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Ultralarge elastic strain and near-constant stress temperature dependence of
Ni—Mn—Ti—Fe—Co eutectic high-entropy alloy
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Abstract: The notable stress hysteresis and strong temperature dependence limit the application of superelastic alloys. In
this study, we developed a Ni-Mn—Ti—Fe—Co superelastic high-entropy alloy system with low temperature dependence
by integrating high-entropy alloy principles into the Ni-Mn—Ti system through arc-melting technology. By designing a
fully eutectic microstructure, the alloy demonstrated stable superelasticity with minimal hysteresis energy dissipation,
maintaining a 5% strain across a broad temperature range from 113 to 433 K. Furthermore, it exhibited fully reversible
superelasticity of 5% after 12010 cycles at room temperature and demonstrated significant pseudoelasticity of about 8.2%
under a high stress of 1600 MPa. Its excellent elasticity, minimal hysteresis energy dissipation, and near-constant
stress—temperature dependence over a wide temperature range are attributed to its unique eutectic microstructure and
weak first-order phase transformation, making it a promising candidate for applications requiring reliable superelastic
performance across diverse temperature environments.

Keywords: high-entropy alloy; linear superelasticity; martensitic transformation; eutectic microstructure

applications of metallic materials in mechanical

1 Introduction

A wide variety of high-performance engineering
applications, ranging from deep-space and deep-sea
exploration to advanced robotics, require metallic
components with remarkable ability to undergo
substantial and reversible deformation over a broad
temperature range [1,2]. The elastic limit of metallic
materials is constrained by the crystal structure and
metallic bond, resulting in the elastic limit of alloys
rarely exceeding 1% [3,4], which greatly limits the

energy storage, precision control, and elastic strain
engineering [5—7]. Metallic bonds exhibit a certain
degree of clastic strain, which makes the metallic
materials undergo reversible elastic deformation
within a certain range of stress. However, metallic
bonds have an elastic limit, beyond which the bonds
may break or rearrange, resulting in permanent
deformation. In contrast, alloys that exhibit stress-
induced martensitic transformation (SIMT), such as
NiTi-, Fe- and Cu-based shape memory alloys
(SMAs) [8—10], can achieve significant recoverable
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pseudo-elastic strain of up to 10%, commonly
referred to as superelasticity. However, the nature of
SIMT makes the superelasticity have significant
hysteresis and temperature dependence [11].

The hysteresis is not only detrimental to the
recoverability of stored energy and precise control
but also ultimately leads to material fatigue and
failure [12—14]. The main reason for stress hysteresis
during the loading and unloading process of SMAs
is energy dissipation caused by martensitic/austenitic
phase nucleation and interface expansion [15,16].
Constructing a heterogeneous structure within the
alloy is pivotal to achieving quasi-linear large elastic
strains. The slim stress hysteresis observed in
quasi-linear superelastic alloys may be attributed
to a significant reduction in martensitic nucleation
energy consumption facilitated by the heterogeneous
structure. For example, introducing Nb nanowires
into Ni—Ti alloys results in a notable reduction in
stress hysteresis compared to typical Ni—Ti SMAs.
Moreover, the nanocomposite materials obtained
through additive manufacturing of Ni—Ti, feature Ni-
rich intermetallic compounds dispersed within a
binary alloy matrix, also demonstrate superelasticity
with minimal hysteresis [17]. However, it is
noteworthy that the critical stress for stress-induced
martensitic phase transformation (osm) in these
alloys remains highly sensitive to temperature. The
critical stress required to induce a martensitic
transformation increases with the increase of
temperature due to the enhanced stability of the
parent phase relative to the martensite. For practical
applications of superelasticity, it is essential that the
stress response remains insensitive to temperature
variations. The adjustable temperature dependence
of the critical stress enables engineers and scientists
to design structures and components with desired
properties. Recently, the near-constant critical stress
temperature dependence has been observed in
Fe—Mn—AIl-Cr—Ni single crystals [18]. However,
the preparation of single crystals is challenging, and
these alloys exhibit relatively low recoverable strain
(~2%) and significant stress hysteresis. Addressing
the issue of reducing stress hysteresis while
increasing the recoverable strain and improving
temperature dependence remains a scientific
challenge that warrants further in-depth research.
High-entropy alloys (HEAs) are typically defined as
alloys that contain a minimum of five principal
elements, each with a concentration ranging between

5 and 35 at.% [19-21]. HEAs have attracted much
attention due to its unique microstructure and
unexpected properties [22—24]. Recently, the
concept of HEA has been introduced into SMAs,
leading to the development of a series of high-
entropy shape memory alloys (HESMAs), such
as (TiZrHf)so(NiCoCu)so [25], FeNiz75Coi6.5Al10-
Taz2Bo.04 [26], and NiCuTiHfy ¢Zro.4 [27]. Compared
to traditional SMAs, HESMAs exhibit significant
improvements, including enhanced martensitic
phase transition temperatures [28,29], high strength,
excellent high-temperature phase stability, wide
temperature range superelasticity, and high damping
properties. However, these alloys still face challenges
such as sensitive temperature dependence, low
recoverable strain, and large stress hysteresis.

Based on the Ni-Mn—Ti SMAs system, we
innovatively introduced the design concept of HEAs
and successfully prepared a novel NizsMnosTis-
FeisCoip multi-principal element alloy using arc
melting technology. For characterization methods,
we systematically analyzed the phase composition
characteristics of the alloy through X-ray diffraction
(XRD) and transmission electron microscopy (TEM)
techniques, while innovatively establishing a
simplified elastocaloric testing method to replace the
complex in-situ high-energy X-ray diffraction
technique (HE-XRD) for phase transformation
behavior research. The alloy demonstrated
significantly enhanced strength through lattice
distortion induced by the high-entropy effect, and
exhibited superior recoverable elastic strain and
stable stress—temperature dependence over a wide
temperature range based on weak first-order
martensitic transformation, showing great application
potential for extreme environments with severe
temperature fluctuations such as outer space.

2 Experimental

Polycrystalline Ni3sMnysTiisFeisCoio (at.%) alloy
ingots were prepared via arc melting in an argon
atmosphere with high-purity Ni, Mn, Ti, Fe, and Co.
The alloy was denoted as Ni35 based on the molar
fraction of Ni in the nominal composition. The heat-
treated ingots were processed in a vacuum quartz
tube furnace through annealing at 1223 K for 24 h
followed by rapid water quenching (WQ). Samples
with various sizes were sectioned from the central
region of ingots using a spark wire cutting machine
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for subsequent experiments.

The microstructure and chemical composition
of the alloy were characterized by means of scanning
electron microscopy (SEM, JSM—-7001F) equipped
with energy dispersive spectrometry (EDS). Selected
area electron diffraction patterns were observed
utilizing a transmission electron microscope (TEM,
JEM—-2100F) to further determine the room-
temperature crystal structure. The crystal structure
was examined using an X-ray diffractometer (XRD,
Rigaku SMARTLAB 9) with Cu K, radiation. Phase
transformation behavior was analyzed by means of
differential scanning calorimetry (DSC, TA-Q100)
in nitrogen atmosphere with cooling/heating rate of
10 K/min.

Compression tests were conducted on 3 mm X
4 mm X 6 mm specimens across a temperature range
from 113 to 433 K. To ensure the reliability of the
results, three parallel experiments were performed
using the same mechanical testing machine (AG-
XPlus 50 kN). A K-type thermocouple was attached
to the surface of the bulk sample, and a paperless
temperature recorder (KSBO1AOB) was used to
monitor the adiabatic temperature changes on the
surface of the sample under the applied stress field.
Furthermore, the thermomagnetic behavior was
investigated using an MPMS—3 superconducting

quantum interference device magnetometer (SQUID),
applying a small field of 0.05 T with cooling/heating
rate of 10 K/min.

3 Results

3.1 Microstructure and phase identification

Figure 1 presents SEM images illustrating
the microstructure of the as-cast and annealed
polycrystalline Ni35 alloys. The as-cast Ni35
alloy exhibits a eutectic lamellar microstructure
(highlighted by yellow circle in Fig. 1(a)),
characterized by a distinct contrast between the
matrix lamellae (dark) and the precipitate lamellae
(light). The eutectic microstructure of the Ni35 alloy
exhibits a fine and uniform distribution of the
precipitates. However, the lamellar structure of the
eutectic microstructure is disrupted in annealed Ni35
alloy, as shown in Fig. 1(b). The heat-treated alloy
demonstrates a significant increase in the size of
precipitates, evolving from the lamellar structure
observed in the as-cast alloy to a considerably
coarser columnar and spherical morphology.

Figure 1(c) depicts a secondary electron
micrograph of the as-cast Ni35 alloy, and Figs. 1(d—h)
show the elemental mapping images for Ni, Mn, Ti,
Fe and Co, respectively. It can be seen that the matrix

®

FE R

_ Matrix

= Precipitate

Fig. 1 SEM images and EDS elemental analysis results of Ni35 alloys: (a) Micrograph of as-cast Ni35 alloy;

(b) Micrograph of heat-treated Ni35 alloy; (c) Secondary electron micrograph of as-cast Ni35; (d—h) EDS mappings for

Ni, Mn, Ti, Fe and Co, respectively
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exhibits a higher Fe content and a lower Ti content
compared to the y' phase. The differences in Ni, Mn
and Co contents between two phases are relatively
minor. Compositional analysis of the matrix and the
precipitate was determined by EDS, with
summarized results presented in Table 1. It can be
seen that the precipitate consists of higher Fe
content and lower Ti content compared with the
matrix, and the content of other elements is basically
the same.

Figure 2 presents TEM images of the as-cast
Ni35 alloy. Figure 2(a) shows a bright-field TEM
image of the eutectic structure. Austenite usually
exists in B2 or L2, structural forms, which can be
identified by TEM from specific zone axes. In
Fig. 2(b), superlattice diffraction spots corresponding
to the (001) plane of the B2 structure are observed,
while no superlattice diffraction spots corresponding
to the L2, structure (110) are detected. This indicates
that the austenite in this alloy possesses a B2
structure. In Fig. 2(c), superlattice diffraction spots
corresponding to the (100) plane of y’ are observed.
The y’ lamellae, which are in the bright contrast,
are approximately 350 nm in thickness and about
500 nm in spacing between them. Compared to B2
(BCC structure), y' (FCC structure) possesses more
slip systems, facilitating dislocation motion.
Therefore, y' phase exhibits lower hardness but
enhanced plasticity, thereby making a greater
contribution to the alloy’s overall plasticity.

3.2 Crystal structure
Figure 3 shows the XRD patterns of the as-cast
alloys with different pre-strains (¢) at room

temperature. The alloy exhibits a mixed structure
comprising the B2 austenite and FCC y'phase. As the
deformation increases, the peak intensities of y'(200)
and y'(220) noticeably diminish, while the peak
intensity of B2(220) strengthens. Typically, shape
memory alloys retain residual martensite after
deformation, but characteristic peaks of martensite
are not found in the XRD patterns of the deformed
Ni35 alloy. This phenomenon indicates that the
stress-induced martensite can completely reverse
back to austenite after unloading, and it may be
related to the eutectic microstructure in the as-cast
Ni35 alloy.

3.3 Mechanical properties and cyclability

The mechanical properties of the Ni35 alloys
are shown in Fig. 4. In Fig. 4(a), the compressive
engineering stress—strain curves at a strain rate of
2.78%107*s™! for the Ni35 alloy in both as-cast and
heat-treated states at room temperature are depicted.
It can be observed that the as-cast alloy exhibits
yielding at approximately 5% strain, whereas the
heat-treated alloy yields at around 3% strain. The
yielding point (indicated by arrow) of the as-cast
Ni35 alloy may correspond to stress-induced martensite
transformation, as this alloy predominantly exists in
a eutectic state with B2 austenite and y' phase at
room temperature. Notably, compared to other
SMAs, this alloy demonstrates an exceptionally
high critical stress for stress-induced martensitic
phase transformation. Conversely, no such yielding
behavior was observed in the heat-treated alloy
without the eutectic structure, resulting in weakened
strength and ductility of the alloy.

Table 1 Chemical compositions of matrix and precipitates in Ni35 alloy (at.%)

Matrix Precipitate
Ni Mn Ti Fe Co Ni Mn Ti Fe Co
34.29 24.86 17.25 13.27 10.33 33.71 25.95 10.87 19.98 9.50

Fig. 2 TEM images of as-cast Ni35 alloy: (a) Bright-field TEM micrograph; (b) Selected area electron diffraction pattern
of B2 phase; (c) Selected area electron diffraction pattern of FCC y' phase
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Fig. 3 XRD patterns of as-cast Ni35 alloy with different
pre-strains
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After heat treatment, the compressive ductility
and strength of the alloy decrease from 20.85 % and
1875.01 MPa in the as-cast state to 12.07% and
1309.14 MPa, respectively. The phenomenon can be
explained by microstructural coarsening and the
weakening of the high-entropy effect. As shown in
Fig. 1(a), after heat treatment, the lamellar structures
of the y’ phases in the alloy coarsen or even
spheroidize, leading to the disintegration of the
lamellar network. As a result, the microstructure can
no longer effectively hinder dislocation motion,
resulting in a degradation of mechanical properties.

Additionally, heat treatment has a significant
impact on the high-entropy effect in HEAs. During
heat treatment, the intensified thermal motion of
elements may cause elemental segregation, phase
separation, or increased degree of atomic order of the

1601

alloy. This weakens the high-entropy effect, further
resulting in declined mechanical properties. To
summarize, heat treatment causes a deterioration in
the mechanical performance of the alloy.

Figure 4(b) illustrates a few selected loading—
unloading cycles of the as-cast Ni35 alloy, and all
subjected to a stress of 1600 MPa. In the first cycle,
the as-cast alloy exhibits a deformation strain of
11.9% and a residual strain of 3.7%, resulting in
a recovered strain of about 8.2%. Subsequently,
the loading—unloading cycles show quasi-linear
stress—strain loops with minimal hysteresis after a
few initial cycles. The excellent superelastic
behavior is primarily attributed to the superelastic
training effect. On the one hand, dislocations and
residual martensite formed in the first cycle are
positioned favorably, providing conducive internal
stress for the nucleation of martensite and
subsequent phase transformation [30]. On the other
hand, the initially formed dislocations impede
further generation of dislocations during subsequent
phase transformation cycles, facilitating complete
reversibility of stress-induced martensitic phase
transformation and reducing energy dissipation in
subsequent cycles [30,31]. The stress hysteresis,
recoverable strain and apparent Young’s modulus
of the as-cast Ni35 alloy are presented in Fig. 4(c)
as functions of deformation cycles. The stress
hysteresis exhibits a rapid decline from 55.27 to
4.99 MPa within the initial two cycles, eventually
stabilizing at approximately 1.40 MPa with continued
cycling. The recoverable strain decreases slightly
from 8.21% to 8.17% with deformation cycling. The

@ b % 2z8% © 2002
2000 1600 + — &\ (t\‘ 50 Apprent Young’s modulus 4 18 120
| - <
| g [0
1600 | g 110 %
L o L | e g
& & | 2 112 5 S
2 1200 = f 230+ e 117 &
& g 800+ ‘)’ ?\ Recoverable strain 5 4116 g
7 00} 2 1;7 S| Tpe———— g o 2
3 s l¢ 8 115 %
7 = 5
400 - 10F g 14 &
400 — As-cast k Stress hysteresis &
— Annealed ok 12 113 <
. . s s . o 12
0 10 20 0 8 16 24 32 0 10 20
Strain/% Strain/% Loading cycle number

Fig. 4 Mechanical properties of Ni35 alloys: (a) Compressive engineering stress—strain curves of Ni35 alloys at
2.78x107* s7!; (b) Compressive deformation cycling properties of as-cast Ni35 alloy; (c) Stress hysteresis, recoverable
strain and apparent Young’s modulus during deformation cycling of as-cast Ni35 alloy
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apparent Young’s modulus increases rapidly from
13.43 to 19.62 GPa in the initial two cycles and
stabilizes at approximately 19.62 GPa with further
cycling. Such a low Young’s modulus, which
contributes to a high recoverable strain, is atypical
for metallic materials and suggests the occurrence of
SIMT during the deformation process. This behavior is
indicative of “pseudoelasticity”.

3.4 Martensitic transformation during deformation
process

Studying the dynamic evolution of the crystal
structure of alloys exhibiting narrow hysteresis
superelasticity during the loading—unloading
processes often involves the utilization of in-situ
characterization techniques with synchrotron
radiation. However, due to the equipment limitation,
in this work, we employed in-situ HE-XRD
measurement to study the phase transformation
during the loading—unloading processes. Martensitic
phase transformation in SMAs typically constitutes
a first-order phase transition, which can result in
significant heat changes. Based on this principle,
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it is possible to ascertain whether martensitic
transformation occurs during the loading—unloading
processes by detecting thermal effects. In this work,
we employed elastocaloric experiments instead of
in-situ  HE-XRD measurement to qualitatively
investigate the phase transitions of the alloy during
the loading—unloading processes. To verify the pseudo-
elasticity of the deformation process, an elastocaloric
measurement was conducted during the loading—
unloading process of the as-cast Ni35 alloy at a strain
rate of 5.6x1072 57!,

Figures 5(a) and (b) illustrate the thermo-
dynamic temperature changes (AT.q) of the as-cast
Ni35 alloy during the loading—unloading processes
at a strain from 1% to 13%. When the alloy was
subjected to cyclic loading at a strain of 1%, the ATuq
was very small, approximately only 0.1 K. As the
strain increased from 1% to 5%, the AT.q of the alloy
increased from 0.1 to 0.7 K during the loading
process, as depicted in Fig. 5(c). These slight ATuq
values often arise from elastic deformation or
continuous phase transformation. It is noteworthy
that during cyclic testing with a strain of 6%, the AT%q

12
b
®) T 13%
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10.5 K

8%

Time/ks

|
N
S
T
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L
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Fig. 5 Elastocaloric effect of as-cast Ni35 alloy: (a) Time dependence of temperature change at strains of 1%—6%;

(b) Time dependence of temperature change at strains of 8§%—13%; (c) The first exothermic temperature change at

different strains; (d) The 20th endothermic temperature change at different strains
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in the first cycle of the alloy was significantly higher
than that in the subsequent 19 cycles (highlighted by
the orange arrow in Fig. 5(a)). Similar phenomena
were observed during cyclic testing of the as-cast
Ni35 alloy at strains of 8%, 10%, and 13%, as shown
in Fig. 5(b). Moreover, as the strain increased, the
first exothermic temperature change in the cyclic
tests also increased. When the strain increased
from 8% to 13%, the first exothermic temperature
change indicated a first-order martensitic phase
transformation in the as-cast Ni35 alloy during the
deformation from 8% to 13%. However, the AT, in
the subsequent 19 cycles exhibits only a slight
increasing trend with increasing strain, as shown in
Fig. 5(b).

To ensure the accuracy of temperature
measurements, a K-type thermocouple was attached
to the surface of the bulk sample, allowing real-time
monitoring of temperature changes with high
precision. During the experiments, the thermal
response of the alloy exhibited noticeable
asymmetry during the first loading and unloading
cycle. This phenomenon may appear unusual at
first glance, but it is fundamentally related to the
phase transformation behavior and hysteresis effects.
Specifically, during loading, stress-induced martensitic
transformation occurs, leading to significant heat
release and a corresponding temperature rise.

Conversely, during unloading, the reverse
transformation absorbs heat, causing a temperature
drop. However, due to the hysteresis effect, energy
dissipation during the phase transformation process
often results in incomplete or delayed reverse
transformation, leading to the observed asymmetry
in the curves. This hysteresis between loading and
unloading is a characteristic feature of shape
memory alloys, primarily caused by energy
dissipation during phase transformation, which is
also the key factor contributing to the asymmetry in
the elastocaloric experimental results.

Figures 5(a) and (b) indicate that during cyclic
testing within a strain range of 1%—5%, the as-cast
Ni35 alloy undergoes minimal heat change,
suggesting the absence of a first-order phase
transformation occurred during this stage. However,
with cyclic testing within a strain range of 6%—13%,
a significant heat change was observed only
during the first cycle, indicating that a first-order
martensitic transformation occurred during the initial
cycle.

Conventionally, alloys generate heat due to
internal friction during elastic deformation, resulting
in heat generation during both loading and unloading
processes. However, in this experiment, exothermic
behavior was not detected during unloading in the
elastic stage of the as-cast Ni35 alloy. Instead,
endothermic behaviors were observed, as shown in
Figs. 5(a, b, d). Therefore, phase transformation
must occur during the deformation process. However,
it may no longer be a strong first-order phase
transition, but rather a weak first-order martensitic
phase transformation or even a continuous phase
transition. These alloys exhibited endothermal
effects during 20 cycles, indicating the stability of
the weak first-order martensite transformation.
Figure 5(d) illustrates the endothermal AT, at the
20th unloading stage under different strains.

3.5 Superelastic behavior

Distinguished from the superelasticity of
traditional SMAs, the novel high-entropy NizsMnjs-
TiisFeisCoi alloy exhibits quasi-linear superelasticity.
Figure 6 illustrates the compressive superelastic
stress—strain curves at a strain rate of 1.39x1073s7!,
An ultralarge quasi-linear superelasticity of 6%
strain can be achieved under a stress field of
1176 MPa in the as-cast Ni35 alloy, as shown in
Fig. 6(a). Furthermore, when the strain decreases to
5% under a stress field of 1010 MPa, the as-cast
Ni35 alloy displays linear superelasticity with almost
zero stress hysteresis. However, compared to the as-
cast alloy Ni35, the annealed Ni35 alloy exhibits
a degradation in quasi-linear superelasticity.
Specifically, the annealed alloy demonstrates a
quasi-linear superelasticity of 5% strain under a
stress field of 912 MPa and a linear superelasticity of
4% strain under a stress field of 720 MPa, as shown
in Fig. 6(a).

Figure 6(b) displays a few selected stress—strain
curves of the as-cast Ni35 alloy with a 5% strain
during 12010 cycles. Remarkably, after 12010 cycles,
no significant changes were observed in the
hysteresis or the stress corresponding to a 5% strain
for the alloy, indicating its excellent cyclic stability.
The cyclic stability of this novel NissMnosTiis-
FeisCoio high-entropy alloy is attributed to its
nearly-zero hysteresis. In traditional SMAs, the
stress-induced phase transformation between the
parent phase and the martensitic phase requires
the provision of driving forces. Moreover, frictional
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resistance arising from the migration of phase
interfaces between the parent phase and the new
phase, interactions between martensite variants, and
defects inevitably lead to energy dissipation [20],
manifesting in the form of stress hysteresis.
Therefore, stress hysteresis 1is inherent in
superelasticity resulting from thermodynamically
first-order martensitic transformation. Additionally,
during cyclic loading, the dislocations and residual
martensite accumulate within the alloy, further
reducing the functional cyclic stability and service
life of the alloy.

Figures 6(c, d) display the compressive stress—
strain response at different temperatures. In the
as-cast Ni35 alloy, an almost zero temperature
dependence of superelasticity, with a strain of 5%
and a stress of approximately 1050 MPa, is obtained
from 123 to 433 K. However, when the temperature
drops to 113 K, the stress corresponding to a 5%
strain of the alloy suddenly decreases, with the stress
decreasing from 1025 MPa at 123 K to 938 MPa
at 113 K. Such a low temperature dependence of

superelasticity within a wide temperature span is rare
in polycrystalline alloys. Previously, almost zero
temperature dependence of superelasticity was also
observed in Fe-Mn—Al-Cr—Ni single crystal, but
the strain in that alloy was less than 2%, and there
was obvious stress hysteresis in superelasticity [18].

4 Discussion

4.1 Weak first-order martensitic transformation
The Ni35 alloy features a distinctive eutectic
microstructure characterized by alternating eutectic
lamellae, which creates numerous phase boundaries.
Dislocations are frequently observed at these phase
interfaces, serving as pre-existing high nucleation
sites [32]. These defects play a crucial role in
lowering or even completely suppressing the energy
barriers for martensite nucleation [33]. Furthermore,
new dislocations are generated during the loading
process. Both the inherent dislocations in the alloy
and those formed during loading can serve as
nucleation sites, thereby reducing the energy barriers



Ke-liang GUO, et al/Trans. Nonferrous Met. Soc. China 36(2026) 1597-1609 1605

for martensite during the forward transformation and
for austenite during the reverse transformation [21].
This mechanism enables the alloy to exhibit
superelasticity with minimal hysteresis. The
abundance of dislocations is correlated with lower
energy barriers, which is favorable for phase
transformation. When the dislocations reach a
certain quantity, martensitic transformation may
change from a strong first-order transformation to a
weak first-order or even a continuous transformation.

4.2 Linear superelasticity

The quasi-linear recovery behavior arises from
the efficient load transfer mechanism between the
non-transformed y’ phase and the transformed phase,
and has been observed in other alloys [34—36]. As
depicted in Fig. 6(a), the effective modulus of the
as-cast Ni35 alloy (~20.2 GPa) is higher than that
of the heat-treated Ni35 alloy (~18.2 GPa),
underscoring the significant influence of the non-
transformed y' phase in mechanical response. During
the transformation of austenite to martensite, the
y" phase continues to carry the load elastically,
contributing to the overall quasi-linear behavior. In
eutectic alloys, the closely alternating arrangement
of two-phase lamellae facilitates efficient load
transmission. The precipitates play a pivotal role in
guiding the transformation process through elastic
interactions with the austenite, thus mitigating
the multiple instabilities commonly associated with
traditional nucleation and rapid growth. This
reduction in energy dissipation and interfacial
friction enhances the superelastic behavior of the as-
cast Ni35 alloy, whereas in the heat-treated Ni35
alloy, the disruption of the eutectic microstructure
diminishes load transmission between the two
phases, which leads to a decline in linear
superelasticity, as illustrated in Fig. 6(a).

In traditional shape memory alloys, the onset
of first-order martensitic transformation typically
occurs rapidly once the applied load surpasses the
critical stress threshold. This results in a nonlinear
stress—strain curve characterized by a stress plateau,
which can significantly affect the control precision
of shape memory alloys in certain applications. In
this work, according to the thermoelastic experiment,
the as-cast Ni35 alloy undergoes first-order martensitic
transformation only under large deformation
(¢>5%). Notably, the weak first-order martensitic
transformation does not occur in an “avalanche”

manner, thus no stress plateau appears in the
stress—strain curve. This unique behavior endows the
alloy exhibiting linear superelasticity. The linear
superelasticity is attributed to the synergistic effects
of load transfer between eutectic phases and the
absence of first-order martensitic transformation
under small deformations. This distinctive combination
enables the alloy to achieve a linear stress—strain
response, thereby enhancing its suitability for precise
control applications.

4.3 First-order martensitic transformation

According to the aforementioned thermoelastic
experiments, it is evident that the alloy undergoes
stress-induced first-order martensitic transformation
when the strain reaches a critical value (&:). When the
strain is below this value, the applied stress induces
a weak first-order martensitic transformation. The
alloy exhibits a linear superelasticity of 5%, but
during cyclic testing at 1600 MPa, the linear
superelasticity reaches as high as about 8.2%. This
phenomenon may be attributed to the existence of &
in this alloy. Beyond the &, the alloy exhibits
significant superelasticity.

At smaller strains, a fraction of the austenite in
the alloy undergoes stress-induced weak first-order
martensitic transformation near dislocations. As
the strain increases, the proportion of austenite
undergoing phase transformation also increases.
When the strain exceeds the &, the load surpasses
the critical stress threshold, triggering first-order
martensitic transformation. Austenite that did not
transform begins to undergo this first-order
martensitic transformation.

Furthermore, at larger strains, a significant
number of dislocations are generated in the alloy,
providing nucleation sites for martensite and
austenite, reducing the energy barrier. This facilitates
the occurrence of the weak first-order martensitic
transformation during subsequent cyclic loading
processes. This is the reason why, during cyclic
loading at large strains, the alloy undergoes first-
order martensitic transformation and generates a
substantial amount of heat only during the initial
loading stage.

To further confirm martensitic transformation
in the as-cast Ni35 alloy, TEM characterization and
XRD analysis were conducted, as shown in Fig. 7.
The as-cast Ni35 alloy was subjected to 10% pre-
strain treatment prior to TEM characterization, and
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the bright-field TEM image is illustrated in Fig. 7(a).
Martensite is clearly observed at the interface
between the austenite and y’ phase in Fig. 7(a), which
is residual martensite generated due to severe
deformation. Additionally, a large number of
dislocations can be observed in the austenite, which
can serve as nucleation sites for weak first-order
phase transformation. This promotes the occurrence
of weak first-order phase transformation while
impeding the reverse martensitic transformation of
martensite to austenite upon unloading (first-order
phase transformation), thereby resulting in residual
martensite in the alloy.

B2(220)

y'(220)

»'(200) L1,(312)

20 30 40 50 60 70 8 90 100
20/(°)
Fig. 7 Characterization results of martensite in as-cast
Ni35 alloy: (a) Bright field (TEM) image; (b) XRD pattern

In the XRD analysis described above (Fig. 3),
no characteristic peaks of martensite were detected
in the as-cast Ni35 alloy pre-strained to 10%, which
may be attributed to the limited presence of residual
martensite in the alloy. With increased deformation,
more dislocations are formed in the alloy, effectively
hindering the first-order phase transformation from
martensite to austenite upon unloading, resulting in
a higher presence of residual martensite in the alloy.
Consequently, it becomes easier to detect martensite

in XRD measurements. We ground the as-cast Ni35
alloy into powder for XRD testing and detected
the characteristic peak of L1o(312), as shown in
Fig. 7(b). The characteristic peak has also been
detected in another paper [37]. Hence, there exists
martensitic phase transformation in the Ni35 alloy.

4.4 Low temperature dependence

The temperature-dependent nature of super-
elasticity based on the first-order martensitic
transformation imposes significant limitations on
the practical applications of SMAs, especially in
precision instruments where thermal expansion must
be minimized. Moreover, the Ni35 alloy exhibits
diverse crystal orientations, which complicates
subsequent analysis due to the dependency of critical
stress on temperature (do/d7) on the specific
orientation. This behavior can be expressed through
the Clausius—Clapeyron relationship in Eq. (1):

do __aS
dar eV
where T represents the temperature; AS'is the entropy
change during martensitic transformation; ¢ is the
transformation strain, which depends on the
orientation; V is the molar volume. Because the AS
and V are orientation-independent during martensitic
transformation, the do/dT is inversely proportional
to & As shown in Fig. 8, the magnetization—
temperature (M—7) curve of the as-cast Ni35 alloy
indicates the absence of first-order martensitic
transformation in the temperature range from 50 to
375 K. Therefore, within this temperature range, the
entropy of the alloy remains nearly constant,
resulting in the entropy change close to zero, and an
extremely low temperature dependence (do/dT) of
the alloy.

The Ni35 alloy demonstrates exceptional
suitability for applications spanning a broad
temperature range (113—433 K), making it ideal for
structural damping and space research. As society’s
interest in space exploration continues to grow, the
demand for advanced materials is also on the rise.
The exploration of the Moon, with its extreme day-
night temperature fluctuations (ranging from 400 to
100 K), and Mars, with temperature variations from
290 to 120 K, necessitates materials capable of
operating under such harsh conditions. The Ni35
alloy, with its low temperature dependence over a
wide range, emerges as a highly promising candidate
for use in some extreme temperature conditions.

(1
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Fig. 8 M—T curve of as-cast Ni35 alloy under small
magnetic field intensity of 0.05 T

5 Conclusions

(1) The as-cast Ni35 alloy presents a eutectic
microstructure of B2 austenite and FCC y’ phases,
eliminated by heat treatment (1223 K, 24 h, WQ).
The alternating phase arrangement in the eutectic
structure creates numerous interfaces, essential for
enabling weak first-order martensitic transformation.

(2) The as-cast Ni35 alloy with nearly-full
eutectic microstructure achieves optimal mechanical
properties, including a compressive strength of
1875.01 MPa, ductility of 20.85%, and stable
cyclability. This demonstrates a low apparent
Young’s modulus (19.62 GPa), slim stress hysteresis
(1.40 MPa), and ultralarge linear superelasticity
(8.2%), attributed to its eutectic structure and weak
first-order martensitic transformation.

(3) The alloy exhibits superelastic behavior
with 5% strain from 113 to 433 K, showing nearly
zero temperature dependence and minimal hysteresis
between 123 and 433 K. This low temperature
dependency arises from the inability of temperature
alone to induce martensitic phase transformation in
the alloy.

(4) During elastocaloric cycling experiments,
the alloy releases substantial heat during initial
large deformations, driven by strong first-order
martensitic transformation.
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