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High-performance superelastic materials with a combination of high super-

elastic stress, large elastic recovery strain, and stable elastic modulus over a
wide temperature range are highly desired for a variety of technological
applications. Unfortunately, it is difficult to achieve these multi-functionalities
simultaneously because most superelastic materials have to encounter the
modulus softening effect and the limited superelastic stress, whereas most
Elinvar-type materials show small elastic strain limit. Here, we report a
(TiZrHf) 44Ni»sCu;5Co10Nbg high-entropy alloy that meets all these require-
ments. This alloy also shows good cyclic stability, thermally-stable capacity for
elastic energy storage, high micro-hardness and good corrosion resistance,
allowing it to operate stably in hostile environments. We show that its multi-
functionalities stem from a natural composite microstructure, containing a
highly-distorted matrix phase with strain glass transition and various structural
and compositional heterogeneities from micro- to nano-scale. Our findings
may provide insight into designing high-entropy alloys with unconventional
and technologically-important functional properties.

Lightweight, miniaturization and precision design for industrial and
space applications poses a big challenge for superelastic materials,
which need not only to possess high superelastic stress (ac, the critical
stress to induce long-range martensitic transformation) and large
elastic recovery strain (g, the elastically recovered component of
recovery strain), as illustrated in the inset of Fig. 1a, but also able to
maintain stable elastic modulus over a wide temperature range (known
as Elinvar effect)'>. On the one hand, when deformed to a fixed strain,
the capability of elastic energy storage (or the elastic energy stored per
unit volume £ g = [ i’“:" o(¢)de, as illustrated in Supplementary
Fig. S1)** for a high-oc superelastic material is usually superior to that
for alow-oc one, hence storing a fixed elastic energy required a smaller

volume of high-a¢ superelastic material. Large hysteresis can be easily
induced by small external stress in low-oc superelastic materials,
leading to the sensitivity deterioration, precision loss and fatigue
damage®. In addition, under a fixed external force, the higher oc a
superelastic material has, the smaller volume it is required to achieve a
desirable recovery strain. On the other hand, the stable and precise
operation of elastic devices also requires temperature-independent
elastic modulus and large &¢*°. For example, the suspension system of
Mars/lunar rover may require the combination of all these functional
properties. Due to the mutually-exclusive principles, materials with the
combination of all these properties are still rare, thus unsatisfying the
superelastic applications’®.
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Fig. 1| Superelastic property and cyclic performance of Nb6-HEA.

a Temperature-dependent compressive superelastic responses of Nb6-HEA, and
the inset is the illustration for the superelastic stress oc determined by the tangent
method'*?, the elastic recovery strain & (i.e., the elastically recovered component
of recovery strain) and the superelastic recovery strain s (i.e., the superelastically
recovered component of recovery strain)?, the elastic energy Eejasic and the dis-
sipated energy Egissipated- b Temperature-dependent o¢ of Nb6-HEA and landmark
Ti-Ni-based shape memory alloys (SMAs)'**"2°, where the ovals are meant to con-
tain ranges of data points for different alloys. S.T. stands for solution treatment, DS
stands for directional solidification, and PDA stands for post-deformation
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annealing. ¢ The superelastic stress oc versus the sum of elastic and superelastic
recovery strain (i.e., & + £sg) of Nb6-HEA and its comparison with conventional
superelastic materials">*°**"!_d Cyclic compressive stress-strain curves of Nbé6-
HEA measured at 223 K, under a constant applied stress of 1.7 GPa, and the inset
shows the ratio of o y to o ; (0c y is 0 at the N" cycle, o ; is oc at the first cycle)
of Nb6-HEA as a function of cycle number N, and its comparison with Ti-50Ni, Ti-
50.8Ni and Ti-36Ni-13Cu SMAs****, e Room-temperature fatigue test of the Nb6-
HEA, performed under a constant applied stress of 1.6 GPa with frequency of 3 Hz,
in the compressive mode (as illustrated in the inset).

Strong atomic bonding in bulk metallic materials can ensure a
high strength, but the elastic strain limit is usually less than 1%
Besides, the ever-present cooling-strengthened bonding always leads
to an elastic modulus hardening effect’. Whilst the shape memory
alloys (SMAs) with stress-induced martensitic transformation (SIMT),
such as Ti-Ni-®%, iron-'° and Cu-based" alloys, can exhibit the super-
elastic recovery strain esg larger than 8%, but their soft lattice nature
makes a low ac, usually less than 1 GPa’. Typically, the conventional
SMAs exhibit superelasticity within a limited temperature range®, for
example, it is about 232-284K for Ti-50.6Ni alloy®, and about
193-298 K for Fe-Ni-Co-Al-Ti alloy”. Below this temperature range,
martensite becomes thermodynamically stable, thus engendering
shape memory effect; above this temperature range, oc for over-
coming the energy barrier of SIMT will exceed the yield strength of
austenite, leading to undesirable plastic deformation. In addition, oc of
conventional SMAs usually decreases upon cooling, following the
Clausius-Clapeyron relation'. For example, the temperature depen-
dence of g¢ in Ti-SONi alloy is about 6 MPa/K", which will lead to a
narrow temperature range for high oc. Despite that wide temperature
range of superelasticity can be achieved in Fe-Mn-Al-Ni alloy (77-513 K)
by the assist of magnetic contribution to the Gibbs energies” and in

Co-Cr-based Heusler alloy (10-373K) with reentrant martensitic
transformation’®, high oc is still difficult to achieve, e.g., o¢ is lower
than 0.6 GPa in Fe-Mn-Al-Ni alloy and 0.9 GPa in Co-Cr-based Heusler
alloy. Moreover, these martensitic alloys inevitably suffer the elastic
modulus softening effect due to the thermally-induced phase
instability’, thus mismatching the Elinvar requirement. Consequently,
the intrinsic trade-off between superelastic stress and the temperature
sensitivity of elastic modulus preclude the combination of wide-
temperature-range high-oc superelasticity and Elinvar effect in con-
ventional superelastic alloys.

Recently, wide-temperature-range superelasticity has been
achieved in the alloys without a thermoelastic martensitic transfor-
mation, e.g., in defects-carrying Ti-Ni-based alloys with strain glass
transition (a short-range strain ordering with decreasing
temperature)” and Ni-Co-Fe-Ga alloy at supercritical state'. In addi-
tion, the strain glass transition can also compensate for the ever-
present modulus hardening effect, thus giving rise to nearly
temperature-independent low modulus, as reported in Mg-Sc alloys’.
Although the stress-induced phase transformation at nano-scale or a
continuous phase transformation in these alloys can expand the tem-
perature range and reduce the intrinsic hysteresis of conventional

Nature Communications | (2025)16:1227


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56580-9

martensitic alloys, they still exhibit the same drawbacks as other
superelastic alloys, and their soft lattice nature still prevents the
achievement of high oc. Therefore, the achievement of wide-
temperature-range high-oc superelasticity and stable elastic modulus
still needs a new strategy.

In this work, we report a high-entropy alloy (HEA)
(TiZrHf)44Ni>sCu;sCo;oNbg (named as the Nb6-HEA) that exhibits a
good combination of ultrahigh superelastic stress, large elastic
recovery strain, and Elinvar effect over a wide temperature range.
Detailed investigations revealed that these mutually-exclusive prop-
erties were achieved by a composite microstructure, where the con-
stituting compositional variation separates this alloy into the highly-
distorted matrix phase with a strain glass transition and the randomly-
distributed non-transforming heterogeneities (varying in size, struc-
ture and composition). The interactions between the matrix and var-
ious heterogeneities give rise to ultrahigh-oc superelasticity with weak
temperature dependence; the continuous lattice softening effect of
the transformative matrix also compensates for the ever-present
elastic hardening of non-transforming heterogeneities, thus yielding
nearly temperature independent elastic modulus. This study suggests
that the manipulating of multiple compositional and structural com-
ponents in HEAs are appealing for developing high-performance
functional materials.

Results
Superelastic response and stability
Figure 1a shows the temperature-dependent compressive superelastic
responses of Nb6-HEA, which are obtained under a high stress level
over 1.6 GPa. This alloy possesses both high superelastic stress oc and
large elastic recovery strain &g over a wide temperature range from
373K down to 173K (see details in Supplementary Fig. S2). For com-
parison, conventional tangent method” is utilized to determine oc
(i.e., oc is the corresponding stress for the intersection point of two
tangents in the loading stress-strain curve), and the elastic recovery
strain &g and superelastic recovery strain &g are distinguished
according to previous literature”, as illustrated in the inset of Fig. 1a. At
373K, this alloy exhibits a nearly non-hysteretic linear deformation
with & (or elastic strain limit) up to 3%, much larger than that of
conventional metals and alloys*, and ultrahigh oc 0f 1.72 GPa. At room
temperature (298 K), it shows a quasi-linear superelastic response with
high o of 1.46 GPa, large &g of 2.5% and small esg 0of 1.2%. At 223 K, it can
exhibit large &g of 2.5% and modest esg of 2.9%, and its sum of &g and esg
(i.e., &g +&sp) is comparable with that of polycrystalline Ti-Ni alloys®.
More importantly, its oc is 1.26 GPa at 223 K, much higher than that of
Ti-50Ni alloy (oc is about 0.25 GPa at 223 K)®. At 173 K, it still maintains
high oc over 1 GPa, which was technologically challenging in traditional
shape memory alloys (SMAs). As shown in Fig. 1b, the Nb6-HEA shows a
wider temperature range for high oc, in comparison with landmark Ti-
Ni-based SMAs"?7%, It also exhibits relatively weaker temperature
dependence of o¢ (3.27 MPa/K) than Ti-50Ni alloy (5.7 MPa/K) and Ti-
Nb alloy (4.4 MPa/K), comparable with Fe-Ni-Co-Al-Ta-B alloy (3.1 MPa/
K)®. Despite that high oc can be achieved in Ti-Ni-based SMAs at ele-
vated temperatures, it will rapidly decrease below 1 GPa when cooling
to room temperature. The trade-off between high oc and large &g + &s¢
is also overcome in the present Nb6-HEA, which are superior to con-
ventional superelastic alloys, such as iron-, Co-, Ti-Ni-, Ni-free Ti-based
and recently-found high-entropy SMAs*>2%?>?31 a5 shown in Fig. 1c.
Conventionally, oc of traditional SMAs will decrease rapidly after
several loading-unloading cycles, which is harmful for operating
repeatedly***, For example, oc decreases from 0.6 GPa to 0.3 GPa after
100 cycles in Ti-50.8Ni alloy*’; and oc decreases from 0.23 GPa to
0.12 GPa after 100 cycles in Ti-36Ni-13Cu alloy*. As shown in Fig. 1d,
despite that the Nb6-HEA exhibits stress hysteresis at 223 K, it pos-
sesses high oc (>1.2 GPa) after 100 cycles, and its &g and &g are nearly
unchanged. In this alloy, the cycling-induced deterioration of oc is

much weaker than those in the landmark Ti-Ni-based SMAs (inset of
Fig. 1d)***. Good cycling stability can also be obtained at its lower
temperature limit 173 K, as shown in Supplementary Fig. S3. Figure le
shows that the Nb6-HEA possesses a long fatigue life over more than
8 x 10° cycles at a high stress amplitude of 1.6 GPa, being comparable
with the advanced NissCo,oFe;sGa,; superelastic alloy (8 x 10° cycles at
1.05 GPa)’®. Conventionally, the lower stress amplitude is, the better
cycling stability a superelastic material has*. Thus, a longer fatigue life
of the Nb6-HEA would be expected, when decreasing the applied stress
in engineering applications. At its upper temperature limit 373 K, this
alloy also exhibits nearly-unchanged stress-strain response after 100
cycles (Supplementary Fig. S4a). Note that after exposing to 373 K for a
long time (e.g., 10 days), o¢ of this alloy will show an improvement at
the sacrifice of a modest reduction of & +&sg (Supplementary
Figs. S4b and S4c), which could be resulted from the diffusion-driven
precipitation, like the formation of isothermal w nanoparticles in S-Ti
alloys™.

Temperature-insensitive modulus/elastic energy, micro-
hardness and corrosion resistance

The Nbé6-HEA also exhibits a nearly temperature-independent tensile
modulus (Elinvar-type effect) over a wide temperature range from
323K down to 173K, determined from the corresponding tensile
loading-unloading curves, as shown in Fig. 2a. By contrast, the com-
mercial spring steel exhibits the normal elastic modulus hardening
effect due to the thermally-induced weakness of anharmonic vibration,
and the Ti-Ni alloy exhibits the elastic modulus softening effect
that has been commonly observed in superelastic materials’. The
average temperature coefficient of modulus e (i.e., AE/(EoAT)) is 6.14 x
10°K* from 198 K to 273 K, satisfying the criterion for Elinvar effect’. As
shown in Supplementary Fig. S5a, under constant tensile stress of
400 MPa, the number of cycles to failure (V) of the Nb6-HEA is 6182.
By lowering the tensile stress to 300 MPa, it can exhibit a better tensile
cyclic stability over more than 10000 cycles (Supplementary Fig. S5b).
Owing to its temperature-independent modulus and high oc, this alloy
possesses thermally-stable high elastic energy Fejastic (i.€., capability for
elastic energy storage) over a wide temperature range, as shown in
Fig. 2b. Notably, Elinvar-like behaviors have also been observed in
some specific alloys (e.g., Ti-Ni-Co and Ti-Ni-Cu strain glass alloys®’*%),
which are determined by their weak temperature dependence of AC
(i.e., storage) modulus under a very small stress/strain amplitude. One
important difference here is that the present Nb6-HEA can show Elin-
var effect under a high compressive stress of 600 MPa, being superior
to the previously-reported strain glass alloys (as summarized in Sup-
plementary Table S1). We have also prepared a Nb-free
(TiZrHf)soNiysCo,0Cus HEA, which exhibits nearly temperature-
independent AC modulus over a wide temperature range (Supple-
mentary Fig. S6). Unfortunately, under high compressive stress, both
of modulus and E,:c of this Nb-free HEA exhibits are highly sensitive
to temperature (inset of Fig. 2b), hence unsatisfying the practical
elastic applications at high stress level. Note that after exposing to its
upper temperature limit 373K for 10 days, the Nb6-HEA can still
exhibit Elinvar effect over a wide temperature range (Supplemen-
tary Fig. S7).

When serving as the leaf spring in automobile, the suspension
system in rover and biomedical guide wires, elastic materials are also
required to possess high micro-hardness for resisting the surface
scratch induced by sharp objects impinging in operation®. It is
because the local stress concentration on the surface scratch can lead
to the formation of micro-cracks under loading-unloading cycles,
further resulting in undesirable fracture or fatigue damage*°. As shown
in Fig. 2c, the Nb6-HEA possesses higher micro-hardness than con-
ventional structural materials (e.g., SUS316L stainless steels and Ti-Al-V
alloys) and elastic materials (e.g., Ti-2448 and Ti-Ni-based alloys)***. In
the biomedical applications* and ocean thermal energy harvesting®,
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stress-strain curves of Nb6-HEA tested from 373 K down to 123 K, and inset shows
that Nb6-HEA exhibits a nearly temperature-independent (Elinvar-type) modulus
over the temperature range of 173-323K (as indicated by the yellow shading), a
behavior contrasting with the elastic modulus hardening of non-transforming spring
steel and the elastic modulus softening of Ti-Ni martensitic alloy. b Compressive
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strongly temperature-dependent elasticity (inset). ¢ A comparison of micro-
hardness between Nb6-HEA and conventional structural and elastic materials* .
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solution and H,SO,4 (PH = 3) solution, where E., is the corrosion potential, ico,, is the
corrosion current density, and the reference electrode is Calomel electrode (SCE).

SMAs are also required to possess good corrosion resistance in hostile
environments. As shown in Fig. 2d, in H,SO, (PH=3) solution, the
corrosion potential E¢o, of Nb6-HEA (-0.184 V) is higher than that of Ti-
50Ni alloy (-0.274 V); in NaCl (3.5 wt.%) solution, the corrosion current
density i.orr Of Nb6-HEA (0.097 pA cm?) is much lower than that of Ti-
50Ni alloy (0.559 pA cm?). These results suggest that the Nb6-HEA
possesses high micro-hardness and good corrosion resistance simul-
taneously, like the advanced Co-Cr-Al-Cr SMAs*.

Natural composite microstructure

Figure 3a shows the X-ray diffraction (XRD) pattern of Nb6-HEA,
revealing a phase mixture of ordered body-centered-cubic (bcc) B2
matrix (ag, = 0.312 nm) and a small volume fraction of 3-Nb phase with
disordered bcc A2 structure (ag.n, = 0.331nm). The lattice parameter
of B2 matrix in this alloy is larger than that in Ti-SONi binary alloy
(a2 =0.3015 nm)*¢, because its alloying of elements Zr, Hf have larger
atomic radii than Ti, and Co, Cu have larger atomic radii than Ni. The
inset energy dispersive spectrometer (EDS) mapping clearly displays
micron-sized 3-Nb secondary phase. Due to the lattice misfit between
B2 matrix and (3-Nb phase, Moiré fringe engendered by the local stress

concentration can be observed at their interface (Supplementary
Fig. S8). Notably, the {110}z, fundamental reflection (Fig. 3b) exhibits
asymmetric contour, which can be decomposed into two isolated
peaks by Gaussian fitting (i.e., fitted peak-1 and fitted peak-2). It indi-
cates the existence of additional phase that possesses overlapped
reflection with {110}g,. The low-magnification electron back-scattered
diffraction (EBSD) inverse pole figure (Fig. 3¢) reveals that this alloy has
randomly-oriented grains with the size from tens to hundreds of
microns. Figure 3d displays the scanning electron microscope back-
scattered electron (SEM-BSE) image and corresponding electron probe
microanalyzer (EPMA) mappings of Nb6-HEA. Four kinds of phase
constitutions can be identified: (i) dominant B2 matrix with dark-gray
contrast in BSE image, which contributes to the strongest peak-1 in
Fig. 3b; (ii) B-Nb phase with black contrast in BSE image, which is
formed due to the limit solid solubility of Nb within B2 matrix; (iii)
micron-sized Cu-rich phase with light-gray contrast in BSE image,
which could contribute to the additional peak-2 in Fig. 3b; (iv) a very
small volume fraction of Hf-rich oxide with the brightest contrast in
BSE image, which is further confirmed by EPMA mapping for O (Sup-
plementary Fig. S9). Despite that micro-scale phase segregation
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Nb obtained by scanning transmission electron microscopy (STEM) (scale bar, 2 pm).
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(EBSD) inverse pole figure (scale bar, 200 um). d Scanning electron microscope
backscattered electron (SEM-BSE) image and corresponding electron probe micro-
analyzer (EPMA) mappings for Ti, Zr, Hf, Ni, Cu, Co and Nb (scale bar, 10 pm).

occurs, the B2 matrix still contains all the alloying elements, thus
having high mixing entropy. Consequently, the present Nb6-HEA is
actually a natural composite that possesses various micron-sized
structural/compositional heterogeneities throughout the B2 matrix.

Structural and compositional heterogeneities from micro- to
nano-scale

Figure 4a shows the low-magnification scanning transmission electron
microscopy energy dispersive X-ray spectroscopy (STEM-EDS) map-
ping images of Nb6-HEA, which clearly display the compositional dif-
ference between B2 matrix, Cu-rich phase, f-Nb phase and Hf-rich
oxide, being consistent with the EPMA results (Fig. 3d). According to
the line-scanning element analysis (Fig. 4b), the Cu-rich phase also
possesses higher Zr content than the B2 matrix. Transmission electron
microscopy (TEM) electron diffraction patterns taken from Cu-rich
phase (Fig. 4c) and matrix phase (Fig. 4d) are identified by the
orthorhombic Zr,Cuyo-type structure*” with [001] zone axis and the B2
structure with [111] zone axis, respectively. These two patterns are
obtained without tilting the specimen, therefore the orientation rela-
tionship between them is [010]-Zr,Cuq // [011]-B2 and (001)-Zr;Cuyqo //
(111)-B2. Determined from diffraction pattern (Fig. 4c), the Zr;Cuyo-
type phase has lattice parameters of a=1.222nm and b=0.914 nm,

which are slightly smaller than those of standard Zr,Cuy structure*’
due to the existence of Ni and Co with smaller atomic radii than Cu.
Then, the fitted peak-2 in Fig. 3b could be attributed to the {422}
reflection of Zr;Cu;o-type phase. Further analysis shows that the Cu-
rich region also contains the orthorhombic Zr;Cug-type phase with low
volume fraction (Supplementary Fig. S10), and a similar behavior of
phase decomposition (coexistence of Zr,Cuy,, and Zr;Cug inter-
metallics) has been previously reported in Zr-Cu alloy*. Notably, the
diffraction pattern taken within B2 matrix (Fig. 4d) exhibits weak and
diffused superlattice spots at 1/2{101}* and 1/2{224}* positions (indi-
cated by blue and yellow arrows). These 1/2 spots have been previously
observed in the defects-bearing Ti-Ni alloys with strain glass transition,
which result from the appearance of B19" nano-domains®. Figure 4e
shows the TEM bright-field image taken within B2 matrix of Nb6-HEA,
where nano-domains with dark contrasts can be observed. The filtered
high-resolution transmission electron microscopy (HRTEM) image
(Fig. 4f) displays one typical nano-domain with B19’ structure (identi-
fied by the inset Fast Fourier transform (FFT) pattern), which possesses
distinct atomic arrangement from surrounding B2 matrix. We have
also prepared a Nb-free (TiZrHf)soNi,sCu;sCoi0 HEA (named as the
NbO-HEA), which exhibits a typical B2->B19° martensitic
transformation®. Unlike the Nb6-HEA containing B19’ nano-domains,
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Fig. 4 | Structural and compositional analysis of Nb6-HEA. a Low-maghnification
scanning transmission electron microscopy energy dispersive X-ray spectroscopy
(STEM-EDS) mappings for Ti, Zr, Hf, Ni, Cu, Co, Nb and O (scale bar, 2 pum). b Line-
scanning element analysis recorded along the white line in (a). ¢ Transmission
electron microscopy (TEM) electron diffraction pattern taken within the Cu-rich
phase in a, which is indexed by the orthorhombic Zr,Cu,q structure with [001] zone
axis (scale bar, 5 nm™). d TEM electron diffraction pattern taken within the matrix in
(a), which is indexed by the cubic B2 structure with [111] zone axis, where the
superlattice reflections for B19’ variants are indicated by yellow and blue arrows
respectively (scale bar, 5nm™). e TEM bright-field image taken within B2 matrix,

showing heterogeneous micromorphology (scale bar, 100 nm). f Filtered high-
resolution transmission electron microscopy (HRTEM) image that displays one B19’
nano-domain within B2 matrix (scale bar, 2 nm), and the inset shows the corre-
sponding Fast Fourier transform (FFT) pattern. g HRTEM images of B2 matrix taken
along [110]-B2 zone axis and [111]-B2 zone axis (scale bar, 2 nm), where the insets
show the corresponding FFT patterns. h Geometry phase analysis (GPA) images
that display local strain distribution along <112 > g, direction and <110 > g, direction
(scale bar, 2 nm). i High-angle annular dark-field (HAADF) image taken within B2
matrix and corresponding high-magnification STEM-EDS mappings for Ti, Zr, Hf, Ni,
Cu, Co and Nb (scale bar, 50 nm).

micron-sized B19’ martensitic variants have been observed in NbO-HEA
(Supplementary Fig. S11). Thus, it seems that the long-range strain
ordering will be suppressed by extra Nb doping.

Owing to the composition-induced atomic size mismatch®’, HEA
systems always suffer severely local lattice distortion (i.e., atoms
deviated from their ideal lattice site). In most B2 regions of Nb6-HEA,
local lattice distortion can be observed, as shown in the HRTEM images
taken along [110]- and [111]-B2 zone axes (Fig. 4g). The strong intensity
of {001} superlattice reflections in the inset FFT image confirms the

high degree of B2 ordering of matrix. And geometry phase analysis
(GPA, Fig. 4h) shows the local strain distribution within B2 matrix,
exhibiting intense strain fluctuation at nano-scale. High-magnification
STEM-EDS mapping images (Fig. 4i) show that the B2 matrix also suf-
fers nano-scale compositional fluctuation that has been commonly
observed in HEA systems®, and the Nb element displays a hetero-
geneous network-like distribution throughout B2 matrix. Interestingly,
the B19" nano-domains in Nb6-HEA will not grow into large martensitic
lath even at cryogenic temperature (e.g., at 123K, Supplementary
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Fig. 5 | Signatures of strain glass transition in Nb6-HEA. a, b In-situ step-scanned
XRD patterns of Nb6-HEA, taken at 170 K (a) and 298 K (b). ¢ Differential scanning
calorimetry (DSC) curve of Nb6-HEA, showing the absence of martensitic trans-
formation peak. d Normalized (at 300 K) electrical resistivity curve of Nb6-HEA for
both cooling and heating, and the insets schematically illustrate the evolution of
B19’ nano-domains with temperature. e, f Frequency-dependent (different colours
represent frequency of 1, 2, 4,10 and 20 Hz, respectively) storage modulus (e) and
internal friction tan ¢ (f, & is the phase difference between stress and strain)

300
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4

obtained by dynamical mechanical analysis (DMA) measurements, where the
internal friction peaks follow the Vogel-Fulcher relation with an ideal freezing
temperature T =194 K (inset of f). g Schematic transition diagram for the B2 aus-
tenite in present HEA system, showing that doping of excess Nb can alter the
martensitic transformation into strain glass transition, where M stands for mar-
tensitic transformation start temperature, T stands for peak temperature of
internal friction, and STG stands for strain glass.

Fig. S12), which indicates that this alloy is not a typical martensitic alloy
like the NbO-HEA. In the following, we shall show that the present Nb6-
HEA is actually a strain glass alloy, possessing the short-range strain
ordering over a wide temperature range.

Trace of short-range strain ordered glass transition

As revealed by the in-situ step-scanned XRD patterns of Nb6-HEA
(Fig. 5a and b), very weak {110} and {002} reflections for the mono-
clinic B19’ structure can be detected at 170 K, and these reflections
become nearly invisible when heating to 298 K. Meanwhile, the
fundamental reflections for the parent phase (e.g., {110},) keep
nearly unchanged. Notably, differential scanning calorimetry (DSC)
curve (Fig. 5c) reveals no signature for typical martensitic transfor-
mation in Nb6-HEA, because the transformation latent heat is
absent. These results suggest that this alloy suffers a local symmetry
breaking from B2 to B19’. Notably, unlike conventional metallic
materials, the electrical resistivity of Nb6-HEA shows abnormal
temperature dependence that gradually increases with temperature
decreasing, as shown in Fig. 5d. In the martensitic NbO-HEA, its
electrical resistivity increases rapidly when cooling to the

martensitic transformation start temperature M, (Supplementary
Fig. S13). It indicates that the B19’ martensite possesses higher
electrical resistivity than the B2 austenite in present HEA system.
Thus, the abnormal temperature-dependence of electrical resistivity
in Nb6-HEA can be attributed to the increased volume fraction of
B19’ nano-domains with upon cooling, as schematically illustrated in
the inset of Fig. 5d. Notably, the cooling and heating electrical
resistivity curves of Nb6-HEA are smooth and nearly overlapped,
unlike those of martensitic NbO-HEA showing sharp change and
large hysteresis (also see Supplementary Fig. S13). It indicates that
the evolution of B19’ nano-domains in Nb6-HEA is continuous and
nearly non-hysteretic. Moreover, dynamical mechanical analysis
(DMA) reveals that both the storage modulus and internal
friction (tan §) of Nb6-HEA are frequency dependent, as shown in
Fig. 5e and f. Unlike the martensitic NbO-HEA having frequency-
independent internal friction peaks (Supplementary Fig. 14), the
internal friction peaks of Nb6-HEA show obviously frequency-
dependent, which is a typical signature of a strain glass transition
that has been widely observed in the Ti-Ni strain glass alloys®.
According to previous investigations®’, the temperature T,,q at which
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Fig. 6 | On the mechanism of superelasticity of Nb6-HEA. a-c Room-temperature
cyclic compressive stress-strain curves of Nb6-HEA micropillars which consist of single
matrix phase (a), mixture of matrix and Cu-rich phases (b), mixture of matrix and 3-Nb
phases (c), and “1, 2, 3, 4, §” represent the number of loading-unloading cycles. The inset
scanning electron microscope backscattered electron (SEM-BSE) images (scale bar, 5
pm) show the selected areas for the corresponding micropillars fabricated by the
focused ion beam (FIB) milling, which are indicated by the yellow crosshairs. The inset
scanning electron microscope secondary electron (SEM-SE) images (scale bar, 1 pm)
show the morphology of the corresponding micropillars. d & + £s¢ and elastic energy
Eerastic as a function of applied strain for the “Matrix” micropillar and the “Matrix + Cu-
rich” micropillar. e A comparison of superelastic stress oc between the “Matrix”

micropillar, the “Matrix + Cu-rich” micropillar and previously-reported SMA
micropillars>*%, The inset shows the loading-unloading stress-strain curves of the
“Matrix + Cu-rich” micropillar and the Ti-50.8Ni micropillar®? by applying strain of about
4.7%. f Compressive loading-unloading stress-strain curves of the “Matrix + Cu-rich”
micropillar from cycle 6 to cycle 9, and the inset reveals that e, for “Matrix + Cu-rich”
micropillar is 6 times of that for Ti-50.8Ni micropillar’. g-i In-situ heating TEM dark-field
images (DFIs, scale bar, 50 nm) taken at 123 K (g), 223 K (h), 333 K (i), which are obtained
by capturing one 1/2 spot belong to the B19’ structure (indicated by yellow circles), and
the insets show the corresponding TEM electron diffraction patterns with [111]-B2 zone
axes taken at 123K, 223 K, 333 K respectively (scale bar, 2 nm?), and intensity profiles
recorded along the dotted white lines in corresponding diffraction patterns.

internal friction starts to increase signals the appearance of quasi-
static strain nano-domains (i.e., unfrozen strain glass), and the
internal friction peak temperature T, represents the freezing tem-
perature of strain glass. The frequency-dependent 7 also follows

the Vogel-Fulcher relation®:

w=wg exp[—E,/kg(Tg — To)] @
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where E, is the activation energy, kg is the Boltzmann constant, and
To=194 K is the idea strain glass freezing temperature (determined in
the inset of Fig. 5f). The above features reveal that the Nb6-HEA is not a
typical martensitic alloy, but a strain glass alloy. A schematic transition
diagram for the B2 austenite in present HEA system is provided in
Fig. 5g, which demonstrates that doping of excess Nb can alter the
long-range strain ordered martensitic transformation into short-range
strain ordered strain glass transition.

Discussion

Next, we shall discuss why these multi-scale structural and composi-
tional heterogeneities result in exceptional macroscopic properties in
the present Nb6-HEA.

First, to correlate the microstructure of Nb6-HEA with its macro-
scopic superelastic property, we have prepared micropillars with dif-
ferent phase constitutions, and investigated their cyclic compressive
stress-strain responses, as shown in Fig. 6a—c. To avoid the influence of
crystallographic anisotropy, all the micropillars were taken from
adjacent regions within the same grain, and their corresponding
morphology before and after mechanical testing are shown in Sup-
plementary Fig. S15. As shown in Fig. 6a, the “Matrix” micropillar
(consisting of single matrix phase) possesses oc of 1.9 GPa at room
temperature, much higher than the coarse crystalline Ti-50.8Ni
micropillar (oc is about 0.41 GPa)* and the nanocrystalline Ti-50.9Ni
micropillar (oc is about 0.6 GPa)*™. It suggests that the nano-scale
heterogeneities within the matrix phase, including the local lattice
distortion, strain and compositional fluctuations (Fig. 4g-i), can sup-
press the stress-induced martensitic transformation (SIMT) efficiently,
hence giving rise to high oc. As shown in Fig. 6b, an ultrahigh oc of
3.2 GPa has been achieved in the “Matrix + Cu-rich” micropillar (con-
sisting of the mixture of matrix and Cu-rich phases), about 68.4%
higher than that in the “Matrix” micropillar. This dual-phase micropillar
shows a small plastic deformation of 0.74% under a high applied stress
of 3.9 GPa. By contrast, the “Matrix” micropillar suffers a larger plastic
deformation of 1.3% under a lower applied stress of 2 GPa. These
results indicate that the non-transforming Cu-rich phase, which has
ultrahigh yield strength o, of 5.4 GPa (Supplementary Fig. S15b), can
not only suppress the SIMT, but also impede the dislocation glide in
surround matrix phase. As shown in Fig. 6c, the “Matrix + [3-Nb”
micropillar (consisting of the mixture of matrix and 3-Nb phases)
shows o, of 1.6 GPa and negligible superelasticity. The superelasticity
absence can be attributed to that the 3-Nb phase has suffered severely
plastic deformation before reaching oc (1.9 GPa) of matrix phase.
Therefore, the 3-Nb phase cannot provide prominent strengthening
effect at room temperature. However, with temperature decreasing, oc
of matrix phase will become lower than 1.6 GPa at a critical tempera-
ture due to the Clausius-Clapeyron relation™, and the B-Nb phase can
then be considered as a strengthening phase which plays a role like the
Cu-rich phase. In addition, the non-transforming 3-Nb phase can act as
the obstacles for thermally-induced/stress-induced long-range strain
ordering. As shown in Fig. 6d, with the same applied strain, the “Matrix
+ Cu-rich” micropillar possesses smaller &g + £s¢ than the “Matrix” one
due to its lower volume fraction of transforming component, whereas
possesses much superior capability for elastic energy storage owing to
its higher applied stress. In comparison with previously-reported SMA
micropillars®*> (Fig. 6e), the “Matrix + Cu-rich” micropillar possesses
much higher oc, which may have potential applications in superelastic
micro-devices. Moreover, the “Matrix + Cu-rich” micropillar maintains
high Ejasiic after several loading-unloading cycles, which is nearly 6
times of the Ti-50.8Ni micropillar®?, as shown in Fig. 6f. Consequently,
the nano-scale heterogeneities within the matrix phase and micro-
scale secondary phases can increase the barrier for SIMT coopera-
tively, resulting in the enhancement of oc, and their strengthening
effects decreases the undesirable plastic deformation that deteriorates
the superelasticity.

Second, the wide temperature range superelasticity of Nb6-HEA
(Fig. 1) benefits from the kinetically-limited strain glass transition of B2
matrix. The micron-sized secondary phases, local lattice distortion and
compositional fluctuation at nano-scale can be deemed the structural
defects/random fields that help to suppress the thermally-induced
martensitic transformation'*°. At Ty < T < T,q, this alloy should contain
the quasi-static strain nano-domains (i.e., unfrozen strain glass) which
can serve as the embryos for the reversible SIMT. At T < T, this alloy
will fall into a frozen strain glass state with a high density of B19’ nano-
domains. We have further performed in-situ TEM dark-field observa-
tions to reveal the “living” feature of B19’ nano-domains, as shown in
Fig. 6g-i. At 123 K (Fig. 6g), a high density of frozen B19" nano-domains
are randomly distributed throughout the matrix, which do not grow
into large martensitic laths. When heating to 223 K (Fig. 6h), both size
and volume fraction of B19’ nano-domains decrease smoothly, which
can be reflected by the weakened 1/2 spots in the inset diffraction
pattern. At 333K (Fig. 6i), the 1/2 spots are nearly invisible, and the
volume fraction of B19’ nano-domains is low. The inset intensity pro-
files can also reveal the evolution of B19' nano-domains upon heating.
Consequently, the suppression of thermally-induced martensitic
transformation in present Nb6-HEA helps to widen the temperature
range for superelasticity®'>".

Third, the weak temperature dependence of oc (Fig. 1b) of Nb6-
HEA can be simply understood by the Clausius-Clapeyron relation'*:

= - @)

where AS is the molar entropy difference between the austenite and
martensite, € is the transformation strain, and V,, is the molar volume.
According to a recent study®®, the maximum transformation strain,
Emax iN the NbO-HEA is 14.5%, much larger than that of the Ti-Ni alloy
(about 8.4%)°". And V,,, in this system is also larger than that of the Ti-Ni
alloy due to the alloying of large-sized atoms. Since the Nb6-HEA
processes embryonic B19’ nano-domains in a wide temperature range,
the stress-induced B2 - B19’ martensitic transformation should not
involve the nucleation process. The absolute value of AS for the
growth B19’ nano-domains should be smaller than that required the
complete nucleation-growth process. Therefore, owing its large V' m
and small absolute value of AS, the Nb6-HEA exhibits a relatively weak
temperature dependence of oc.

Fourth, the nearly temperature-independent modulus (Fig. 2a and
b) of Nb6-HEA can be explained by a self-compensation effect. Upon
cooling, on one hand, the lattice instability of B2 matrix will give rise to
an elastic modulus softening effect, which has been usually observed
at the pre-transitional state of martensitic alloys and unfrozen state of
strain glass alloys®*% on the other hand, the thermally-induced weak-
ness of anharmonic phonon vibration in non-transforming secondary
phases (e.g., B-Nb precipitates and Cu-rich intermetallics) will lead to
an ever-present elastic modulus hardening effect’. Thus, a compen-
sation effect can be established between the B2 matrix and non-
transforming secondary phases, and consequently results in the
desired temperature-independent elastic modulus. A schematic illus-
tration of the mechanism for the Elinvar effect in this alloy is provided
in Supplementary Fig. S16.

Fifth, the stress hysteresis of superelasticity in present Nb6-HEA
varies with temperature (Fig. 1a). Such cooling-enlarged hysteresis can
be attributed to: (i) the lattice compatibility between stress-induced
martensite (SIM) and matrix phase becomes worsen, in other word, the
middle eigenvalue A, of the transformation stretch matrix is away from
1°% (ii) the volume fraction of SIM increases®’; (iii) the resistance to the
motion of interface between SIM and matrix phase becomes weaker®*;
(iv) the difference in free energy between SIM and matrix phase
increases®. Technologically, large stress hysteresis should be avoided,
because it will not only lead to low efficiency and inaccurate position
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control of SMA actuators, but also produce fatigue damage and low
durability of cardiovascular stents®. Actually, the stress hysteresis of
present Nb6-HEA is much smaller than many landmark SMAs, e.g., Ti-
50.6Ni alloy® and Fe-Co-Ni-Al-Ta-B alloy™. Using the coefficient of
energy dissipation (6 = Egissipated / (Ectastic + Edissipated))”* to quantify the
hysteresis of superelasticity—the higher & is, the larger hysteresis
a SMA possesses, one can find that the Nb6-HEA has much lower
6 than the Nb-free (TiZrHf)soNisCo,0Cus HEA (Supplementary
Fig. S17). Besides, the temperature dependence of 6 (i.e., -A§/AT) is
6.72 x 10"* K™ for Nb6-HEA, only half of that for (TiZrHf)soNi»sC0,0Cus
(13.84 x 10* K?). It suggests that doping Nb element in the present HEA
system can effectively reduce the stress hysteresis and weaken its
temperature dependence simultaneously. Since the stress hysteresis is
correlated with the applied stress, one can reduce the stress hysteresis
of Nb6-HEA by decreasing the applied stress magnitude. As shown in
Fig. 2b, by applying an external stress of 600 MPa, this alloy exhibits
non-hysteretic stress-strain response and thermally-stable elastic
energy over a wide temperature range. Moreover, our experiments
showed that further isothermal aging (e.g., at 723K for 1.5 h) can also
reduce the stress hysteresis of Nb6-HEA, accompanying by an obvious
enhancement of oc (Supplementary Fig. S18), which could be attrib-
uted to the aging-induced precipitation of secondary phase, like that
observed in the aged Ti-Ni alloys®®.

Sixth, we will discuss the roles of Nb element in the present HEA
system: (i) owing to the limited solid solubility of B2 matrix, the excess
Nb doping will lead to the precipitation of 3-Nb as strengthening phase
at low temperatures; (ii) since Nb element usually acts as the
austensite-stabilizer in Ti-based alloy®®, the Nb element dissolved in B2
matrix can act as point defects that can not only suppress the long-
range strain ordered martensitic transformation, but also give rise to
the solid strengthening effect. In addition, the configuration entropy
of mixing, 45" for B2 matrix could be increased by the solute of Nb
element, according to an applicable model for the multi-component
B2-ordered structure®’:

n

Asconf - _ E

mix 22 (1 +gpInpx A+ )] +x,(1— gplnpx;(L— )} (3)
where R is the ideal gas constant, x; is the molar fraction concentration
of the i element, n is the total number of element species, and 7; is the
site-ordering parameter of the i element, which ranges from -1 to 1;
(iii) the solute of Nb element can also increase the atomic size
mismatch and the degree of local lattice distortion 6, according to:

“)

where ¢; and r; are the atomic percentage and atomic radius of the
individual alloy component respectively, 7 (i.e., 31 ,c;r;) is the average
atomic radius, and n is the total number of element species®. The
increased local lattice distortion will result in the enhancement of
strengthening effect; (iv) according to the element distribution in the
Nb-free NbO-HEA (Supplementary Fig. S19), doping of Nb at the
expense of reducing Ti, Zr and Hf content will facilitate the formation
of Cu-rich intermetallics, which helps to enhance the yield strength
and suppress the long-range strain ordered martensitic transforma-
tion. As a result, the Nb6-HEA possesses much superior superelastic
performance to the NbO-HEA (Supplementary Fig. S20).

Finally, it is noticed that the strain ordered nano-domains in stain
glass Nb6-HEA share similarities with the polar nano-regions (PNRs) in
relaxor ferroelectrics®®, both of which originate from a gradual freez-
ing process of the disordered ferroic state”. These ferroic nano-
regions can be detected below a critical temperature—T,,q for the strain
glass Nb6-HEA (Figs. 5f and 6g-i) and Ty (i.e., Burns temperature) for

the relaxor ferroelectrics. Around the freezing temperature, the
internal fraction peaks of stain glass Nb6-HEA show a strong frequency
dependence, following the Vogel-Fulcher relation (Fig. 5f). Similar
behavior has been observed for ac dielectric response in relaxor
ferroelectrics®®. Unlike the traditional ferroelectrics with large ferro-
electric domains, in relaxor ferroelectrics, the gradual expanding and
contracting of PNRs under external electric field can give rise to
remarkable electromechanical properties, e.g., large electrostriction
with slim hysteresis®’. Such electromechanical response is very like the
“smoothed” (or “quasi-linear”) stress-strain response in Nb6-HEA
(Fig. 1a). Considering the physical parallelism between strain glass
and relaxor, it can be deemed that the strain ordered nano-domains in
Nb6-HEA can also evolve gradually under external stress field, con-
tributing to large superelasticity with slim hysteresis®. Very recently, a
high-entropy relaxor ferroelectric has been developed, showing high
recoverable energy density and efficiency’®. Therefore, the high-
configuration-entropy strategy is not only applicable in exploiting
relaxor ferroelectrics with excellent properties, but also feasible in
achieving high performance in the physically-parallel ferroelastic
systems.

In summary, we report a (TiZrHf) 44Ni»sCu;sCo;9Nbg high-entropy
superelastic alloy, which is a natural composite that bears the highly-
distorted B2 matrix phase and various structural and compositional
heterogeneities from micron- to nano-scale. Owing to the unique
microstructure, the matrix suffers short strain ordering (strain glass
transition), for which the thermally-induced long-range strain ordering
(martensitic transformation) as hindered by the multi-scale hetero-
geneities. These heterogeneities also provide high energy barrier
against the dislocation movements, thus giving rise to a significant
strengthening effect. And their ever-present elastic modulus hard-
ening effect cancels out the elastic modulus softening effect of trans-
formative matrix. As a result, this alloy exhibits an exceptional
combination of wide-temperature-range high superelastic stress, large
elastic recovery strain, and Elinvar effect. Our work may provide an
appealing elastic material serving in temperature-variable environ-
ments like space and aerospace, as well as a promising candidate for
industrial applications, such as leaf springs in automobiles, mechanical
chronometers and high-precision devices.

Methods

Sample preparation

(TinHﬂso.xNigcuLgcoloNbx (x=0,2,4,6at%) and (TinHf)soNizsCOZOC05
ingots were prepared by arc-melting furnace under a protective argon
atmosphere, using raw materials with high purity (Ti: 99.995at.%, Zr:
99.5 at.%, Hf: 99.95 at.%, Ni: 99.995 at.%, Co: 99.95 at.%, Cu: 99.99 at.% and
Nb: 99.95 at.%). The ingots were turned over and melted five times to
ensure homogeneity. Then, the as-cast ingots were followed by annealing
at 1273 K for 3 h in a quartz tube with argon atmosphere, and quenched
into water. Samples were cut from the center of quenched ingots, and
then mechanically polished for the following measurements and char-
acterizations. Several (TiZrHf)44NisCu;sCoioNbg (Nb6-HEA) samples
were further isothermal aging at 723K for 1.5 h for reducing the stress
hysteresis, or exposing to 373 K for 10 days (i.e., 240 h) for examining the
stability at its upper temperature limit. Commercial Ti-Ni50 alloy and GB
65Mn spring steel were used for comparison.

Mechanical testing

Cylinder samples with size of ®4 mm x 7 mm were used to obtain the
compressive superelastic response, using the LD26 (Lishi) universal
testing machine equipped with the extensometer (Epsilon 3541), with
the loading rate of 0.13 mm/min and unloading rate of 0.5 mm/min.
Different cylinder samples were used to measure the superelastic
response at each temperature. Dog-bone samples with gauge dimen-
sion of (6 mm x 1.8 mm x 1.2 mm) were used to obtain the tensile
stress-strain curves, using the AG-IS (Shimadzu) universal testing

Nature Communications | (2025)16:1227

10


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56580-9

machine equipped with the extensometer (Epsilon 3442), with the
loading and unloading rates of 0.1 mm/min. The microhardness test
was evaluated by a Vickers hardness tester HV-1000 STA (Veiyee) at a
load of 2.942 N for 15 s. The hardness was determined by the average of
the five testing points.

Cycling stability testing

Cylinder samples with size of ®3 mm x 8 mm were used to obtain
the cyclic compressive stress-strain curves (100 cycles), using the
LD26 (Lishi) universal testing machine equipped with the extens-
ometer (Epsilon 3541), with the loading and unloading rates of
3 mm/min. Different cylinder samples were used to measure the
cyclic performance at each temperature. Room-temperature com-
pressive fatigue tests were performed by the material testing
machine EHF-U (Shimadzu), under a constant stress amplitude of
1.6 GPa with frequency of 3Hz. Dog-bone samples with gauge
dimension of (6 mm x 1.8 mm x 1.2 mm) were used to obtain the
room-temperature cyclic tensile stress-strain curves, using the
CMT4204 (Chenxin) universal testing machine, with the loading and
unloading rates of 3 mm/min.

Electrochemical corrosion testing

Potential polarization curves were obtained by the CHI660E electro-
chemical analyzer system (Chenhua), in a conventional three-electrode
cell with environments of 3.5wt.% NaCl and H,SO, (PH=3) respec-
tively. Calomel electrode (SCE) and Pt electrode were used as the
reference electrode and counter electrode, respectively. The testing
area for Nb6-HEA in 3.5 wt.% NaCl solution was 2.31 cm??, for Nb6-HEA in
H,S0, (PH = 3) solution was 2.34 cm?, for Ti-50Ni alloy in 3.5 wt.% NaCl
solution was 2.45 cm?, for Ti-50Ni alloy in H,SO,4 (PH = 3) solution was
1.85cm?

Micropillar compression testing

Micropillars with different phase constitutions were prepared by a
scanning electron microscope equipped with a focus ion beam (FIB-
SEM, FEI Scios 2). All micropillars were taken from the same grain of
matrix phase. The size for “Matrix” micropillar was ®0.513 pm x 1.041
pm, for “Matrix + Cu-rich” micropillar was ®0.524 pm x 1.311 um, for
“Cu-rich” micropillar was ®0.544 pum x 1.213 pm and for “Matrix + f3-
Nb” micropillar was ®0.533 pm x 1.082 pm. Room-temperature
micropillar compression was performed by the FIB-SEM equipped with
picoindenter Hysitron PI 85, using the loading and unloading rates of
5nm/s.

Structural and compositional analysis

Average structure was identified using X-ray diffraction (XRD, XRD-
7000 Shimadzu) with Cu Ka radiation, using the samples with size of
10 mm x 10 mm x 1 mm. Electron back-scattered diffraction (EBSD)
characterization was conducted by the JSM 7200 F SEM equipped with
the EDAX Velocity Super detector. Scanning electron microscope
backscattered electron (SEM-BSE) images and electron probe micro-
analyzer (EPMA) mappings were performed by the JXA-iHP20OF.
Transmission electron microscope (TEM) foil samples with diameter of
3mm were prepared by twin-jet electropolishing at temperatures
below 243K, followed by short-term ion milling to remove surface
contamination. Microstructure and elemental distribution were char-
acterized using the 200 kV JEOL JEM-2100F TEM and the Thermo
Fisher Talos F200S TEM. In-situ TEM observations were performed by
the 200 kV JEOL JEM-2100F TEM. High-resolution TEM images and
geometric phase analysis (GPA) were analyzed using DigitalMicro-
graph software (3.2 version, Gatan).

Characterization of strain glass transition
Temperature-dependent electrical resistivity was measured using
physical property measurement system (PPMS, Quantum Design) with

cooling and heating rates of 2 K/min, using the samples with size of
75mm x 3mm x 0.8 mm. Differential scanning calorimetry (DSC)
experiment was carried out using the TA DSC Q-200 with cooling and
heating rates of 5K/min, using the samples with size of 1.5mm x
1.5 mm x 1.5 mm. Dynamical mechanical analyzer (DMA, TA Q-850) was
employed to measure the temperature-dependent storage modulus
and internal friction at 1Hz, 2 Hz, 4 Hz, 10 Hz and 20 Hz, under the
single cantilever mode with cooling rate of 5 K/min and strain ampli-
tude of 0.05%, and using the samples with size of 10 mm x 4 mm
x 0.8 mm.

Data availability

The data that support the findings of this study are available in the Fig-
share database (https://doi.org/10.6084/m9.figshare.27151434). Source
data are provided with this paper.
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