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Abstract
A compelling demand exists for high-performance high-temperature shape memory alloys (HTSMAs) that can be
applied as intelligent components in the rapidly developing aerospace, robotics, manufacturing, and energy
exploration industries. However, existing HTSMAs are handicapped by their high cost and unsatisfactory functional
properties, which impede their practical application. Here, by using the strategy of creating an oligocrystalline
structure, we have developed a high-performance, cost-effective high-temperature shape memory microwire
exhibiting an exceptional combination of superb superelasticity with a large recoverable strain of up to 15%, an
outstanding one-way shape memory effect with a maximum recoverable strain as high as 13% and a remarkable
two-way shape memory effect with a large recoverable strain of 6.3%. These unparalleled comprehensive properties
provide this microwire with a high potential for use in high-temperature actuation, sensing, and energy conversion
applications, especially in miniature intelligent devices, such as high-temperature microelectromechanical systems.
The present strategy may be universally applicable to other brittle phase-transforming alloys for achieving outstanding
functional properties at high temperatures.

Introduction
There exists a compelling need for high-performance

high-temperature shape memory alloys (HTSMAs)1–5

that can be applied as intelligent components at elevated
temperatures in the rapidly developing aerospace, robot-
ics, manufacturing, and energy exploration industries.
These HTSMAs, which are a class of ferroelastic materi-
als6, can be used as compact, efficient solid-state actua-
tors, sensors, and energy conversion devices in rocket
motors, jet engines, and gas turbines that have operating
temperatures higher than 100 °C2,4,7. Compared with
commercial pneumatic, hydraulic or motor-driven

systems, HTSMA-based solid-state intelligent compo-
nents possess the advantages of a high energy density,
compactness, a light weight, system simplicity8, and silent
operation; thus, these components have attracted
increasing attention in recent decades.
Enormous efforts have recently been made to develop

high-performance HTSMAs7–14. However, the prevailing
Ti–Ni–(Pt/Pd/Au/Hf) alloys are quite expensive owing to
the high amounts of constituent Pt, Pd, Au, or Hf;2,5,10

additionally, they show only a limited output strain
(typically less than 5%). Although single crystals of
Ni–Mn–Ga alloys display improved functional perfor-
mance15, producing single crystals is complicated and
time-consuming, which results in high costs. Poly-
crystalline Ni–Mn–Ga alloys are extremely brittle16 and
have inferior functional properties. The high cost and/or
unsatisfactory functional properties of existing HTSMAs
severely impede their practical application. Thus, the
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design of cost-effective, high-performance HTSMAs has
been challenging for decades.
Here, we employ a strategy of creating an oligocrystal-

line structure to design high-performance HTSMAs.
Polycrystals of intermetallic shape memory alloys often
experience brittle intergranular fracture during ferroe-
lastic martensitic phase transformation17–21 because
stress concentrations usually form near grain boundaries
and triple junctions due to the incompatibility of devia-
toric strains associated with martensitic transformation at
grain boundaries22,23. By forming the oligocrystalline
structure, in which fewer grains with hardly any triple
junctions exist and the total surface area exceeds the total
grain boundary area23, the martensitic transformation
occurs in a much less constrained environment24 by vir-
tue of stress relaxation at free surfaces, and the strain
incompatibilities between different grains are drastically
reduced, suppressing intergranular fracture during
transformation and contributing to extraordinary func-
tional properties.
In this work, we produced an oligocrystalline structure

in Ni–Mn–Fe–Ga microwires by the Taylor–Ulitovsky
method25,26, which involves the quenching and drawing
technique; notably, this strategy proves to be a feasible
and cost-effective way to fabricate long, continuous
microwires. The oligocrystalline Ni55Mn20Fe4Ga21
microwire exhibits superb tensile superelasticity with a
large recoverable strain of up to 15% (three times that of
archetypal Ti–Ni–(Pt/Pd/Au/Hf) HTSMAs) at elevated
temperatures of 270 °C up to 480 °C, a notable one-way
shape memory effect (SME) with a maximum recover-
able strain of 13% (more than twice that of Ti–Ni–(Pt/
Pd/Au/Hf) HTSMAs), and a large two-way SME with a
recoverable strain of 6.3%. Such exceptional compre-
hensive properties have never been reported in a single
material. Microwires with such outstanding functional
properties show tremendous potential for high-
temperature actuation, sensing and energy conversion
applications, especially in miniature devices, including
microelectromechanical systems (MEMS). Furthermore,
the present work provides a strategy for achieving superb
high-temperature functional properties in ubiquitous
brittle phase-transforming alloys.

Materials and methods
Polycrystalline Ni55Mn20Fe4Ga21 (at.%) button ingots

were prepared by arc melting using high-purity Ni, Fe,
Mn, and Ga. The ingots were melted four times to ensure
their homogeneous composition. Glass-coated microwires
with diameters of approximately 120 μm were prepared by
the Taylor–Ulitovsky method25,26. The as-drawn micro-
wires were directly tested after removing the glass sheath
by grinding on fine sandpaper without any post heat
treatments. The actual composition of the microwire was

measured by an electron probe microanalyzer to be
Ni55.7Mn18.8Fe4.3Ga21.2.
Differential scanning calorimetry (DSC) measurements

were conducted with cooling and heating rates of 10 °C/
min to determine the phase transformation temperatures.
X-ray diffraction (XRD) using a Cu Kα radiation source
(λ= 1.5406 Å) was used to determine the crystal structure
at room temperature. The microwires were closely placed
in a region of 8 × 8 mm2 on the platinum plate for XRD
measurement, and a scan rate of 2°/min was used. Elec-
tron backscatter diffraction (EBSD) measurements were
performed at room temperature to examine the orienta-
tions of the martensitic variants. The microstructure was
observed by scanning electron microscopy (SEM, Zeiss
Supra55) and transmission electron microscopy (TEM,
Tecnai F30) operated at 300 kV. The samples for TEM
observation were prepared by argon ion-beam thinning
using a Gatan Model 691 precision ion polishing system.
All mechanical tests were conducted in tension mode

with a dynamic mechanical analyzer (DMA, TA Instru-
ments Q800, with a maximum load of 18N) equipped with
a closed furnace. The loaded force was measured at a high
resolution of 10−5 N using a load cell, and the strain was
recorded at a high resolution using a linear optical encoder
with a resolution of 1 nm. The superelasticity was examined
by measuring the isothermal stress–strain curves at differ-
ent temperatures in stress control mode. The one-way SME
was studied by measuring the strain variation during con-
stant stress thermal cycling across phase transformations at
different stress levels. For each measurement, the microwire
was first heated to a temperature (Ti) well above the aus-
tenitic transformation finish temperature Af, then stress was
applied, and subsequently, the strain was measured during
cooling to a temperature well below the martensitic trans-
formation finish temperature Mf and subsequent heating
back to Ti; at the end of the measurement, the stress was
released at Ti. The two-way shape memory effect (TWSME)
was investigated by measuring the strain variation during
cooling and heating across the phase transformation with a
tiny stress of 0.2MPa, which was applied just to keep the
sample straight during the measurement. Two microwire
samples were used for the TWSME tests: one was the initial
as-drawn microwire, and the other was the microwire after
constant stress thermal cyclic training consisting of 16
cycles of cooling and heating across the phase transforma-
tion with an applied stress of 200MPa.

Results
The Ni55Mn20Fe4Ga21 (at.%) microwires with diameters

of 100–150 μm (see Supplementary Fig. S1 for the pho-
tograph and scanning electron microscopy image) were
prepared by the Taylor–Ulitovsky method25,26. The
microwires were tested in the as-drawn state. Energy
dispersive spectroscopy (EDS) mapping indicates the
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composition homogeneity of the microwire (see Supple-
mentary Fig. S2). DSC measurements (see Supplementary
Fig. S3) reveal a reversible martensitic transformation in
the microwire, with martensitic and austenitic transfor-
mation start and finish temperatures (Ms, Mf, As and Af)
of 197, 188, 219, and 228 °C, respectively. These trans-
formation temperatures are well above 100 °C, indicating
that this microwire can be classified as an HTSMA. The
XRD measurements at room temperature (see Supple-
mentary Fig. S4) show that the martensite has a tetragonal
nonmodulated (NM) structure (space group I4/mmm, No.
139) with lattice parameters of aNM= 3.810 Å and cNM=
6.624 Å. TEM observation reveals a martensitic micro-
structure (see Supplementary Fig. S5a) at room tem-
perature, and the selected area electron diffraction
(SAED) pattern (Supplementary Fig. S5b) can be well
indexed according to the NM structure of martensite, as
determined from the XRD measurement.
EBSD measurements at room temperature (see Sup-

plementary Fig. S6a) demonstrate that there are several
colonies of martensite in the microwire, and each colony
consists of two martensitic variants that are alternately
distributed. The orientations of the initial austenite grains
are calculated from the orientations of the two martensitic
variants existing in each colony according to the Pitsch
orientation relationship27,28 (the calculation procedure is
described in the Supplementary Information, Supple-
mentary Note S1). As seen from the orientation map for
the high-temperature austenite (Supplementary Fig. S6b),
there are only a few austenite grains in the microwire.
Each grain spans the entire cross-section of the micro-
wire, and there are no triple junctions present; the total
surface area is larger than the total grain boundary area.
This confirms the oligocrystalline structure with bamboo-
like grains.
To examine the superelasticity, tensile stress–strain

curves (Fig. 1) were measured during loading and
unloading at different constant temperatures above the
austenitic transformation finish temperature Af. Remark-
ably, the microwire exhibits superb high-temperature
superelasticity at elevated temperatures of 270–480 °C
(Fig. 1). The determination of the recoverable strain εrec
and irrecoverable strain εirr is illustrated on the typical
stress–strain curve measured at 450 °C in Supplementary
Fig. S7. As seen from Fig. 1, in the temperature range of
270–420 °C, the microwire shows almost perfect super-
elasticity with negligible irrecoverable strain εirr, and the
recoverable strain εrec is as high as 15.0%. When the
temperature is increased to above 450 °C, an irrecoverable
strain εirr appears owing to the occurrence of plastic
deformation by dislocation slip, and it is 0.5% and 1.0% at
450 and 480 °C, respectively. The recoverable strain εrec at
450 °C and 480 °C is 12.9 and 12.4%, respectively (Fig. 1),
which are still very high εrec values. Notably, even at high

temperatures above 400 °C, the microwire still shows
superb superelasticity with a large recoverable strain. This
is in sharp contrast with existing HTSMAs that show
significant functional degradation and rarely display
satisfactory superelasticity at temperatures above
400 °C2,4.
The cycling stability of the high-temperature super-

elasticity was evaluated by measuring the stress–strain
curves during cyclic loading and unloading. The
stress–strain curves measured at 360 °C during 1200
cycles of loading and unloading are displayed in Fig. 2 as
an example. Clearly, the curves measured during different
cycles nearly overlap with each other, indicating that the
superelasticity shows superior cycling stability.
The one-way SME under a biased stress was studied by

measuring the strain-temperature curve during constant

Fig. 1 High-temperature tensile superelasticity. Stress–strain
curves measured at different temperatures from 270 °C to 480 °C.

Fig. 2 Cyclic stability of the superelasticity at 360 °C, as examined
by measuring the tensile stress–strain curves during 1200 cycles
of loading and unloading. Only the curves measured during the 1st,
200th, 400th, 600th, 800th, 1000th, and 1200th cycles are displayed.
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stress thermal cycling across phase transformation.
Figure 3 shows the strain–temperature curves measured
at different tensile stress levels. Distinctly, the microwire
exhibits perfect SME at stress levels below 200MPa, and
the strain associated with martensitic transformation can
be fully recovered after the cooling–heating cycle. The
recoverable strain εrec of SME, i.e., the shape memory
strain, increases as the stress is increased from 10 to
100MPa due to the increased amount of preferentially
oriented martensitic variants. It then plateaus as the stress
is further increased from 150 to 200MPa. The shape
memory strain under 200MPa is as high as 13.0%, which
is the highest shape memory strain ever achieved in shape
memory alloys. It is worth noting that even at a low stress
of 10MPa, a large shape memory strain of 9.0% can be
obtained.

When the stress level is higher than 250MPa, irrecov-
erable strain εirr emerges due to plastic deformation. The
irrecoverable strain εirr is 0.5%, and the shape memory
strain is 11.7% at 250MPa. The irrecoverable strain εirr
increases slightly as the stress is increased further and
becomes 0.8% at 450MPa. Remarkably, even at a high
stress of 450MPa, a large shape memory strain of 9.9%
can still be obtained (Fig. 3). This is beneficial for
achieving a large work output, which is of great impor-
tance for the compact, efficient actuation applications of
HTSMAs.
The work output is a key indicator for actuation

applications and is usually defined as the product of the
applied stress σ and the recoverable strain εrec

29,30. As
seen from Supplementary Fig. S8, the work output of the
microwire increases monotonously as the applied stress is
increased. When the applied stress is 450MPa, the work
output reaches a high value of 44.6 J/cm3. This is much
higher than the maximum value (~35 J/cm3) reported in
shape memory alloys31. Notably, this high work output is
obtained at high temperatures above 300 °C, which is in
stark contrast with the work output of Ti–Ni–(Pt/Pd/Au/
Hf) HTSMAs, which shows a sharp decline beyond
300 °C2,4. A high work output is crucial for a compact
actuator design.
The TWSME was examined by measuring the strain

change during cooling and heating across phase transfor-
mation at a very low stress of 0.2MPa. Both the as-drawn
microwire without any thermomechanical history and the
trained microwire subjected to 16 cycles of cooling and
heating across the phase transformation at 200MPa were
tested. As seen from the strain–temperature curves in
Fig. 4a, the as-drawn microwire shows a remarkable
TWSME with a large two-way shape memory strain εTW
of 4.5%. Noticeably, after training, the two-way shape
memory strain εTW significantly increases to a large value
of 6.3% (Fig. 4a). Thus, a large TWSME is achieved in the
trained microwire. It is worth mentioning that the thermal
hysteresis decreases after training (Fig. 4a), which may be
attributed to the increased fraction of the preferably
selected martensitic variants after training, leading to
reduced interactions between the martensitic variant
interfaces and between the austenite–martensite inter-
faces, thus reducing energy dissipation. To check whether
such a TWSME is reproducible, we measured the
strain–temperature curves of the trained microwire during
five consecutive cycles of cooling and heating at 0.2MPa.
As seen from Fig. 4b, the Ms of the trained microwire
increases slightly by 1.6 °C during the first two cycles,
while As and Af remain unchanged. Starting from the
second cycle, the curves measured during all the following
cycles overlap well, suggesting the good reproducibility of
the TWSME.

Fig. 3 One-way shape memory effect characterized by the
strain–temperature curves measured during constant stress
thermal cycling at different tensile stress levels. The
determination of the recoverable strain (εrec) and irrecoverable strain
(εirr) for the shape memory response is illustrated.
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Discussion
To compare with other materials, Fig. 5 shows the high-

temperature superelasticity and SME of the present
microwire (denoted by “This work”) and other typical
HTSMAs. Clearly, the present microwire exhibits the
highest recoverable strain εrec of superelasticity among the
HTSMAs (Fig. 5a). In fact, the recoverable strain εrec of this
microwire, which is as high as 15.0%, is three times that of
the archetypal Ti–Ni–(Pt/Pd/Au/Hf) HTSMAs. Further-
more, the temperature region of superelasticity of this
microwire extends to elevated temperatures of up to 480 °C.
As is well known for HTSMAs, their superelasticity dete-
riorates rapidly when the temperature is increased to above

Fig. 4 Two-way shape memory effect. a Strain–temperature curves
for the as-drawn and trained microwires measured at a very low stress
of 0.2 MPa. b Strain–temperature curves for the trained microwire
measured during five consecutive cycles of cooling and heating at a
stress of 0.2 MPa.

Fig. 5 Comparison of the high-temperature superelasticity and
shape memory effect of the present microwire with other typical
HTSMAs. The “S” and “P” in the brackets denote single crystals and
polycrystals, respectively. a Recoverable strain (εrec) of superelasticity
plotted as a function of the operating temperature (T). b Shape
memory strain (εSME) plotted as a function of the transformation
temperature under stress. c Two-way shape memory strain (εTW)
plotted as a function of the transformation temperature.
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400 °C2,4, and it is a great challenge to obtain satisfactory
superelasticity at temperatures higher than 400 °C. Here,
superb superelasticity with a large recoverable strain of
12.4–13.1% is achieved in the high temperature region of
420 °C up to 480 °C (Figs. 1 and 5a), showing that this
microwire has high potential for application as an intelligent
component at elevated temperatures.
As indicated in Fig. 5b, the present microwire exhibits the

largest shape memory strain εSME among the HTSMAs.
The shape memory strain εSME of this microwire reaches a
value of 13.0%, which is more than twice that of archetypal
Ti–Ni–(Pt/Pd/Au/Hf) HTSMAs. Actually, this is also the
largest shape memory strain among all shape memory
alloys (including conventional shape memory alloys and
HTSMAs). A large shape memory strain is beneficial for
achieving a large stroke in actuation applications. Further-
more, the present microwire displays a remarkable TWSME
with a large two-way shape memory strain (εTW) of 6.3%,
which is much higher than that of other HTSMAs (Fig. 5c).
The utilization of such a large TWSME could enable the
HTSMA-based actuators to operate without the require-
ment of a bias force to reset actuation32, greatly simplifying
the design and reducing maintenance costs. As demon-
strated above, the present microwire possesses superb
tensile superelasticity, extraordinary one-way SME and
remarkable TWSME. To our knowledge, such exceptional
comprehensive properties have never been achieved in a
single material. Furthermore, this microwire does not
contain expensive elements, can be easily fabricated by
rapid continuous wire drawing without incurring high costs,
and does not require post heat treatments. The outstanding
functional properties, as well as the abovementioned cost
effectiveness, confer this microwire tremendous potential
for high-temperature actuation, sensing, and energy con-
version applications, especially in miniature systems con-
comitant with the ongoing miniaturization and
multifunctionality trend of intelligent devices33.
Both the recoverable strain of superelasticity and the

shape memory strain originates from the strain associated
with the martensitic transformation34. To interpret the large
recoverable strain of superelasticity and the large shape
memory strain in the microwire, we performed theoretical
calculations of the transformation strain based on energy-
minimization theory35,36. First, we calculated the orienta-
tions of the initial austenite grains from the orientations of
the two martensitic variants in each initial grain (Supple-
mentary Fig. S6a) according to the Pitsch orientation rela-
tionship27,28 (see Supplementary Note S1 for the calculation
procedure and Supplementary Fig. S6b for the orientation
map of austenite) and determined the crystallographic
directions that are parallel to the wire axis (which is the
loading direction) for the different austenite grains. Then,
we calculated the maximum theoretical transformation
strain under tension in different directions (Supplementary

Fig. S6c) and obtained the transformation strain along the
loading direction for each austenite grain (see Supplemen-
tary Note S1 for the calculation procedure). It is revealed
that all the austenite grains have favorable orientations for
attaining a large transformation strain, and the theoretically
calculated transformation strain is consistent with the large
recoverable strain of superelasticity and large shape mem-
ory strain that were experimentally determined (see Sup-
plementary Note S1 for details). The oligocrystalline
structure suppresses intergranular fracture, significantly
enhancing the mechanical properties, and the favorable
grain orientations contribute to the large transformation
strain along the loading direction. Thus, the oligocrystalline
structure and the favorable grain orientations account for
the large superelasticity and large shape memory effect.

Conclusions
In summary, we used the strategy of creating an oligo-

crystalline structure to develop a high-performance high-
temperature shape memory microwire. This microwire
shows an exceptional combination of superb high-
temperature superelasticity with a large recoverable
strain of up to 15% (three times that of archetypal Ti–Ni–
(Pt/Pd/Au/Hf) HTSMAs) at elevated temperatures from
270 °C up to 480 °C, extraordinary one-way SME with a
maximum shape memory strain of 13% (more than twice
that of Ti–Ni–(Pt/Pd/Au/Hf) HTSMAs) and remarkable
TWSME with a huge recoverable strain of 6.3%, as well as
being inexpensive and easy to fabricate. These out-
standing comprehensive properties endow the present
microwire with tremendous potential for high-
temperature actuation, sensing, and energy conversion
applications. In particular, by virtue of its small size and
high work output, the present microwire is extremely
suitable for applications in miniature intelligent devices,
such as high-temperature MEMS, which have attracted
increasing attention in the information era37. Moreover,
we believe that the present strategy is applicable to a wide
range of brittle phase-transforming alloys to achieve
superb functional properties at high temperatures.
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