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Abstract

This paper reviews the system characteristics and application progress of shape
memory alloys (SMAs). SMAs realize the shape memory effect (SME) and supere-
lasticity (SE) through solid-solid phase transformations (such as B2<B19'), and
their performance is regulated by phase transformation temperatures (Ms/As),
hysteresis width, and strain recovery rate. Among the three main alloy systems:
Ti-Ni-based alloys dominate high-end medical and aerospace fields due to their
highly reversible thermoelastic transformations and biocompatibility, though no-
ble metal doping is needed to improve high-temperature performance; Fe-based
alloys exhibit potential for low-cost engineering applications through
non-thermoelastic transformations (such as y — ¢ martensite); Cu-based alloys
balance cost and performance via stacking fault energy regulation, with fatigue
resistance optimization being the core challenge. Studies show that annealing
processes (e.g., annealing Ti-Ni alloys at 673-773 K) and composition design (e.g.,
Fe-Mn-Al-Ni gradient alloys) can significantly enhance phase transformation sta-
bility. Future work should integrate multi-scale phase transformation mecha-
nisms and advanced manufacturing techniques (such as 4D printing) to expand
the engineering applications of SMAs in intelligent systems and extreme environ-
ments.
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1. Introduction

Shape Memory Alloys (SMAs), as intelligent materials, have rapidly become a re-
search focus in materials science since their discovery in the 1960s due to their
unique integration of sensing and actuation properties. With the growing demand
for adaptive materials in aerospace, biomedical, intelligent manufacturing, and other

DOI:10.63313/AERpc.9024

17 Advances in Engineering Research : Possibilities and Challenges


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Furong Zou. Shuai Ma. Yuxing Jiang and Zhixiang Peng

fields, SMAs, owing to their reversible deformation capability and high energy den-
sity, have gradually become core materials for high-end equipment and precision
devices12. In recent years, the development of additive manufacturing technologies
(such as 4D printing) has further promoted the functional customization and per-
formance optimization of SMAs, providing new directions for their applications in
extreme environments.

The core characteristics of Shape Memory Alloys (SMAs) encompass three interre-
lated mechanisms:

The Shape Memory Effect (SME) manifests as the material’s ability to recover its
original shape upon heating to a critical temperature after being deformed at low
temperatures. This effect fundamentally arises from the reversible phase transfor-
mation between austenite (high-temperature phase) and martensite
(low-temperature phase) — for example, the transition between B2 austenite and
B19' martensite in Ni-Ti alloys — which drives the reconstruction of the crystal
structure.

Superelasticity (SE) refers to the material’s ability to undergo large strains (up to
8%) under external stress within a specific temperature range, and spontaneously
return to its original shape upon unloading without heating. This behavior is pri-
marily governed by stress-induced martensitic phase transformation.

The physical basis of both SME and SE is the solid-solid phase transformation
mechanism, wherein the crystal structure undergoes reversible reconstruction un-
der external stimuli (temperature or stress), accompanied by significant volume and
shape changes. For example, the phase transformation temperatures of Ni-Ti alloys
can be precisely tuned by adjusting the composition to meet different application
requirements.

Currently, more than 30 types of SMAs have been identified, which can be grouped
into three major categories: Ni-Ti-based alloys, Cu-based alloys, and Fe-based alloys.
Generally, Ti-Ni-based alloys have the highest performance but also the highest cost;
Fe-based alloys offer great potential due to low cost; and Cu-based alloys strike a
balance between cost and basic performance. The type of martensitic phase trans-
formation (thermoelastic/non-thermoelastic) directly determines the activation
mechanisms of SME and SE. Key parameters include transformation temperatures
(Ms, As), hysteresis width, and strain recovery rate, which collectively form a quan-
titative evaluation system for alloy performance. The phase transformation behav-
iors differ significantly among alloy systems: Ti-Ni-based alloys feature highly co-
operative crystal structure reconstruction; Fe-based alloys rely on
stress-field-driven non-thermoelastic transformation paths; while Cu-based alloys
achieve fine control over the phase transformation process through the movement
of stacking fault interfaces.

2. Ti-Ni-based shape memory alloys
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Ti-Ni shape memory alloys (SMAs) are costly and difficult to process, but they offer
advantages such as high strength, fatigue resistance, corrosion resistance, wear re-
sistance, high shape recovery rate, and excellent biocompatibility, which has led to
their widespread application. Depending on the environmental temperature, Ti-Ni
alloys exhibit three different phases: the high-temperature CsCl phase (B2 phase),
the intermediate-temperature R phase, and the low-temperature martensite (M)
phase.

The one-way shape memory effect of SMA materials manifests as follows: at room
temperature, the material has a certain shape; when deformed under low tempera-
ture by an external force, heating it back restores it to the room temperature shape;
returning it to the low temperature environment, the shape remains unchanged.
Beyond the one-way shape memory effect, Ni-Ti alloys can exhibit two-way and
full-shape memory effects after specific treatments such as multiple heating-cooling
cycles, constrained heating, and aging. The realization processes of one-way,

two-way, and full-shape memory effects are summarized in Table 1.1.

Initial Shape Low-temperature Shape Heating Cooling

One-way Memory

Two-way Memory m

Full-range Memory
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Table 1.1 One-way Memory, Two-way Memory, and Full Shape Memory Effects

He Zhirong [3][4] and others studied Ti-Ni alloy annealing behavior at different
temperatures using differential scanning calorimetry (DSC) (Figure 1). Increased
damping raises the density of Ti-Ni superelastic (SE) alloys but decreases energy
storage efficiency. Annealing Ti-Ni alloys between 673 K and 773 K can achieve ex-
cellent shape memory properties; cooling methods and quenching frequency have
minimal influence on phase transformation types and SME. With increasing Ni con-
tent in annealed Ti-Ni alloys, the transformation temperature decreases while
thermal hysteresis widens. Near-equiatomic and Ni-rich Ti-Ni alloys exhibit superi-
or shape memory performance compared to Ni-poor alloys. As annealing tempera-
ture rises, the hysteretic elastic area of SE alloys enlarges, damping characteristics
strengthen, but energy storage density and efficiency decline. The phase transfor-
mation behavior and deformation characteristics of Ti-Ni alloys are significantly af-
fected by both Ni content and annealing temperature.

w
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Figure 1:DSC curves of thermal analisis of Ti Ni alloy under differentprocessing states
1. Cold working state 2. 693K annealing
3. Solution-treated at 1113K + Annealed at 533K
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Commercial Ti-Ni alloys typically have transformation temperatures below 100 C,
constraining their service temperature range and limiting their applications in
high-temperature environments. To address this, two series of alloys have been de-
veloped by substituting Ti with Zr or Hf (Ti-Ni-X, X=Zr, Hf), and Ni with Pd, Pt, or Au
(Ti-Ni-Y, Y=Pd, Pt, Au). By adjusting alloy composition, their transformation tem-
peratures can be tuned above 500 C, and they exhibit superior hot and cold work-
ability compared to other high-temperature SMAs. Cai Wei [7] and colleagues found
that adding Pd, Pt, or Au significantly increases the martensite start temperature
(Ms). For example, in TisoNiso-xPdy alloys, when the Pd content exceeds 10 atomic
percent, Ms increases linearly at a rate of 15°C per atomic percent. Ti-Ni-Pt alloys
may have Ms temperatures exceeding 1000 °‘C but are costly. Zr and Hf additions
also raise Ms but to a lesser extent than noble metals. The martensite phase adopts a
B19' structure, primarily with (001) compound twins, differing from the
<011>II-type twins found in binary Ti-Ni alloys.

Ti-Ni SMAs possess excellent biocompatibility and are widely used in biomedical
devices such as thrombosis filters and orthopedic bone plates. A Ti-Ni SMA throm-
bosis filter is a novel medical device; once implanted into a vein after being
straightened, it gradually recovers into a mesh structure that blocks up to 95% of
blood clots from flowing to the heart and lungs. In orthopedic treatments, Ti-Ni
SMAs have replaced traditional bone plates and steel wires. The method involves
cooling the Ti-Ni device in disinfectant saline at 0 - 5 °C, configuring its shape to fit
the fracture site, and implanting it. Once warmed to body temperature, the device
recovers its original shape to firmly secure and support the fractured bone. This
technique is simple, exhibits excellent biocompatibility, reduces manual injury, and
provides strength four times that of stainless steel without bending or fracturing.

3. Fe-based Shape Memory Alloys

Since their development, Fe-based SMAs have drawn attention due to their low cost,
excellent processing capabilities, and good weldability, being recognized as promis-
ing new shape memory materials. In typical Fe-based SMAs, phase transformations
(MTs) are generally divided into two groups based on austenite and martensite
crystal structures:

(1) Transformation between face-centered cubic (fcc) v -austenite and

" martensite

body-centered cubic (bcc) @ or body-centered tetragonal (bct) a
phases (e.g., Fe-Pt, Fe-Ni-Co-Ti, Fe-Ni-Co-Al, Fe-Ni-Co-Al-Ta alloys);
(2) Transformation between fcc y-austenite and hexagonal close-packed (hcp)
e-martensite phases (e.g., Fe-Mn-Si, Fe-Ni-Cr alloys).

A distinctive advantage of Fe-based SMAs lies in their functional transformation
from a soft Kfz high-temperature phase to hard bcc or hcp crystal structures, unlike
Ti-Ni- or Cu-based SMAs that only have hard Kfz high-temperature phases without

such transformation—this makes Fe-based SMAs uniquely competitive. Fe-based
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SMAs are suitable for pipe joints with significant market potential, and Fe-Mn-Si
shape memory pipe joints can be mass produced using conventional steel or stain-
less steel equipment.

Fe-Ni-Co alloys are not only low-cost and high-strength but also exhibit pronounced
magnetic shape memory effects. Through aging treatment and composition optimi-
zation, these alloys can transition from non-superelastic to superelastic behavior,
broadening their application scope. Fe-Mn-Si alloys primarily realize SME via
stress-induced Y — ¢ martensitic transformation and its reverse. Alloying ele-
ments such as Mn, Si, C, and Ni have notable impacts on stacking fault energy, SME,
transformation temperatures, and corrosion resistance. By optimizing composition
and heat treatment processes, the SME of Fe-Mn-Si alloys has significantly improved.
Moreover, Fe-Mn-Al-Ni alloys, a new type of Fe-based SMA, demonstrate excellent
superelastic responses and low stress hysteresis with outstanding performance
across a wide temperature range, offering promising application prospects.

The pitting corrosion sensitivity of Fe and Fe-based alloys is closely related to the
electronic properties of their passive films. Parameters such as electron donor con-
centration in the passive film, formation potential, type of passivator, and alloy mi-
crostructure strongly influence pitting susceptibility. Interactions among different
microstructures can also initiate and propagate pitting on more sensitive regions.
Atomic force microscopy (AFM) observations of fractured surfaces of Fe-based
nanocrystalline thin strips reveal clear mesoscale structure differences between the
roller-contacted face and the free surface after annealing crystallization. This phe-
nomenon arises from residual internal stress differences caused by single-roll rapid
quenching during strip preparation. AFM offers an effective tool to study mesoscale

structures in Fe-based nanocrystalline strips.

4. Cu-based Shape Memory Alloys

Cu-based SMAs mainly comprise two series: Cu-Zn and Cu-Al alloys. Among them,
Cu-Al alloys generally feature higher Ms temperatures and superior structural sta-
bility compared to Cu-Zn alloys. Compared with Ti-Ni SMAs, Cu-based alloys have
higher transformation temperatures, especially Cu-Al-Ni alloys that can develop into
high-temperature SMAs. Cu-Sn and Cu-Zn-Al alloys tend to exhibit aging effects like
martensite stabilization (aging effects in the martensite phase, primarily manifest-
ing as an increase in As during reverse martensitic transformation).

Cu-Al-Ni SMAs, being economical with good aging stability, thermal stability, and
high-temperature SME, should be widely applicable; however, they usually suffer
from coarse grains and brittleness.

In high-temperature oxygen-containing environments, a metal surface forms an ox-
ide layer whose chemical stability depends on the protective quality of the oxide
film. Pure copper forms a dual-layer oxide film during oxidation (outer CuO and in-
ner Cu,0); however, this oxide film easily cracks or peels off, resulting in limited
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oxidation resistance. This has motivated researchers to improve properties through
alloying.

The high-temperature oxidation behavior of binary alloys exhibits considerable
complexity due to interactions between components: In single-phase alloys, if the
solubility of the second element (e.g., Al, Ni) is high, element diffusion rates and ox-
ide film density jointly determine whether a continuous external oxide film or in-
ternal oxidation forms; In duplex alloys, oxidation kinetics and oxide film structure
are controlled by phase composition, distribution, and component solubility—for
instance, in Cu-Al alloys, Al preferentially oxidizes to form an Al,03 protective layer,
though its stability depends on Al content and heat treatment. Although optimiza-
tion of component ratios and microstructure can enhance oxide film protection, sin-
gle-element additions often fail to balance mechanical properties and oxidation re-
sistance. Modern high-temperature materials therefore tend to incorporate a third
element (e.g. Cr, Si, rare earths) for synergistic optimization: trace rare earths can
reduce the critical concentration for forming protective Cr,03 or SiO, films, mini-
mize main alloy element consumption, refine grain boundaries to inhibit oxide film
spallation, and improve adhesion and service life. However, ternary systems feature
more complex oxidation behavior due to competing thermodynamic and kinetic ef-
fects among components, with oxide films exhibiting gradient structures or mixed
oxide layers. In situ characterization techniques are required to elucidate these dy-

namic mechanisms.

5. Applications of Shape Memory Alloys

SMAs have very broad applications, mainly including

5.1. Consumer Electronics

SMA smart devices can replace complex traditional mechanical structures, enabling
miniaturization, lightweight design, and intelligent functions, extensively applied in

consumer electronics.

5.2. Automotive

SMA applications in automotive fields include intelligent drive systems and adaptive
suspension systems, enhancing vehicle intelligence and driving experience.

5.3. Medical

SMAs are widely utilized in medical fields for making medical clamps, prosthetics,
etc., which can automatically adjust shape with body temperature changes for better
fixation. Additionally, SMAs are used in medical equipment and rehabilitation de-

vices to assist patient recovery.

5.4. Aerospace
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In aerospace, SMAs manufacture morphing wings, antennas, and other components
able to autonomously adjust shapes under varying environments, improving vehicle

performance and adaptability.

5.5. Construction Engineering

SMAs are employed in making adjustable building components such as
self-regulating windows and doors to adapt to environmental changes.

6. Conclusion

The three major SMA systems each have distinct advantages: Ti-Ni-based alloys
dominate in medical and aerospace applications; Fe-based alloys highlight engi-
neering potential; Cu-based alloys balance cost and performance. Annealing pro-
cesses and compositional design can optimize phase transformation stability, while
advanced technologies like 4D printing promote applications under extreme condi-
tions. Future breakthroughs require enhanced high-temperature performance and
grain boundary control, deeper multidisciplinary integration, and expansion toward

large-scale applications in smart actuation and energy recovery.
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