
ery of NiTi architected meta-structures produced via the laser
powder bed fusion (LPBF) process, employing three differ-
ent compression loads to assess a broad range of shape recov-
ery behavior and energy dissipation characteristics [51, 52].
Similarly, Speirs et al reported that the fatigue performance of
NiTi structures is strongly influenced by design features that
generate stress concentrations and facilitate crack initiation
[53], a finding further validated by Ren et al in a separate
study [54].

This study examines fatigue behavior over an extended
range of cycles. Fatigue tests are conducted under varying load
levels to enable the development of an S–N curve tailored spe-
cifically to the NiTi lattice structure. Additionally, the relation-
ship between transformation temperatures and the evolving
microstructure in different regions of the tested samples is ana-
lyzed to provide insights into how the material’s properties
change throughout cyclic loading. This approach enhances the
understanding of the material’s behavior and phase transform-
ations during the experimental process.

2. Experimental procedure

Spherical Ni-rich NiTi powder (Ni56Ti44 wt.%) with a
particle size of 16–63 µm (Nanoval, Germany) was processed
using an LPBF system (Renishaw AM400, UK). The process
parameters were optimized to achieve a 99.5% relative density
of [51]. Table 1 reports the adopted process parameters.

The architected structures investigated in this study exhibit
auxetic behavior, characterized by a negative Poisson’s ratio,
as reported in our previous work [51, 52] and illustrated in
figure 1. A total of ten NiTi samples were fabricated in a hori-
zontal orientation on the build platform and subsequently heat-
treated at 500 ◦C for 5 min, followed by water quenching.
Samples 1 and 2 were subjected to monotonic compression
tests to determine the maximum compressive force leading to
failure, while Samples 3 through 10 were allocated for fatigue
testing.

Compression tests were performed at room temperature
with a 100 kN load cell, using a crosshead speed of
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Table 1. List of process parameters used for the printing of the architected NiTi samples.

Laser power Exposure time Oxygen level Atmosphere Layer thickness Hatch distance Laser spot size Point distance Scanning strategy

150 W 75 µs <20 ppm Argon 30 µm 50 µm 65 µm 120 µm Meander

Figure 1. CAD model, highlighting the principal dimensions of the
investigated architected structure [55]. Reproduced from [55].
CC BY 4.0.

1 mm min−1 (Instron 5989). Once the failure force was
identified, fatigue tests were conducted at 5 Hz with a stress
ratio of R = 0.1, varying the applied load at three levels
(MTS 810). Before testing, samples were heated to 40 ◦C
to maintain the austenite phase. Specifically, three samples
(5–7) were tested at a maximum load of 8 kN, two (3–4)
at 9 kN, and three (8–10) at 11 kN. Given the stress ratio
of 0.1, the corresponding minimum loads were 0.8, 0.9, and
1.1 kN, respectively. Based on the effective cross-sectional
area of the samples (60 mm2), this corresponds to maximum
stress amplitudes of approximately 133, 150, and 183 MPa.
The lattice specimen has a nominal (projected) cross-sectional
area of 10 mm × 15 mm (150 mm2). However, due to its
geometry, the structure consists of 6 individual struts, each
approximately 1 mmwide and spanning the full 10 mm depth.
Therefore, the effective cross-sectional area is estimated to be
6 × 1 mm × 10 mm (60 mm2).

After the fatigue testing, the fractured regions of the
samples were observed with Optical Microscopy (Keyence,
Model VHX-1000) at low magnification and scanning elec-
tron microscopy (Nova, Model NanoSEM450) at high magni-
fication. Furthermore, the results obtained from electron back-
scattered diffraction (EDAX Trident system) were correlated
to study the microstructural evolution of the tested samples.
The MT temperatures were measured using differential
scanning calorimetry (DSC, Q25 model, TA Instruments,
USA). The analysis was conducted with a heating/cooling rate
of 10 ◦Cmin−1 over a temperature range of−50 ◦C to 100 ◦C.
DSC was performed on the as-built samples and two samples
after fatigue analysis.

3. Results and discussion

The mechanical behavior of the architected structures was
evaluated through compression tests on two samples (Samples
1 and 2) until fracture. The corresponding force-displacement
curves (figure 2(a)) show an initial linear increase in load up
to approximately 0.35 mm of displacement, followed by a
second slope leading to structural collapse at around 20 kN.
This second, shallower slope likely reflects a transition from
purely elastic deformation to localized structural rearrange-
ment or the onset of plastic deformation within the architec-
ture, such as buckling of struts or progressive failure at critical
nodes. This behavior stabilizes until reaching a maximum dis-
placement between 1.0 and 1.25 mm. Notably, this transition
occurs at approximately 10 kN, indicating that this load range
may be of interest for further study.

Fatigue tests in compression were conducted at 40 ◦C to
assess the functional performance of NiTi architected struc-
tures under high-cycle conditions. At this temperature, the
material is fully austenitic, as the austenite finish temperatures
(Af) of all samples, determined via DSC, are well below 40 ◦C
(see figure 5). While fatigue testing occurred in the austen-
itic state, it is possible that MT occurred during post-test SEM
analysis at room temperature. Loads of 8, 9, and 11 kN were
applied to determine the S–N curves, with figures 2(b)–(d)
illustrating the deformation evolution per cycle under differ-
ent load conditions. Higher loads resulted in greater deform-
ation and a shorter lifespan, highlighting the load-dependent
nature of the fatigue response. Notably, among the samples
tested at 11 kN (Samples 8, 9, and 10), Sample 9 failed signi-
ficantly earlier than the others, 13 841 cycles vs. 19 898 and
20 960 cycles for Samples 8 and 10, respectively. This dis-
crepancy may be attributed to variations in the LPBF process
affecting the internal structure, such as porosity or local resid-
ual stresses. Additionally, the initial deformation at the start
of each test was approximately 0.2 mm, except for the 11 kN
tests, where it was noticeably higher.

Figures 3(a)–(c) presents the stress–position hysteresis
loops for three additively manufactured NiTi lattice samples
(Samples 4, 6, and 10), tested under cyclic compress-
ive fatigue loading at maximum force levels of 9 kN,
8 kN, and 11 kN, respectively. Selected cycles are shown
to illustrate the evolution of mechanical behavior through-
out fatigue life. The hysteresis loops are plotted using
stress versus crosshead displacement, rather than true strain,
as direct strain measurements were not available. In this
study, strain was approximated from global displacement.
Whereas this approach introduces some limitations due
to machine compliance and boundary effects, the stress–
displacement curves still provide meaningful and consistent
insights into energy dissipation and deformation trends across
samples.
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Figure 2. (a) Compression test results for Samples 1 and 2; (b)–(d) deformation per cycle until failure for samples tested under different
loads.

In all cases, the applied force range was held constant
during testing. Since the cross-sectional area of the samples
remained unchanged, the peak compressive stress values
remained stable over the fatigue life. This indicates that the
samples maintained their load-bearing capacity and exhibited
a stable superelastic response during the initial and intermedi-
ate stages of cycling.

Despite the differences in load levels, all samples demon-
strated similar cyclic behavior. A gradual accumulation of
residual deformation was observed over the course of the
tests, accompanied by a progressive reduction in the slopes of
both the loading and unloading curves—indicative of stiffness
degradation. These effects became more pronounced in the
final cycles before failure, where the hysteresis loops widened
and the slopes decreased significantly, reflecting increased
energy dissipation and a marked loss of structural integrity.
Among the three, Sample 10 (tested at the highest load of
11 kN) consistently showed greater deformation throughout
the test, consistent with the higher strain response expected
under elevated loading conditions.

The energy dissipated per cycle was estimated by cal-
culating the area enclosed by the stress–position hysteresis
loop, with strain approximated by dividing the crosshead dis-
placement by the specimen’s initial height. Figure 3(d) shows
the evolution of energy dissipation over the fatigue life for
each sample. As expected, the sample tested at the highest
load (11 kN) exhibited significantly greater energy dissip-
ation, reflecting increased internal deformation and energy
loss mechanisms. In contrast, samples subjected to lower
loads (8–9 kN) displayed lower and more stable dissipation
trends, consistent with fatigue behavior dominated by elastic
deformation. Some scatter and early increases in dissipation,
particularly in Sample 9, may be attributed to microstructural
settling or the onset of early damage accumulation. Overall,
the consistency across samples supports the validity of the
measurement approach for comparative analysis.

Figure 4(a) shows the average number of cycles to failure
and the corresponding average displacement at failure for each
load. The data indicates that as the maximum applied load
decreases, the average number of cycles to failure increases
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Figure 3. Stress—position hysteresis loops for the NiTi samples under different loading conditions: (a) 8 kN; (b) 9 kN; (c) 11 kN; and (d)
energy dissipation over fatigue cycles for each sample.

Figure 4. (a) Average cycles to failure and average compression at failure for each load; (b) S–N curve for fatigue tests on lattice samples
under 8, 9, and 11 kN loads.
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Figure 5. OM and SE-SEM images of the NiTi architected sample (Sample 4): (a) top view, (b) isometric view with an arrow indicating the
fractured region for further investigation, and (c) lateral view highlighting the fractured area, with a red box marking the region for
high-magnification observation. SE-SEM images of the fracture surface at increasing magnifications: (e) overview of the fractured region, (f)
close-up of selected areas showing dimples and smooth subsurfaces, and (g) magnified view of the red box in (h), highlighting the striations.

from 18 000 to 86 000, while the average displacement at fail-
ure slightly decreases from 0.32 mm to 0.28 mm. The figure
also illustrates the deformation progression per cycle until fail-
ure, with each graph corresponding to a specific applied load.
Deformation gradually increases with each cycle, followed by
a sudden spike, indicating structural failure.

Figure 4(b) presents the fatigue test results in an S–N curve,
where the y-axis represents the logarithm of the maximum
compressive force, and the x-axis represents the logarithm of

cycles to failure. The data exhibits a strong correlation, fitting
well to a power-law trend on a log–log scale.

Since the MT in NiTi SMAs can be triggered by stress, the
evolution of the microstructure near the selected fracture area
was examined to better understand the damage mechanisms in
LPBF-fabricated NiTi lattice structures.

Figures 5(a)–(c) display OM images of a lattice sample at
the end of the fatigue test. These images show a portion of the
fractured sample, where a ligament detached due to exceeding
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Figure 6. DSC scans of NiTi architected structures in three conditions: as-built (AS) sample before fatigue testing, and fractured regions
after testing for Samples 4 and 8.

the material’s maximum load. A high-magnification SEM ana-
lysis was performed on the fracture region highlighted by the
red box in figure 5(c), using the secondary electron (SE) signal.

Figure 5(e) presents an overview of the fracture surface
from figure 5(c), showing remnants of unmelted powder on
the outer surface. The fracture surface exhibits two main
regions: an irregular surface and a smooth one, both typ-
ical of AM parts subjected to fatigue. The irregular surface
(figure 5(f)) contains dimples and is associated with the early
failure of adjacent material, leading to an overloaded area. In
contrast, the smoother surface (figure 5(g)) displays ductile
failure behavior. Continuous load cycling led to the formation
of fatigue striations, visible in the high magnification shown
in figure 5(h). These striations follow inclined directions, as
indicated by the red arrows in figure 5(h).

Figure 6 presents the DSC results for the fractured regions
of the NiTi lattice samples, specifically Samples 4 and 8, along
with the as-built (AS) sample, which was tested before fatigue.
These samples were chosen for comparison due to their differ-
ent load conditions and fatigue responses: Sample 4 underwent
a lower load with a higher number of cycles to failure, while
Sample 8 was subjected to a higher load, leading to fewer
cycles to failure.

The evolution of the transformation temperatures for the
three samples is summarized in table 2. The austenite finish
temperature (Af) for both fractured samples was found to be
higher than that of the basematerial, while the other transform-
ation temperatures were not significantly influenced by the
sample condition. In contrast, the applied load during cyclic
compression testing did not cause any notable changes in the
transformation temperatures.

The transformation temperatures of NiTi alloys can shift
due to microstructural changes such as dislocation accu-
mulation and phase transformation fatigue. The thermal
hysteresis, defined as the difference between the austen-
ite finish (Af) and martensite finish (Mf) temperatures,

Table 2. Transformation temperatures of the investigated samples.

Mf Ms As Af

Heat-treated sample −18.2 — −8.8 23.9
Sample 4 −19.3 −4.2 −3.6 32.5
Sample 8 −20.2 −3.8 −6.1 30.5

increased after fatigue testing, primarily due to crack form-
ation within the samples. This observation is supported by
EBSD results (figure 7), which show that regions where
cracks propagated, ultimately leading to failure of the lat-
tice structure, also exhibited alterations in the MT. In particu-
lar, high-stress concentrations in these areas led to signific-
ant plastic deformation and the formation of stress-induced
martensite.

Figure 7(a) presents an SEM image of the region of interest
in Sample 4. In the central zone (figure 7(b)), no cracks were
observed, and EBSD analysis confirmed that austenite was the
dominant phase at room temperature. In contrast, figure 5(d)
shows a magnified view of a crack propagating from the outer
to the inner part of the NiTi lattice. This region exhibits a
clear microstructural transition from austenite to martensite,
attributed to localized stress intensification. The dark con-
trast in this region, typically indicative of martensite, fur-
ther supports this interpretation, in agreement with previous
studies [17].

Thus, elevated stress levels not only triggered microstruc-
tural changes but also facilitated crack initiation and propaga-
tion, contributing to structural degradation. Although the
applied loading was uniaxial and compressive, local tensile
stresses can develop due to geometric features or residual
stresses, enabling crack formation. This is especially relevant
in auxetic lattices, where nonuniform deformation patterns can
amplify localized stress states.
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Figure 7. SEM-SE overview of the region near the fracture in Sample 4: (a) overview of the region, (b) magnification of the central part,
with (c) its corresponding EBSD map; (d) magnification of a detected crack, with (e) its corresponding EBSD map.

4. Conclusion

This study investigated the fatigue behavior of LPBFed NiTi
lattice structures across a broad range of cycles. By performing
fatigue tests under varying load levels, an S–N curve following
a power-law relationshipwas developed, revealing a consistent
and predictable correlation between applied stress and fatigue
life. This reliable fit enables confident extrapolation to differ-
ent loading conditions, supporting the use of these lattices in
cyclic applications.

The findings highlight how fatigue performance is gov-
erned not only bymacroscopic stress-life trends but also by the
complex interactions between phase transformations, lattice
architecture, and manufacturing defects. Under higher loads,
localized stresses can surpass the transformation threshold,
triggering phase changes that affect energy dissipation and
damage evolution within the material. The auxetic lattice
design, with its negative Poisson’s ratio, produces unconven-
tional mechanical responses that cause uneven stress distri-
bution and promote localized failures. Furthermore, manufac-
turing defects inherent to the LPBF process, especially at lat-
tice corners and junctions, act as critical crack initiation sites,
explaining instances of premature fatigue failure.

Together, these insights emphasize the importance of
optimizing both design and manufacturing parameters to
enhance the fatigue life of NiTi lattice structures for demand-
ing cyclic applications.
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