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Achieving high-efficiency and stable
refrigeration performance through
composition modulation inducing
non-twinned martensite

Jiahe Mei1,2,3, Fei Xiao1,2,3, Lipeng Guo1,2,3, Xinyu Qing1,2,3, Laisen Wang1,3,
Xingjun Liu4, Cuiping Wang1,3 & Shuiyuan Yang 1,2,3

The development of high-efficiency, eco-friendly, and compact refrigeration
systems requires materials that achieve the ideal elastocaloric effect with
minimal driving forces. However, existing shape memory alloys for refrigera-
tion have difficulties in overcoming the trade-off between strain-dissipation
work and driving force-COPmat (coefficient of performance). Here, we report a
Cu-18Zn-8Al-0.3V-0.3Si single-crystal alloy with a recoverable strain of 13% and
a low stress hysteresis of 8MPa under a minimal driving force of 251.1MPa.
Moreover, the alloy exhibits a high COPmat value of 17.4, with a stability over
800 cycles. The high performance is attributed to the unique microstructure
of ordered domains and distortion regions induced by composition modula-
tion, which enables simultaneous achievement of low driving force and energy
dissipation during phase transformation. Additionally, the formation of non-
twinned martensite contributes to maintaining long-term performance stabi-
lity. This microstructure regulation strategy synergistically optimizes energy
efficiency and durability, offering an innovative solution for new-generation
refrigeration systems.

Billions of space cooling systems have long relied on traditional vapor
compression refrigeration technology, which utilizes chloro-
fluorocarbons and hydrochlorofluorocarbons as refrigerants. These
substances are responsible for approximately 10% of global green-
house gas emissions, comprising indirect emissions from the cooling
process and direct emissions from refrigerant leaks1,2. This contributes
significantly to environmental degradation and exacerbates global
warming. The resulting rise in temperatures, in turn, drives increased
global cooling demand, creating a vicious cycle. Consequently, there is
an urgent need to seek environmentally friendly alternative cooling
technologies. To date, solid-state cooling technology that harnesses

the elastic caloric effect (eCE) generated by stress-induced phase
transitions in shape memory alloys (SMAs) has shown significant
potential in terms of environmental friendliness, cooling performance,
and energy efficiency.

The coefficient of performance of the material (COPmat) is a key
metric for assessing the eCEpotential ofmaterials, used to evaluate the
cooling efficiency of different refrigeration materials. It can be
expressed as the ratio of cooling capacity Q to dissipated work ΔW,
whereQ is proportional to the absolute value of adiabatic temperature
change (ΔTad), and ΔW corresponds to the area of the stress-strain
hysteresis loop3,4. Currently, developing SMAs with high COPmat values
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remains a technical challenge. This is because, to achieve a substantial
eCE, SMAs must undergo sufficient strain to fully induce the marten-
sitic transformation. However, as the strain increases, the hysteresis
observed in the first-order martensitic transformation process also
intensifies, resulting in a greater amount of dissipated work, as shown
in Fig. 1a. The stress hysteresis of SMAs is something that must be
considered when repeatedly actively driving and applying energy
conversion, and it is key to achieving high energy conversion efficiency
and low fatigue5. However, this hysteresis behavior is common inSMAs
across different systems, leading to an inevitable trade-off between
recoverable strain and dissipated work. Therefore, this trade-off has
become a key issue that needs to be overcome in the research and
application of SMAs in the field of elastocaloric refrigeration.

In the past, significant research has been invested in developing
NiTi/NiMnGa-SMA alloys that strike a balance between the ΔTad and
ΔW, resulting in elastocaloric refrigeration SMAs with impressive
COPmat values that surpass 106–8. By adjusting the composition and
structure, a series of NiTi-SMAs with quasi-linear behavior have even
been successfully designed, which are characterized by a maximum
ΔW in the range of 1–2MJ/m3 9–11. However, these optimized SMAs not
only come with additional production costs but also necessitate the
utilization of a high driving force (exceeding 600MPa) for actuation.
This implies that in practical applications, complex, bulky, and power-

hungry drivers must be employed. Consequently, a high driving force
implies elevated costs and diminished efficiency. In the current pursuit
of compact design, high safety, and energy efficiency in commercial
refrigeration systems, existing SMAs face new challenges, the trade-off
between low driving forces and high COPmat, as shown in the Ashby
map in Fig. 1b. It is evident that enhancing COPmat, reducing driving
forces, and stress hysteresis are critical pathways to stand out among
various elastocaloric materials.

Here, we find that the Cu-18Zn-8Al-0.3V-0.3Si single-crystal alloy
exhibits a low stress hysteresis of 8MPa, a recoverable strain of 13%, a
low driving force of 251.1MPa, and a high COPmat value of 17.4, over-
coming the trade-offs between strain-dissipated work and driving
force-COPmat. Moreover, the alloy achieves maximum positive and
negative ΔTad of 5.4 K and 5.1 K, respectively, and maintains a stable
eCE of 5.1 K without degradation after 800 cycles under 7% strain. This
makes its prospects for commercial application in the field of elasto-
caloric refrigeration much broader.

Results
Mechanical properties
The superelastic behavior of traditional alloys often exhibits a sig-
nificant increase in dissipated energy as the recoverable strain
increases, whereas the Cu-18Zn-8Al-0.3V-0.3Si single-crystal alloy
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Fig. 1 | Low driving force and dissipated work elastocaloric refrigeration
materials. a Comparison of the dissipated work and recoverable strain between
Cu-18Zn-8Al-0.3V-0.3Si single-crystal alloy and other SMAs19–24. b Cu-18Zn-8Al-
0.3V-0.3Si single-crystal alloy, with its COPmat value and significant maximum
driving force, achieves ultra-high refrigeration efficiency that surpasses that of

existing elasto-thermal refrigeration materials. NiTi-SMAs6,7,10,21,25–34:, NiFeGa-
SMAs35–38:, NiTiCu-SMAs6,26,39–44:, NiMn-SMAs8,36,45–47:, CuZnAl-SMAs48,49:,CuAlMn-
SMAs50,51:, FePd-SMAs52:. c The room temperature superelastic behavior of Cu-
18Zn-8Al-0.3V-0.3Si single-crystal alloy. The inset illustrates the single-crystal
orientation of the alloy. Source data are provided as a Source data file.
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requires no trade-off between recoverable strain and dissipated work,
as shown in Fig. 1a. It achieves an impressive 13% recoverable strain
with a low dissipated energy of only 2.2MJ/m³. This distinctive com-
bination of properties enables the material to exhibit both substantial
superelasticity and prolonged durability in elastomeric applications.
On the other hand, theCu-18Zn-8Al-0.3V-0.3Si single-crystal alloy, with
only a driving force of 251.1MPa, achieves an impressive COPmat value
of 17.4 (Fig. 1b), endowing it with a high cooling efficiency and energy
efficiency ratio.

Figure 1c shows that the Cu-18Zn-8Al-0.3V-0.3Si single-crystal
alloy demonstrates a platform-like, low stress hysteresis stress-strain
curve. The alloy has a low critical stress of 149.6MPa and a recoverable
strain of 13%. The loading-unloading curve shows that its stress plat-
form is only about 8MPa, and themaximumdriving force at the elastic
limit is also just 251.1MPa. It is worth noting that the Cu-18Zn-8Al-0.3V-
0.3Si single-crystal alloy not only successfully avoids the significant
hysteresis issues commonly found in traditional SMAs12,13 but also
overcomes the limitations of some existing SMAs with quasi-linear
behavior that rely on high driving forces (often greater than 1 GPa) to
achieve narrow hysteresis14–16. The Cu-18Zn-8Al-0.3V-0.3Si single-
crystal alloy ingeniously integrates their advantages, achieving low
hysteresis with large recoverable strain while maintaining a stable low
driving force, significantly enhancing the material’s practicality and
efficiency.

Function and structural stability
Figure 2a demonstrates the eCE of the Cu-18Zn-8Al-0.3V-0.3Si single-
crystal alloy within the strain range of 3–11%. At 11% strain, the directly
measured positive and negative ΔTad attain maximum values of 5.4 K
and 5.1 K, respectively. Achieving the ideal eCEwith lowdriving force is
not enough; it is essential to further ensure the structural and func-
tional stability of the Cu-18Zn-8Al-0.3V-0.3Si single-crystal alloy for
long-term applications. As shown in the stress-strain response during
rapid loading/unloading in Fig. S1a, stress hysteresis exhibits only a
slight increase but maintaining low levels, suggesting considerable
cyclic stability. We have observed that the elastic behavior of the Cu-
18Zn-8Al-0.3V-0.3Si single-crystal alloy remains stable after under-
going a large tensile strain of 8% and 200 cycles, as shown in Fig. 2b.
Simultaneously, the eCE stability testing of the Cu-18Zn-8Al-0.3V-0.3Si
single-crystal alloy under adiabatic conditions revealed a stable cool-
ing capacity even after 200 cycles (Fig. S1b, c), ultimately yielding a
COPmat value as high as 17.4. Even after 800 consecutive rapid
unloading processes (Omitting the hold time, Fig. 2c), the eCE per-
formance (5.1 K) remains stable without any signs of degradation. This
is in stark contrast to the current Cu-based elastic cooling materials,
whose functionality significantly declines after just a few dozen

cycles17. It is defined asCOPmat =
Q
ΔW =

jΔTad ×Cp ×ρjH
σdε

, where Q is propor-

tional to the absolute value of the product of the adiabatic tempera-
ture (ΔTad), the specific heat (Cp), and the density (ρ), and ΔW is the
dissipated work calculated by integrating the superelastic hysteresis
loop (∮σdε). Since rapid loading/unloading better reflects practical
refrigeration scenarios, we evaluated the Cu-18Zn-8Al-0.3V-0.3Si alloy
at 7% strain (corresponding to Fig. 2c, d), with the correspondingΔTad,
ρ
H
σdε and Cp values of 5.1 K, 7700 kg/m3, 801 kJ/m3 (800 th), and

0.43 kJ/kg·K, respectively. The COPmat value of 21.1 (Omitting the hold
time) was obtained for the Cu-18Zn-8Al-0.3V-0.3Si single-crystal alloy
when the holding time was omitted. It is noteworthy that under high
strain rates (0.1 s−1), the dissipated energy and critical stress of the Cu-
18Zn-8Al-0.3V-0.3Si single-crystal alloy gradually decrease with the
increase in the number of cycles (Fig. 2d, e), whichmay be the result of
the accumulation of dislocations18. The accumulation of dislocations

and residual martensite typically during the cycling process leads to
irreversible recovery in traditional SMAs, but for the Cu-18Zn-8Al-0.3V-
0.3Si single crystal alloy, it can still achieve stable superelasticity
and eCE.

Microstructure
The martensitic transformation temperature of the Cu-18Zn-8Al-
0.3V-0.3Si single-crystal alloy is 138.9 K, in which showing a body-
centered cubic D03 parent phase structure at room temperature
(Fig. S2). The Cu-18Zn-8Al-0.3V-0.3Si single-crystal alloy mainly
consists of extensive distortion regions, ordered domains (account-
ing for about 16%, with an average size of approximately 32 nm), and
sporadic V3Si particles, as shown in Fig. S3a. The distorted regions
and ordered domains are the outcomes of compositional modula-
tion, with the Zn concentration being slightly higher in the ordered
domains, as shown in Fig. S3b. The high-resolution TEM (HRTEM)
image of the distortion regions and ordered domains is presented in
Fig. 3a. The near-spherical ordered domains, highlighted with yellow
lines, correspond to the superlattice spots revealed by the Fast
Fourier Transform (FFT) results in the inset. The ordered domains
and V3Si particles (Fig. S3c) both exhibit smooth interfaces with the
distortion regions, without significant lattice distortion. In contrast,
there is a notable presence of lattice distortion within the distortion
region itself. The long-period stacking order (LPSO) structures are
extensively distributed within the distortion region, with closely
packed planes following the stacking sequence of AB’C/B’CA’/CA’B/
A’BC’/BC’A/C’AB’/A, corresponding to the 18 R structure as shown in
Fig. 3b. According to geometric phase analysis (GPA), the abundance
of 18R-LPSO structures within the distortion regions has been iden-
tified as the primary source of lattice distortion, serving as favorable
sites for the nucleation of martensite.

Through Atom Probe Tomography (APT) measurements, the
elemental distribution in the Cu-18Zn-8Al-0.3V-0.3Si single-crystal
alloy was analyzed and visualized at a three-dimensional atomic reso-
lution, as shown in Fig. 4a. As illustrated in Fig. 4b, the compositional
fluctuations in the specific region reveal the phenomenon of co-
segregation of V and Si. Concurrently, Zn and Al exhibit pronounced
synchronous fluctuations, with Zn displaying more pronounced var-
iations. Moreover, the concentration changes of Cu are found to be
inversely correlated with those of the aforementioned elements. The
isosurfaces of Zn (22.61 at.%), V (0.28 at.%), and Si (0.28 at.%) con-
centrations are clearly visualized, revealing that the V-rich and Si-rich
regions overlap, as shown in Fig. 4c.

Notably, a marked increase in Zn concentration is observed sur-
rounding the V- and Si-enriched clusters. This suggests that V and Si
effectively enhance the local solid solubility of Zn within the matrix,
thereby inducing the formation of numerous finely dispersed ordered
domains. The results obtained from APT are in agreement with those
from TEM (Fig. S3), indicating that the ordered domains have higher
concentrations of Zn and slightly lower concentrations of Cu com-
pared to the distortion regions. In summary, the three-dimensional
APT results further confirm that the distinct structures of the distor-
tion regions and ordered domains are caused by compositional
modulation.

As shown in Fig. 5a, b, following the stress-induced martensitic
transformation, the Cu-18Zn-8Al-0.3V-0.3Si single-crystal alloy has
developed a unique structure composed of dispersed single marten-
sitic laths (with an average length of about 110 nm and an average
width of approximately 4 nm) andnon-twinnedmartensite. The results
of the FFT revealed that both exhibited additional spots, corre-
sponding to the orthorhombic 18 R martensitic structure. The differ-
ence lies in that the single martensitic lath shows a long-period
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stacking characteristic (Fig. 5c), while the non-twinned martensite
exhibits a shorter-period stacking (Fig. 5d), as shown in the FFT results
of the corresponding region. The orderliness of the parent phase sig-
nificantly affects the atomic displacement during the phase transfor-
mation, and the resulting martensite will inherit the orderliness of the
parent phase. Consequently, the formation of single martensite laths
and non-twinnedmartensite originates from the ordered domains and
distortion regions of the matrix, respectively. As shown in the FFT and
GPA results of Fig. 5e, f, there is a slight deviation in the diffraction
spots between the single martensite lath and the non-twinned mar-
tensite, indicating a slight lattice distortion at their interfaces. Fur-
thermore, these widely distributed non-twinned martensite have the
same substructure and orientation, sharing identical crystallographic
characteristics and microstructural features, and can be considered as
the samevariant. This implies that they follow the same transformation
mechanism during their formation process.

Discussion
Microstructural evolution and transformation thermodynamics
The Cu-18Zn-8Al-0.3V-0.3Si single-crystal alloy demonstrates high
efficiency and stable refrigeration capabilities, which can be attributed
to its unique microstructure composed of near-spherical ordered
domains and distortion regions (Figs. 3a and 6a). Doping with V/Si can
induce significant compositional modulation, and the precise adjust-
ment of their content is a crucial method for achieving the unique
microstructure mentioned above. The impact of V and Si content on
the evolution of the microstructure is depicted in Fig. 6.

The impact of Si content on phase transition temperature is
weak. When the Si content is increased to 0.5wt%, the Ms decreases
slightly to 135.5 K (Fig. S2). The Cu-18Zn-8Al-0.3V-0.5Si single-crystal
alloy also consists of ordered domains and distortion regions at
room temperature, as shown in Figs. 6b and S1. The distortion
regions still contain 18R-LPSO structures (Fig. S4c). Notably,
increased Si content significantly enriches these near-spherical
ordered domains (Fig. S4b). The size of V₃Si particles also increa-
ses substantially. V₃Si particles in the Cu-18Zn-8Al-0.3V-0.5Si alloy
are significantly larger than those commonly found in the Cu-18Zn-
8Al-0.3V-0.3Si alloy (~36 nm, labeled in Fig. S4a), as shown in Fig.
R4d. Conversely, the content of V has a significant impact on the
phase transition temperature. When the content of V is increased to
0.5wt%, theMs significantly increases to 191.4 K (Fig. S2). When the V

content increases to 0.5wt%, Ms significantly rises to 191.4 K. Addi-
tionally, the increase in V content leads to the transformation of the
dispersed, near-spherical ordered domains into a stream-like, den-
sely distributed ordered domains (Figs. 6c and S6). In conclusion, the
augmentation of Si and V content predominantly enhances local
ordering, resulting in the enrichment of ordered domains. Moreover,
V exerts a more pronounced effect on compositional modulation,
which significantly alters the shape of the ordered domains. The
influence on the distortion regions is negligible; the pervasive dis-
tortions remain conducive to the nucleation of martensite. Notably,
increases in both vanadium and silicon content lead to varying
degrees of reduction in latent heat (ΔHA-M) during austenite-to-
martensite transformation. Thus, the Cu-18Zn-8Al-0.3V-0.5Si and Cu-
18Zn-8Al-0.5V-0.3Si single-crystal alloys exhibit varying degrees of
weakened eCE compared to the Cu-18Zn-8Al-0.3V-0.3Si single-crystal
alloy (Figs. 2a and S5c and S7c).

Stress-induced martensitic transformation
The Cu-18Zn-8Al-0.3V-0.3Si, Cu-18Zn-8Al-0.3V-0.5Si, and Cu-18Zn-8Al-
0.5V-0.3Si, were found to exhibit [1�41], [�2�32], and [�110] orientations,
respectively, as shown in Figs. 1a and S4a and S6a. Therefore, the
observed differences in critical stress and stress hysteresis between
samples are attributed to the combined effects of orientation differ-
ences and microstructural variations. Among these factors, the pro-
nounced microstructural differences are identified as the primary
influencing factor. Given that the single-crystal alloys were obtained
through abnormal grain growth, controlling their orientation is
inherently challenging. Thus, this study focuses on elucidating the
relationship between the unique microstructure and SIMT.

During the stress loading-unloading cycling process, the Cu-18Zn-
8Al-0.3V-0.3Si single-crystal alloy exhibits unique reversible transfor-
mation characteristics, namely between the ordered domains and the
martensitic lath, aswell as between the distortion regions and the non-
twinned martensite (Figs. 5a and 6a1). During the stress-induced mar-
tensitic transformation, single martensite laths predominantly form in
a dispersed manner, become dominantly martensite (Fig. 5a). Fur-
thermore, the distortion regions rich in 18R-LPSO structure not only
significantly reduce the nucleation barrier but also provide amultitude
of favorable nucleation sites (Fig. 6a1), promoting the growth of mar-
tensite involving only short-rangemigration of phase boundaries. This
markedly decreases the energy expenditure associated with

εyy
εyy

(  0 )

Fig. 3 | Microstructure of the matrix. a HRTEM image of Cu-18Zn-8Al-0.3V-0.3Si
single-crystal alloy before deformation. The inset shows the corresponding selec-
ted area electron diffraction (SAED) and Geometric Phase Analysis (GPA) results.
bHRTEM image of the 18R-LPSO structures within the distortion regions. The IFFT

result shown in the illustration clearly reveals the periodic stacking of the 18 R
structure. To further confirm its crystal structure, the corresponding FFT analysis
displays an interaxial angle of 89.93°. The GPA result indicates the presence of
significant lattice distortion in this structural region.
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nucleation events and phase boundary migration during repeated
cycles of loading and unloading. Furthermore, due to martensite
nucleation and growth are confined to a very small region, they exhibit
a strong selectivity for variants and display a pronounced crystal-
lographic preference for the surrounding single martensitic laths,
facilitating the formation of a special type of non-twinned martensite
(Fig. 6a2). This non-twinned martensite can avoid the self-
accommodation effects among martensite variants and reduce the
formation and propagation of twins, thereby significantly reducing the
resistance and additional energy consumption during the phase
transformation process. As a result, Cu-18Zn-8Al-0.3V-0.3Si single-
crystal alloy achieves a combination of low driving force and low
dissipated work.

TheCu-18Zn-8Al-0.3V-0.3Si single-crystal alloy exhibits consistent
superelastic behavior under low strain frequency cycling (Fig. 2b).
Even under high strain frequency cycling, the slight accumulation of
dislocations at the interface of martensitic laths leads to a minor

reduction in critical stress and stress hysteresis (Fig. 2d). However, this
does not result in the formation of irreversible residual martensite.
Consequently, its superelasticity and elastocaloric performance
remain remarkably stable.

However, the enrichment of ordered domains leads to the
aggregation of single martensitic laths after transformation, which in
turn significantly increases the critical stress (Cu-18Zn-8Al-0.3V-0.5Si
single-crystal alloy, Figs. 6a1 and S5a). Despite the presence of non-
twinned martensite reducing energy dissipation, the enrichment of
martensitic lath intensifies the accumulation of dislocations during
cyclic loading (Fig. 6a2). After just 200 cycles, there is a noticeable
decrease in critical stress (Fig. S5b). Moreover, the Cu-18Zn-8Al-0.3V-
0.5Si single-crystal alloy exhibits amediocre eCE (positive andnegative
ΔTad of 1.8 K and 1.4 K, respectively, Fig. S5c). As the ordered domains
fully transform into a Stream-like structure (Cu-18Zn-8Al-0.5V-0.3Si
single-crystal alloy), the dominant martensite is the lath martensitic
twins (Fig. S6). At this point, the role of the distortion region is mainly

Fig. 4 | Reconstruction of the structure of the Cu-18Zn-8Al-0.3V-0.3Si single-crystal alloy. a Show the reconstruction map of all elements. b The compositional
distribution along the cylindrical region. c 22.61 at.% Zn, 0.28 at.% V and 0.69 at.% Si iso-concentration surfaces. Source data are provided as a Source data file.
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to reduce the nucleation barrier, ultimately forming the lath marten-
sitic twin group similar to conventionalCu-based sSMA. Consequently,
the alloy exhibits a combination of low critical stress (~151.8MPa) and
severe stress hysteresis characteristics (Fig. S7a). Although it shows
ideal eCE (positive and negative ΔTad of 5.1 K and 4.4K, respectively,
Fig. S7b), the additional dissipated work leads to a significant decrease
in performance stability, with a cliff-like degradation in performance
after only 48 cycles (Fig. S7c).

In conclusion, we have successfully prepared a highly effi-
cient and stable Cu-18Zn-8Al-0.3V-0.3Si shape memory alloy for
elastocaloric refrigeration materials. This material not only pos-
sesses an impressive recoverable strain of 13% but also exhibits
low dissipated work, featuring a low stress hysteresis of
approximately 8MPa. Furthermore, it only requires a maximum
driving force of 251.1 MPa to achieve the positive and negative
ΔTad of 5.1 K and 4.4 K, respectively. It achieved a high COPmat
value of 17.4 and maintained stability over 800 cycles. The elas-
tocaloric cooling alloy has overcome the long-standing trade-off
between strain-dissipated work and driving force-COPmat.

The combination of characteristics stems from the special
structures of the ordered domains and distortion regions caused by
compositional modulation. The widespread 18 R long-period stack-
ing order within the distortion regions not only reduces the mar-
tensite nucleation barrier but also provides favorable sites for
nucleation, effectively reducing energy dissipation during the
nucleation process. Numerous nucleation sites provide starting
points for the growth of martensite, allowing it to expand rapidly at
these locations without the need for long-range migration. Further-
more, under the influence of the single martensitic lath transformed
from the dispersed ordered domains, the martensite within distor-
tion regions can ultimately develop into the special structure of non-
twinned martensite. Consequently, this significantly reduces the
additional dissipation caused by phase boundary migration and
internal friction at the phase interfaces. The highly efficient, high-
performing, and stable cooling material holds significant potential
for application in compact, energy-efficient, and highly reliable
commercial refrigeration systems.

Methods
Cu-18Zn-8Al-0.3V-0.3Si, Cu-18Zn-8Al-0.3V-0.5Si, and Cu-18Zn-8Al-
0.5V-0.3Si alloys (wt.%) were prepared in this study. The raw metals
of Cu (99.9wt.%), Zn (99.9wt.%), Al (99.9wt.%), V (99.9wt.%), and Si
(99.9wt.%) were used. Firstly, the intermediate alloy with some part of
Cu, Al, and all V/Si was fabricated by using arc melting in an argon
environment. Subsequently, the obtained intermediate alloy and the
rest of Cu, Al, and all Zn were sealed in a quartz tube, melted in a pit
furnaceat 1373 K, and thenquenched inwater to obtain cast alloys. The
single-crystal alloys were obtained due to abnormal grain growth after
annealing at 1023 K for 48 h.

Tensile specimenswith 8mmpitch and 2mmwidthwere cut from
the single-crystal alloy using an electric spark wire cutting machine.
Tensile tests at room temperature under different loading strains were
conductedonCu-18Zn-8Al-0.3V-0.3Si, Cu-18Zn-8Al-0.3V-0.5Si, andCu-
18Zn-8Al-0.5V-0.3Si single-crystal alloys using an electronic universal
testing machine at a tensile rate of 4 × 10−4s−1. Furthermore, the Cu-
18Zn-8Al-0.3V-0.3Si and Cu-18Zn-8Al-0.3V-0.5Si single-crystal alloys
were both subjected to room temperature tensile cyclic tests. The
former alloy underwent 400 cycles at an 8% strain, while the latter
experienced 200 cycles at a 7% strain. The eCE cyclic stability tests
were conducted under two distinct protocols: loading (0.1 s−1)—hold
(12 s)—unloading (0.1 s−1)—hold (12 s), and loading (0.1 s−1)—unloading
(0.1 s−1)—hold (10 s), with the hold time between loading and unloading
omitted in the latter mode. The adiabatic temperature (ΔTad) was
measured using a K-type thermocouple attached to the surface of the
samples.

The microstructure and crystal structure of the samples were
characterized by the transmission electronmicroscope (TEM) fromFEI
Talos F200X equipped with energy dispersive spectroscopy and
selected area electron diffraction. The crystallographic orientation of
the single-crystal was determined by electron backscatter diffraction.
The reversible martensitic transformation temperatures were mea-
sured by differential scanning calorimetry with a rate of 10K/min. The
APT specimens were prepared using a dual-beam focused-ion-beam
systemand subsequently analyzedby a LEAP 5000XR system (Cameca
Instruments) in voltage pulsing mode.

Fig. 5 | Microstructural changes after stress-induced martensitic transforma-
tion. a HRTEM image of Cu-18Zn-8Al-0.3V-0.3Si single-crystal alloy after defor-
mation. bHRTEM image of the singlemartensitic lath and non-twinnedmartensite.
c, d FFT results in orange and green boxes. e The corresponding FFT result of

b showsdiffraction spots belonging to a singlemartensite lath and another set from
the non-twinned martensite, as indicated by the dashed and solid arrows, respec-
tively. f The corresponding GPA result in (b).
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Data availability
All data supporting the findings of this study are available within the
main article, its Supplementary Information, and the accompanying
Source data file. These include all processed data and raw values
underlying the graphs and statistical analyses. No datasets were
deposited in public repositories, as all relevant data are provided in the
published materials. No custom code was used in this study. Source
data are provided with this paper.
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