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ABSTRACT

Elastocaloric cooling based on NiTi shape memory alloys offers a promising alternative to conventional vapor
compression refrigeration, yet the enhancement of elastocaloric and fatigue properties remains a critical chal-
lenge. In this work, a novel pretraining coupled low-temperature aging strategy is proposed to achieve syner-
gistic optimization of these properties. For the Nisg 3Tisg 7 alloy, multiple pretraining schemes and aging
conditions are investigated and the strengthening mechanism is discussed. The optimal coupled treatment is
identified as cyclic pretraining to 10% strain for 5 cycles, followed by aging at 623 K for 120 min. Compared with
the as-received specimen, this processing route achieves 19.3% increase in the initial adiabatic temperature
change, 2.1-fold extension in fatigue life, and 50% reduction in the degradation rate of adiabatic temperature
change during cyclic loading. Multiscale characterization is employed to elucidate the underlying mechanisms.
The structure-property relationship is established by correlating the microstructural evolution induced by pre-
training and aging treatment with the macroscopic performance changes in elastocaloric effect and fatigue life.
The coupled treatment is found to reconstruct the microstructure through grain refinement with optimized
crystallographic orientation, the development of stable dislocation networks and dense martensite. These in-
sights demonstrate that by synergistically integrating multiple strengthening mechanisms through pretraining-
coupled aging treatment, the trade-off between elastocaloric performance and fatigue durability in single-
route processing can be effectively overcome, providing a feasible design strategy for high-performance NiTi-
based elastocaloric cooling systems.

1. Introduction

solving this predicament, various industries are actively seeking new
energy-saving and environmentally friendly refrigeration solutions

Refrigeration is a critical infrastructure for ensuring food safety and
industrial production in modern society. With rising living standards
and intensifying global warming, the United Nations Environment
Programme predicts that global demand for cooling will more than tri-
ple by 2050 [1]. Nevertheless, the refrigeration market is dominated by
traditional vapor compression refrigeration that relies on chemical re-
frigerants with extremely high global warming potential [2,3]. The
leakage or improper disposal of these refrigerants results in the direct
emission of potent greenhouse gases [4]. Meanwhile, the electricity
consumption of related refrigeration equipment accounts for ~20% of
global electricity consumption [1,5]. As global refrigeration demand
continues to expand, the challenges related to carbon emissions and
energy consumption will become even more severe in the future. For
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[6-8].

Elastocaloric cooling technology based on latent heat of solid-state
phase transformation has attracted widespread attention due to its
environmental friendliness and high theoretical energy efficiency
[9-11]. Benefiting from the high latent heat density, it can theoretically
achieve efficient refrigeration cycles with low environmental burden.
Among numerous candidate materials for elastocaloric cooling, NiTi
shape memory alloys (SMAs) stand out as a preferred choice because of
their advantages, such as large recoverable strain and high adiabatic
temperature change [12,13]. In recent years, they have been adopted by
various refrigeration prototypes [14-16]. However, the commerciali-
zation of this material is limited by its core performance indicators,
namely elastocaloric performance and fatigue durability [17-20]. Given
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Fig. 1. Fabrication process and functional characteristics of the NiTi alloy: (a) Schematic diagram of cold-rolling process; (b) Stress relief annealing under argon
atmosphere; (c) Geometry of the machined flat dog-bone specimen; (d) Engineering stress-strain curve at room temperature under loading and unloading; (e) DSC

curve showing phase transformation behavior.

the high maturity of the traditional vapor compression refrigeration, the
elastocaloric cooling technology are required to achieve higher elasto-
caloric performance and longer fatigue life to compete with established
benchmarks.

Pretraining has been developed to address the reliability challenges
of NiTi SMAs under high-stress and long-life service conditions [21-24].
Through controlled cyclic loading, pretraining is an effective method to
adjust the functional performance of NiTi alloys. Atli et al. [25] and
Saikrishna et al. [26] reported that NiTi alloys with appropriate training
can exhibit more stable superelastic response and longer fatigue life in
subsequent cycles. TuSek et al. [27] demonstrated that an initial
pre-strain of 10% followed by cycling at the unloading plateau with
adiabatic temperature changes of ~8 K in tensile-loaded NiTi plates,
representing a ~60% improvement in temperature change compared to
the ~5 K achieved under standard conditions. However, the mecha-
nisms responsible for the improved performance were not fully char-
acterized. To address this gap, Wang et al. [28] proposed a method of
applying 1900 MPa overstress training to NiTi tubes, achieving an
adiabatic temperature drop of ~11 K and a performance coefficient of
~55. They attributed this enhanced functional performance to the for-
mation of near-saturated dislocation networks and residual martensite
nanodomains. Although previous studies have advanced the under-
standing of pretraining effects, the application of pretraining in elasto-
caloric cooling of NiTi SMAs remains insufficiently explored and
requires further investigation.

By tailoring the aging temperature and time, the microstructure of
NiTi SMAs can be altered, which in turn influences the stress-induced
martensitic transformation (SIMT) behavior [29-33]. Properly
designed aging treatments have been demonstrated to increase the
adiabatic temperature change and enhance the reversibility of phase
transformations. Zhang et al. [34] enhanced the elastocaloric response
of NiTi SMAs by inducing the formation of nanoscale Ni4Ti3 precipitates
by aging treatment. Xu et al. [35] pointed out that coarsened nanoscale
precipitates tend to introduce local stress concentrations, accelerating
plastic damage accumulation and deteriorating cyclic stability of the
material. Apart from the traditional aging processes, innovative thermal
strategies have become a viable approach to improve the properties of
NiTi alloys. Chen et al. [36] recovered the performance degradation of
NiTi SMA caused by dislocation accumulation and residual martensite
formation during cycling by intermittent thermal healing strategy.

While these studies mainly focused on enhancing elastocaloric response
or functional recovery, the improvement of fatigue resistance has
received less attention. Therefore, it is necessary to develop strategies
that can simultaneously enhance elastocaloric and fatigue properties in
NiTi SMAs and to elucidate the underlying microscopic mechanisms for
establishing universal design principles.

In this work, a novel strategy combining pretraining and aging
treatment to synergistically optimize the elastocaloric effect and fatigue
life of NiTi SMAs is proposed. Multiple sets of pretraining schemes and
aging conditions are designed, and in-situ infrared thermography is
utilized to monitor the elastocaloric response of the material during
cyclic loading. Based on experimental data regarding adiabatic tem-
peratures and cycle numbers, the pretraining-coupled aging treatment
route for maximizing the elastocaloric and fatigue properties is deter-
mined. Furthermore, electron backscatter diffraction (EBSD) and
transmission electron microscopy (TEM) are employed to characterize
the as-received, single pretraining, single low-temperature aging and
pretraining-coupled aging treatment state of the material. By correlating
macroscopic mechanical and thermal behavior with microstructural
evolution, the synergistic strengthening mechanism is elucidated.

2. Experiments
2.1. Material and specimen preparation

The NiTi ingot was homogenized at 1173 K for 12 h in an argon
atmosphere and subsequently water-quenched. Next, the homogenized
ingot was forged and hot-rolled into a sheet with ~20% thickness
reduction reserved for further deformation processing. This sheet was
cold-rolled to a final thickness of 1 mm, as shown in Fig. 1a. Then, stress
relief annealing (Fig. 1b) was conducted at 823 K for 20 min in an
annealing furnace under argon atmosphere to remove the residual stress
introduced by cold rolling. Flat dog-bone specimens were machined
from the NiTi sheet by low-speed wire electrical discharge machining,
with their axial direction aligned parallel to the rolling direction of the
sheet. The gauge size of the specimens was 20 mm (length) x 2 mm
(width) x 1 mm (thickness), and more detailed dimensions are provided
in Fig. lc. To eliminate the surface damage and mitigate stress con-
centration induced by the cutting process, the specimen surfaces were
progressively ground using SiC abrasive papers from coarse to fine grits,
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Fig. 2. Cyclic pretrainings and their effects on elastocaloric and fatigue properties: (a, b) Engineering stress-strain curves of the specimens pretrained to 6% strain for
5 cycles (PT1) and 10 cycles (PT2), to 10% strain for 5 cycles (PT3) and 10 cycles (PT4); (c) Evolution of the adiabatic temperature change AT,q for the pretraining
specimens (PT1-4) and the AS specimen during fatigue cycling N; (d) Infrared thermography images of the PT3 specimen's gauge section captured at N = 200.

followed by mechanical polishing to achieve a smooth surface suitable
for mechanical testing. The chemical composition of the alloy was
measured to be Nisg 3Tisg 7 (at.%) by energy-dispersive X-ray spectros-
copy analysis.

2.2. Experimental details

The superelastic behavior of the NiTi sheet was evaluated through
uniaxial tensile loading-unloading tests conducted at room temperature.
Specimens were loaded to 10% strain and then completely unloaded at a
constant strain rate of 1 x 10™* s71. The resulting engineering stress-
strain curve is shown in Fig. 1d. The phase transformation behavior
was investigated by differential scanning calorimetry (DSC) using a
Netzsch DSC 300 Caliris Classic instrument. For the DSC measurements,
a cylindrical sample with dimensions of 4 mm (diameter) x 1 mm
(height) was extracted from the NiTi alloy sheet. This sample was first
held at 103 K for 5 min, then heated to 353 K at a rate of 10 K/min and
held for 5 min, followed by cooling back to 103 K at the same rate in
nitrogen atmosphere.

Fig. le shows the DSC curve of the NiTi alloy. During heating, a
single pronounced endothermic peak appears, corresponding to the
phase transformation from B19’ martensite to B2 austenite, in which the
austenitic start and finish temperatures are determined as Ay = 262 K
and A = 285 K, respectively. As the temperature drops, two exothermic
peaks can be observed. The first weak peak corresponds to the trans-
formation from the parent B2 austenite phase to the intermediate R
phase, while the second peak is associated with the subsequent trans-
formation from the R phase to the B19’ martensite. The martensitic
transformation starts at Mg = 221 K and finishes at M¢ = 183 K. Because
all experiments were conducted at room temperature higher than Ay, the
alloy primarily maintains its austenitic state before loading.

Stress-controlled fatigue tests were carried out at room temperature
with a loading frequency of 0.5 Hz. The tests were conducted under a
minimum stress of 0 N and a maximum stress of 1000 N until fracture of

the specimens. Prior to these fatigue tests, selected specimens were
subjected to cyclic pretraining with different cycle numbers under the
strain rate of 1 x 10~ s~1. Additionally, some specimens were under-
taken low-temperature aging treatment under nitrogen protection using
a TJZ furnace. The specific pretraining and aging parameters will be
described in the next section. During fatigue loading, a TN460 infrared
thermal camera was used for in-situ temperature monitoring. The
camera was mounted vertically above the gauge section of the specimen
via a tripod, enabling thermal images to be captured synchronously with
the mechanical process. The specimen surfaces monitored by the camera
were coated with matte black paint to increase surface emissivity.

The microstructures of the tested specimens were characterized
using EBSD (TESCAN MAGNA equipped with an accelerating voltage
range of 0.05-30 kV) and TEM (Talos F200X equipped with an accel-
erating voltage of 200 kV). EBSD samples were prepared by sequential
mechanical polishing of the specimen surface, followed by 30 min of
vibratory polishing using a BUEHLER VibroMet system to remove the
deformation layer induced by mechanical processing and obtain a high-
quality mirror-like surface. Thin foils for TEM were prepared by elec-
trolytic twin-jet thinning to ensure uniform thickness and minimize
preparation artifacts.

3. Results and discussion

3.1. Processing strategy for enhanced elastocaloric effect and extended
fatigue life

Fig. 1d presents the uniaxial tensile stress-strain curves of the NiTi
specimen at room temperature. The initial linear segment corresponds to
the elastic deformation of austenite. Upon reaching an applied stress of
~360 MPa, the austenite begins to transform into martensite, leading to
the formation of a transformation plateau. Here, oy, = 360 MPa denotes
the transformation start stress, while o = 365 MPa represents the
martensite finish stress, and the associated transformation strain
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Fig. 3. Low-temperature aging treatments and their effects on elastocaloric and fatigue properties: (a, b) Heat treatment diagrams of the specimens aged under
120 min at 523 K (LA1) and 623 K (LA2), under 240 min at 523 K (LA3) and 623 K (LA4); (c) Evolution of the adiabatic temperature change AT,q for the aging
specimens (LA1-4) and the AS specimen during fatigue cycling N; (d) Infrared thermography images of the LA2 specimen's gauge section captured at N = 200.

e = 4.78%. The nearly horizontal plateau with weak stress fluctuation
reflects that the transformation interface moves easily, implying a stable
transformation process [37,38]. The stress hysteresis oy, = 286 MPa,
defined as the difference between the average transformation plateau
stresses in loading and unloading, represents the energy dissipation
during the forward and reverse transformations [39]. The elastic moduli
of austenite and martensite, determined from the slope of the initial
linear loading segment and the linear unloading segment after trans-
formation completion, are E5 = 33 GPa and Ey; = 23 GPa, respectively.
The recoverable strain erec = 9.44% suggests that most of the deforma-
tion originates from reversible SIMT rather than irreversible plastic
mechanisms such as slip or twinning [40]. The irreversible strain
eirr = 0.47% demonstrates nearly complete recovery of martensite var-
iants upon unloading and minimal dislocation accumulation. In general,
the large recoverable strain, low irreversible strain and well-defined
hysteresis loop collectively indicate the outstanding superelasticity of
this NiTi alloy at room temperature.

To systematically investigate the effects of pretraining amplitude and
cycling number, four pretraining schemes were designed, as shown in
Fig. 2a and b. The specimens were pretrained to 6% strain for 5 cycles
(PT1) and 10 cycles (PT2), and to 10% strain for 5 cycles (PT3) and 10
cycles (PT4), aiming to identify the optimal pretraining path. The stress
and strain are engineering stress and strain. With increasing cycling
number, the transformation plateaus gradually shift downward. For the
6% strain condition (Fig. 2a), the transformation start stress decreases
from 373 MPa in the first cycle to 324 MPa after 5 cycles and further to
296 MPa after 10 cycles. A similar trend is observed for the 10% strain
condition (Fig. 2b), where the transformation start stress drops from
358 MPa in the first cycle to 282 MPa after 5 cycles and further to
218 MPa after 10 cycles. This reduction in the transformation start stress
is attributed to the accumulation of residual dislocations and retained
martensite variants during the cycling process, which lowers the driving
force required for subsequent transformations [41]. The downward
plateau shift becomes more pronounced under the higher 10% strain

condition. The transformation start stress decreases by 20.6% across 10
cycles under 6% strain, whereas a much larger reduction of 39.1% oc-
curs under 10% strain. Meanwhile, the stress hysteresis decreases
markedly with cycling. Under the 6% strain condition (Fig. 2a), it de-
creases from 228 MPa in the first cycle to 152 MPa after 5 cycles and
further to 104 MPa after 10 cycles, corresponding to a total reduction of
54.4%. Under the 10% strain condition (Fig. 2b), the stress hysteresis
decreases from 279 MPa in the first cycle to 225 MPa after 5 cycles and
further to 161 MPa after 10 cycles, totaling a reduction of 42.3%.
Notably, the reduction in stress hysteresis is greater at 6% strain than at
10% strain. This may be attributed to the insufficient stabilization of the
martensitic transformation at 6% strain. The unsaturated dislocation
density and internal stress fields allow for continuous microstructural
reorganization, leading to hysteresis decay as transformation pathways
evolve. In contrast, the 10% strain condition establishes a near-saturated
state at the early cycles. Consequently, the further microstructural
evolution during subsequent cycling is constrained, ultimately leading
to a smaller decrease at higher strain levels [22,28].

The evolution of adiabatic temperature change (AT,q) during fatigue
cycling is compared between the pretraining specimens (PT1-PT4) and
the as-received (AS) specimen, as shown in Fig. 2c. During the initial
stage, the AT,q decreases sharply in all cases. All pretraining schemes
successfully extend the fatigue life (Ny) relative to the AS specimen.
Among them, the PT4 specimen shows a 117.9% increase in N
compared with the AS specimen. For the specimens subjected to 10
cycles of pretraining (PT2 and PT4), the AT,q remains lower than that of
the AS specimen throughout cycling. By contrast, the specimens pre-
trained for 5 cycles (PT1 and PT3) maintain higher AT,q over the entire
fatigue process. The initial AT,q increases from 10.9 K for the AS spec-
imen to 11.7 K for PT1 and 11.8 K for PT3, corresponding to the im-
provements of 7.3% and 8.3%, respectively. Near fatigue fracture, the
AT,q remains at 9.5 K for PT1 and 9.7 K for PT3, both of which are
higher than 9.0 K for the AS specimen, representing increases of 5.6%
and 7.8%, respectively. To further quantify the degradation behavior
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Fig. 4. Effect of pretraining-coupled aging treatment on elastocaloric and fatigue properties: (a) Schematic of the two-step processing route involving cyclic pre-
training to 10% strain for 5 cycles followed by aging at 623 K for 120 min (the PA specimen); (b) Evolution of the adiabatic temperature change AT,q for the
specimens (PA, PT3, LA2 and AS) during fatigue cycling N; (c, d) Infrared thermography images of the AS and PA specimens' gauge section captured at N = 200; (e)
DSC curves showing phase transformation behavior of the AS, PT3, LA2 and PA specimens, including the transformation enthalpy change AH during heating process.

during cycling, the average AT,q degradation rates are evaluated for the
entire cycling until fatigue fracture. The AS specimen shows a degra-
dation rate of ~0.0066 K/cycle. PT1 and PT3 show reduced degradation
rates of ~0.0055 and ~0.0033 K/cycle, respectively, indicating
enhanced functional stability against cyclic loading. Although PT2
shows the lowest degradation rate of ~0.0023 K/cycle, its overall AT,q
level remains at a relatively low level. Moreover, PT4 exhibits the
highest degradation rate of ~0.0092 K/cycle, reflecting poor stability of
the elastocaloric response. Among all pretraining conditions, PT3 stands

out as the optimal choice, achieving improvements in both Nfand ATag,
while simultaneously lowering the degradation rate of AT,q. Fig. 2d
displays infrared thermography images of the gauge section of the PT3
specimen captured during one complete loading-unloading cycle at
N = 200, providing a direct visualization of its elastocaloric response.
During the loading process (A;-E;), SIMT releases heat and the specimen
temperature rises. During the unloading process (E;-I;), the reverse
transformation absorbs heat and the specimen cools [42]. The temper-
ature field is relatively uniform during the cycle, indicating that cyclic
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pretraining enables a large part of the gauge section to participate in the
reversible phase transformation during cycling, which is essential for
achieving repeatable and stable elastocaloric cooling.

The low-temperature aging treatment was introduced to evaluate its
influence on the functional properties of the NiTi alloy under cyclic
loading. As illustrated in Fig. 3a and b, four aging conditions were
employed, including 523 K/120 min (LA1), 623 K/120 min (LA2),
523 K/240 min (LA3) and 623 K/240 min (LA4), each followed by ice-
water quenching. This matrix of conditions was deliberately constructed
to decouple the respective contributions of aging temperature and
holding time. Fig. 3c presents the evolution of AT,q during fatigue
cycling for the aged specimens (LA1-4) in comparison with the AS
specimen. Compared with the AS specimen, all aged specimens exhibit a
clear reduction in Nf. LA1 and LA2 show reductions of 13.8% and 15.5%,
respectively, whereas larger decreases are observed for LA3 and LA4,
reaching 29.7% and 25.2%, respectively. This trend indicates that
extending the holding time from 120 to 240 min at the same aging
temperature is unfavorable for the fatigue durability of this NiTi alloy
under the present aging conditions. Regarding the elastocaloric
response, aging treatment generally elevates the initial AT,q relative to
the AS specimen. LA2 and LA4 exhibit initial AT,q values of 12.8 K and
13.4 K, corresponding to increases of 17.4% and 22.9%, respectively,
while LA1 reaches 11.9 K, representing an improvement of 9.2%. LA3
records the lowest initial AT,q of 10.2 K among all aged specimens,
which is 6.4% below that of the AS specimen, indicating that this aging
condition does not improve the initial elastocaloric output. LA3 displays
an average degradation rate of ~0.0025 K/cycle. LA4 experiences the
most severe degradation, dropping by 3.5 K from 13.4 K to 9.9 K over
217 cycles, yielding the highest AT,q degradation rate of ~0.0161 K/
cycle. LA1 and LA2 show intermediate degradation rates of ~0.0044 K/
cycle and ~0.0037 K/cycle, respectively. Among all aging conditions,
LA2 demonstrates the most balanced overall performance, ranking
second in Ny, initial AT,q and average AT,q degradation rate. Accord-
ingly, aging at 623 K for 120 min provides a suitable processing window
to improve the elastocaloric output while maintaining acceptable fa-
tigue resistance.

Fig. 3d presents infrared thermography images of the gauge section
of the LA2 specimen captured during a complete loading-unloading
cycle at N = 200. As shown in these images, the evolution of transient
temperature field during SIMT differs markedly from that observed in
the PT3 specimen (Fig. 2d). While the PT3 specimen displays a nearly
uniform temperature field, the LA2 specimen exhibits distinct band-like
temperature patterns oriented at ~45° to the loading axis. These bands
are commonly referred to as Liiders-like bands, a deformation localiza-
tion phenomenon of NiTi alloys under tension [43]. In this mode, the
SIMT proceeds through the propagation of Liiders-like bands, where the
deformation is characterized by significant inhomogeneities within the
strain fields along the specimen length. During cyclic loading, the active
regions swept by the moving fronts of these bands experience large local
strain oscillations and transient thermal effects. This concentrated ac-
tivity promotes localized cyclic phase transformation and energy dissi-
pation, accelerating microstructural damage accumulation and reducing
fatigue life [44,45]. This phenomenon is consistent with the shorter N of
the LA2 specimen compared with the AS specimen in Fig. 3c.

To overcome the limitations of single processing routes in optimizing
the functional performance of NiTi alloys, a pretraining-coupled aging
treatment process was designed by combining cyclic pretraining and
low-temperature aging along their respective optimal pathways. As
illustrated in Fig. 4a, the specimen was first subjected to cyclic pre-
training at room temperature by loading to a strain of 10% followed by
complete unloading, repeated five times. Subsequently, low-
temperature aging treatment was conducted at 623 K for 120 min, fol-
lowed by ice-water quenching. Fig. 4b shows the evolution of ATyq
during fatigue loading for the pretraining-coupled aging specimen (PA)
in comparison with the AS specimen, the solely pretrained specimen
(PT3), and the solely aged specimen (LA2). In terms of Nj, the PA
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specimen sustains 605 cycles before failure, which is more than twice
that of the AS specimen with 290 cycles. Regarding the elastocaloric
response, the PA specimen achieves the highest initial AT,q of 13.0 K
among all conditions. When normalized by N the average ATyq
degradation rate of the PA specimen is ~0.0041 K/cycle, higher than
that of LA2 at ~0.0037 K/cycle and PT3 at ~0.0033 K/cycle, yet lower
than that of the AS specimen at ~0.0066 K/cycle. In general, the
pretraining-coupled aging treatment combines the advantages of both
single-route processes. That is, the PA specimen exhibits 108.6% in-
crease in N relative to the AS specimen, while maintaining higher ATyq
values throughout the entire life, with improvements of 19.3% at the
beginning and 16.7% near fracture. Meanwhile, its average AT,q
degradation rate is 37.9% lower than that of the AS specimen. Compared
with the PT3 specimen that underwent only pretraining, the PA spec-
imen achieves 10.2% higher initial AT,q and retains 8.2% higher ATyq
near fracture, while exhibiting similar Nt with a difference of 4.3%. This
demonstrates that the subsequent aging step elevates the elastocaloric
output without significantly reducing the fatigue durability gained from
pretraining. Compared with the LA2 specimen that underwent only
aging treatment, the PA specimen shows 146.9% increase in Ny and
exhibits a slightly higher initial AT,q, but the AT,q near fracture is lower
with a reduction of 11.8%. This indicates that while aging treatment
alone can effectively improve the elastocaloric effect, it comes at the
expense of fatigue durability. By integrating the enhancing effect of
pretraining and aging treatment, the PA specimen successfully over-
comes this limitation, achieving a superior balance between elasto-
caloric performance and cyclic durability than neither single-route
process can offer alone.

Infrared thermography images of the AS and PA specimens captured
during a complete loading-unloading cycle at N = 200 are presented in
Fig. 4c and d, respectively. For the AS specimen, the temperature field
shows obvious non-uniformity (Fig. 4c). Discontinuous temperature
variation regions can be observed with blurred boundaries compared
with the temperature field of the LA2 specimen in Fig. 3d. The phase
transformation preferentially concentrates within these localized re-
gions, accompanied by unstable and irregular propagation of the
transformation fronts. By contrast, the PA specimen displays a more
uniform temperature field at the same cycle number (Fig. 4d). This shift
from localized (Fig. 4c) to uniform (Fig. 4d) transformation behavior
reflects the effectiveness of the coupled treatment in regulating the
propagation mode of SIMT at macroscopic scale. The resulting unifor-
mity of the thermal response implies a larger proportion of the material
participates more synchronously in the elastocaloric effect, which is
beneficial for enhancing overall cooling efficiency [39,46,47]. More-
over, the specimens in Fig. 2d and 4d characterized by more uniform
temperature field evolution demonstrate longer fatigue lives than those
in Fig. 3d and 4c with localized temperature fields. These observations
indicate a positive correlation between the uniformity of temperature
field and Ny [48].

Fig. 4e presents the DSC curves of the AS, PT3, LA2 and PA speci-
mens, revealing the effect of different processing routes on the phase
transformation behavior of the NiTi alloy. The transformation enthalpy
AH is obtained by integrating the endothermic peaks related to the
thermally induced reverse transformation from B19’ martensite to B2
austenite during heating. Compared with the AS specimen, the PT3
specimen shows a decrease in A¢ to ~279 K, indicating that cyclic pre-
training lowers the temperature required to complete the reverse
transformation from B19’ martensite to B2 austenite. Meanwhile, the
AH of the PT3 specimen is ~12.8 J/g, slightly lower than that of the AS
specimen. The LA2 specimen exhibits two endothermic peaks during
heating. This behavior indicates the involvement of an intermediate
transformation process. For this specimen, the summed area of the two
endothermic peaks gives a AH value of ~8.9 J/g. Notably, the A¢ of the
LA2 specimen shifts markedly upward to ~330 K, which is well above
room temperature. Therefore, the LA2 specimen is not be fully trans-
formed into the B2 austenitic state before mechanical loading. For the
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Fig. 5. EBSD characterizations of the AS (a-c) and PA (d-f) specimens: (a, d) IPF maps; (b, e) Grain size distributions; (c, f) Pole figures and corresponding inverse

pole figures.

PA specimen, Af is ~296 K, and AH during DSC heating reaches
~16.6 J/g. This indicates that the coupled treatment adjusts the reverse
transformation temperature to a range close to the testing temperature,
while increasing the latent heat. Such a transformation state may
facilitate the activation of SIMT under mechanical loading.

3.2. Influence of pretraining-coupled aging treatment on microstructure

The microstructural evolution of the specimens after pretraining-
coupled aging treatment and its relation to the improvement of
macroscopic elastocaloric and fatigue properties were investigated using
multiscale characterization by EBSD and TEM through a comparison
between the AS and PA specimens. The EBSD results in Fig. 5 show clear
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Fig. 6. EBSD characterizations of the AS (a-c) and PA (d-f) specimens: (a, d) Schmid factor maps; (b, €) Schmid factor distributions; (c, f) Grain orientation spread

maps and misorientation angle distributions.
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HAALH

Fig. 7. TEM observations of the AS specimen: (a) Microstructural morphology near the grain boundary; (b) Dislocations and nanoparticles; (c1) Magnified image of
the selected region in (b); (c2) HAADF-STEM image corresponding to (c1); (c3, c4) STEM-EDS maps of Ti and Ni; (d) Martensite in B2 matrix, inset is SAED pattern
indexed to B2 phase; (e) Magnified image of B19’ martensite in (d); (f) SAED pattern taken from the region marked in (e), indexed to B19’ phase.

HAATYF

Fig. 8. TEM observations of the PA specimen: (a) Microstructural morphology near the grain boundary; (b) Magnified image of the selected region in (a) showing
dislocation tangles; (¢) HAADF-STEM image corresponding to (b); (d) B19’ martensite in the matrix; (e¢) Magnified image of B19" martensite in (d); (f) Dislocation
networks within the martensite.
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Fig. 9. Microstructural characterizations of the PT3 specimens ((a, b) observed by EBSD and (c-e) observed by TEM): (a) IPF map with corresponding grain size
distribution; (b) Schmid factor map with corresponding SF value distribution; (c) Morphology near the grain boundary; (d) Dislocation tangles; (e) Resid-

ual martensite.

differences in their grain morphologies and crystal orientations. Fig. 5a
and d presents the inverse pole figure (IPF) maps of the AS and PA
specimens, respectively. In the AS specimen, the microstructure consists
of coarse grains with intragranular orientation variations, where
orientation changes are relatively smooth within individual grains. By
contrast, the PA specimen displays considerably finer grains, accompa-
nied by stronger intragranular orientation gradients. The grain size
distributions in Fig. 5b and e confirm the refinement induced by the
coupled treatment. Here, the grain sizes are quantified using the
equivalent circular diameter, and the distributions are presented as area-
weighted fractions. The AS specimen has an average grain size of
~45.5 pm, with ~8% of grains below 10 pm. The distribution of the PA
specimen shifts toward smaller sizes, in which the average grain size
decreases to ~22.3 pm and the proportion of grains below 10 pm in-
creases to ~28%. According to the Hall-Petch relationship, grain
refinement generally increases material strength, which reduces plastic
strain accumulation during cyclic loading and improve fatigue resis-
tance [47]. The B2 pole figures and inverse pole figures of the AS and PA
specimens are presented in Fig. 5c and f, respectively. After the coupled
treatment, the peak intensity in the {001} pole figures rise from 5.63 to
5.75, and the pole distribution becomes more concentrated. The
maximum orientation density near (111) in the ND inverse pole figures
increases from 2.81 to 3.46. These results suggest that the
pretraining-coupled aging treatment moderately strengthens the texture
and promotes a redistribution of crystallographic orientations.

A crystallographic comparison between the AS and PA specimens is
presented in Fig. 6. The Schmid factor (SF) maps for the AS and PA
specimens are shown in Fig. 6a and d, respectively. In the AS specimen,
most of the grains appear in orange to red colors, reflecting relatively
high SF values, while a small proportion of grains forms green regions
with lower SF values. By contrast, the SF map of the PA specimen

displays a more homogeneous color distribution. The statistical histo-
grams in Fig. 6b and e quantify this trend. The SF distribution of the AS
specimen has an average value of ~0.3689, whereas that of the PA
specimen becomes more concentrated and shifts toward higher values,
with the average SF value increasing to ~0.3881. Despite this value
exhibits a modest increase, the strong orientation sensitivity of SIMT in
NiTi alloys enables a larger proportion of grains to reach the critical
transformation condition. This promotes a transition from localized
Liiders-like band propagation to a more synchronized transformation
mode. Consequently, the phase transformation proceeds more uniformly
across the gauge section, as evidenced by the more homogeneous tem-
perature field in the PA specimen (Fig. 4d) compared to the AS specimen
(Fig. 4¢) [49-51].

Fig. 6¢ and f shows the grain orientation spread (GOS) maps and
misorientation angle distributions (MADs) of the AS and PA specimens,
respectively. The GOS map of the AS specimen is mainly green and
yellow, indicating generally low average GOS values and intragranular
orientation spread with small lattice distortion. This reflects a low in-
ternal strain state retained after the cold-rolling and stress-relief
annealing process. In contrast, the PA specimen exhibits more yellow
and locally red regions, representing high average GOS values in many
grains. The MAD shows that the fraction of high-angle grain boundaries
(HAGBs, >15°) is ~39.53% in the AS specimen and increases to
~44.74% in the PA specimen. The higher HAGBs fraction imposes
stronger obstacles to dislocation motion. Furthermore, HAGBs can act as
preferential nucleation sites for SIMT, facilitating a more uniform phase
transformation at macroscopic scale [52].

Further TEM observations were performed on the AS and PA speci-
mens, as shown in Figs. 7 and 8 respectively. Fig. 7a presents the
microstructure near the grain boundary, in which most areas within the
interior of grains appear clean, but some local areas exhibit a noticeable
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and dense dislocation tangles within the martensite.

density of dislocations. Higher-magnification image of the selected re-
gion near the grain boundary (Fig. 7b) reveals intertwined dislocations
accompanied by nanoparticles. The nanoparticles range in size from
several nanometers to ~20 nm. Fig. 7cl is a magnified bright-field
image of the selected region in Fig. 7b, and the corresponding
HAADF-STEM image is shown in Fig. 7c2. The STEM-EDS elemental
maps (Fig. 7¢3 and 7c4) reveal a nearly uniform distribution of both Ti
and Ni without obvious compositional segregation. Quantitative data
shows an atomic composition of Ti with ~58.4 at.% and Ni with
~41.6 at.%. This Ti-rich composition, combined with the absence of
resolvable second-phase diffraction spots, suggests that these nano-
particles represent early-stage coherent Ti-rich clusters or short-range
ordered structures [34,53,54]. Their compositional and structural fluc-
tuations are insufficient to produce clear diffraction contrast, yet are
capable of inducing local lattice distortions. In addition, martensite
structures are observed within another grain, as shown in Fig. 7d. The
inset SAED pattern from the surrounding matrix confirms the B2
austenite phase. The magnified image of the selected region (Fig. 7e)
and the corresponding SAED pattern (Fig. 7f) can be indexed to the B19’
martensite phase, with a maximum martensite width of ~130 nm.
TEM observations of the PA specimen are shown in Fig. 8. Relative to
the AS specimen, dislocation tangles can be seen in the microstructural
morphology near the grain boundary (Fig. 8a) and the magnified image
of the selected region (Fig. 8b). The corresponding HAADF-STEM image
in Fig. 8c further confirms the formation of dislocation-entangled
structures in the PA specimen. In addition, numerous B19’ martensite
structures are visible in the matrix (Fig. 8d). The magnified image of the
selected region in Fig. 8e shows that these martensite structures are
roughly aligned and closely spaced, indicating that their morphology is
constrained by the directional internal stress field introduced by pre-
training. The maximum martensite width is ~300 nm, ~2.3 times that
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of the AS specimen. Fig. 8f reveals the well-developed dislocation net-
works within the martensite phase, reflecting the complex defect state of
the martensitic phase after the coupled treatment. This microstructure
stands in sharp contrast to the isolated and sparsely distributed residual
martensite observed in the AS specimen (Fig. 7d). The changed
martensitic morphology allows the macroscopic transformation strain to
be distributed over a larger number of microscopic transformation units,
resulting in a more cooperative transformation process throughout the
material [38,52].

3.3. Mechanism underlying the optimization of elastocaloric and fatigue
properties

To clarify the effect of pretraining alone on the microstructure, the
PT3 specimens subjected to cyclic pretraining to 10% strain for 5 cycles
were jointly characterized by EBSD (Fig. 9a and b) and TEM (Fig. 9c—e).
The IPF map and corresponding grain size distribution in Fig. 9a shows
an average grain size of ~25.1 pm with ~22% of grains below 10 pm,
indicating that cyclic pretraining alone induces 44.8% reduction in
average grain size compared with the AS specimen. The SF map with
corresponding SF value distribution in Fig. 9b indicates an average SF
value of ~0.3681, comparable to that of the AS specimen but lower than
that of the PA specimen. Fig. 9c presents the microstructural
morphology near the grain boundary in the PT3 specimen. On both sides
of the grain boundary, localized clusters of dislocations can be seen, as
marked by green narrows. A closer examination of these dislocation-rich
regions at higher magnification (Fig. 9d) shows that the dislocations are
entangled. Relative to the scattered dislocations in the AS specimen
(Fig. 7b), the PT3 specimen possesses higher dislocation density, indi-
cating that pretraining introduces dislocation structures serving as the
nucleation sites for subsequent phase transformation [41]. Fig. 9e shows
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Fig. 11. Schematic illustration of microstructural evolution in the Nisg 3Ti4g 7 alloy under different processing routes in this study: (a) As-received state; (b) Cyclic
pretraining; (c) Aging treatment; (d) Pretraining-coupled aging treatment; (e) Ranking of the adiabatic temperature change AT,q and fatigue life N¢ for these four

material states.

residual martensite with blurred interfaces, representing martensite
variants that are not fully recovered to austenite upon unloading. The
presence of such residual martensite, together with the accumulated
dislocation structures, introduces local heterogeneity into the internal
stress state, causing the cyclic transformation behavior in subsequent
loading cycles to gradually deviate from the behavior of the initial cycle.
The microstructure of the LA2 specimens subjected only to aging at
623 K for 120 min was examined by EBSD (Fig. 10a and b) and TEM
(Fig. 10c—e). The IPF map and corresponding grain size distribution in
Fig. 10a show an average grain size of ~30.2 pm, with ~8% of grains
smaller than 10 pm. The grain size is reduced by ~33.6% compared with
the AS specimen, but remains larger than those of the PT3 and PA
specimens. Therefore, the most significant grain refinement is achieved
in the PA specimen. Fig. 10b shows the SF map with corresponding SF
value distribution, indicating an average SF value of ~0.3749, which is
higher than those of the AS and PT3 specimens but still lower than that
of the PA specimen. As shown in Fig. 10c and d, dislocation tangles are
present near the grain boundary, and localized region of martensite
aggregation can be observed. In contrast to the PT3 specimen (Fig. 9¢c),
where the dislocations are distributed in numerous small clusters, the
LA2 specimen exhibits more extensive dislocation-entangled regions in
the matrix. At higher magnification in Fig. 10e, B19’ martensite struc-
tures are clearly resolved, with a maximum width of ~260 nm and dense
dislocation tangles occupying the interior of the martensite [21,35].
Fig. 11 schematically illustrates the microstructural evolution of the
Nisg.3Tis9.7 alloy under different processing routes and its correlation
with elastocaloric and fatigue properties. The microstructure of the as-
received state at room temperature is shown in Fig. 1la. A small
amount of isolated initial B19’ martensite is embedded in the B2 matrix,
representing in black color. Dislocations are sparsely distributed and
locally aggregated within the grains, and nanoscale Ti-rich particles are
dispersed in the matrix, with some interacting with nearby dislocations.

The alloy exhibits the largest average grain size among all conditions.
Relatively, the as-received state exhibits the lowest AT,q and a short Ny.
After cyclic pretraining, the microstructural evolution is depicted in
Fig. 11b. Stress-induced martensite variants are generated along the
loading direction. These pretraining-induced martensite variants are
represented in light gray to distinguish them from the initial martensite
originally present in the material. Dislocation density increases signifi-
cantly, forming multiple localized tangles within the grains. Further-
more, cyclic loading induces significant grain refinement. The effect of
grain refinement and dislocation strengthening enables the pretraining
specimen to achieve the longest fatigue life in this study, while the
limited crystallographic optimization results in only a modest
improvement in elastocaloric performance.

The microstructure of the low-temperature aging state is illustrated
in Fig. 11c. The aging-stabilized B19” martensite form within localized
intragranular regions, representing in dark gray color. High-density
dislocation tangles are observed within the B19’ martensite and the
surrounding B2 austenite matrix. The pretraining-coupled aging treat-
ment state is shown in Fig. 11d. The stabilized dense martensite within
the grains aggregates with a near-uniform morphology constrained by
the pretraining strain field, enabling more cooperative phase trans-
formation. Dislocation networks are developed inside the martensite,
contributing additional resistance to irreversible deformation during
cyclic loading. Under this condition, the grains are refined, and the
crystallographic orientation distribution becomes more concentrated.
Meanwhile, the average SF value increases, suggesting that more grains
are favorably oriented for SIMT under loading. The ranking of AT,q and
Ns for these four conditions is presented in Fig. 11e. The pretraining-
coupled aging treatment ranks second in both AT,q and Nf among all
four conditions. Overall, the coupled process is not a simple super-
position of mechanical and thermal treatment effects. Instead, it in-
tegrates refined grains and stable dislocation networks in a synergistic
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manner, reconstructing an optimized microstructure that can simulta-
neously enhance elastocaloric performance and fatigue durability,
overcoming the inherent trade-off encountered in single-route
processing.

4. Conclusions

In this work, a pretraining-coupled aging treatment strategy was
proposed to synergistically optimize the elastocaloric effect and fatigue
life of NiTi SMAs. The effects of pretraining parameters and aging con-
ditions on the elastocaloric response and fatigue durability were sys-
tematically investigated, and the microstructural evolution induced by
each individual and coupled treatment was characterized by EBSD and
TEM. The underlying synergistic strengthening mechanism was also
elucidated. The main conclusions of this study are summarized as
follows:

(1) Compared with the AS specimen, cyclic pretraining alone in-
creases Nyby ~117.9% and reduces the average AT,q degradation
rate by ~50%, but provides only modest improvement in the
elastocaloric output by ~8.3%, with the optimal pretraining
condition identified as 10% strain for 5 cycles. Low-temperature
aging alone increases the initial AT,g by ~17.4% and lowers the
average AT,q degradation rate by ~44%, while reducing Nf by
~15.5%, with the optimal aging condition determined as 623 K
for 120 min.

The pretraining-coupled aging treatment simultaneously in-
creases the initial AT,q by ~19.3% and extends Nf by ~108.6%,
with the average AT,q degradation rate reduced by ~37.9%. The
coupled treatment refines the average grain size by ~51% and
elevates the average SF value by ~5.2%, promotes dense dislo-
cation tangles and networks within B2 matrix and B19
martensite, as well as stabilizes residual martensite at multiple
intragranular sites with a more uniform morphology, enhancing
phase transformation coordination and reversibility.

The synergistic strengthening mechanism results from the inte-
grated contributions of distinct microstructural features across
multiple scales. The enhanced elastocaloric effect is attributed to
the optimized crystallographic orientation, which allows a larger
proportion of grains to reach the critical transformation condition
under the same applied stress. The improved fatigue durability is
governed by grain refinement impeding dislocation motion, high-
density dislocation tangles pinning irreversible slip and providing
nucleation sites for SIMT. The closely spaced martensite pro-
motes a more uniform phase transformation, reducing local strain
localization and stabilizing AT,q during cyclic loading.
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