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Abstract: Shape memory alloys (SMA) are functional materials known for their shape memory and
pseudoelastic properties, which originated from a thermoelastic phase transition between two solid
phases: austenite and martensite. The ranges of temperature at which austenite and martensite
are stable depend primarily on the chemical composition and the thermomechanical history of the
alloy. This work presents a broad overview of shape memory alloys presenting the thermoelastic
phase transition at cryogenic temperatures—that is, at temperatures below the freezing point of
water. Currently, this class of SMA is not very well explored due to the difficulties in conducting
both structural and functional experimentations at very low temperatures. However, these materials
are of great importance for extreme environments such as space. In this work, the different classes
of cryogenic SMA will first be presented as a function of their phase transformation temperatures.
Hints of their mechanical performance will also be reported. Cu-based systems have been identified
as cryogenic SMA presenting the lowest phase transformation temperatures. The lowest measured
M (45 K) was found for the Cu-8.8A1-13.1Mn (wt.%) alloy.

Keywords: shape memory alloys; cryogenic environment; phase transformation temperature; marten-

sitic transition

1. Introduction

Shape memory alloys (SMA) are a well-known class of structural and functional mate-
rials able to recover high deformations thanks to a solid-to-solid reversible thermoelastic
martensitic transition (TMT) from a high-temperature phase, austenite, which is character-
ized by a cubic (bcc or B2) microstructure, to a low-temperature phase, martensite, which
can have a tetragonal, orthorhombic, or a monoclinic structure. Martensite appears as
multivariant (twinned), and it is characterized by a low elastic modulus and a high degree
of deformability. The austenite-to-martensite TMT is identified by the Mg and M; temper-
atures, which denote the temperature range in which martensite nucleates and growths
from austenite. On the other hand, the martensite-to-austenite reverse TMT is identified by
Ag and A¢, which are the temperatures at which the transition of the martensite into the
austenite phase starts and finishes, respectively [1].

The driving force of the TMT can be either a change of temperature or a change of
load. In the former case, a load-free condition does not generate a macroscopic change
of shape during austenite-to-martensite transformation. Instead, under suitable loading
conditions, the temperature variation promotes a macroscopic shape change from the
deformed martensite to the parent austenite. In this case, we are referring to the so-called
shape memory effect (SME). The mechanical work that results from SME is exploited in
engineering applications to produce motion in actuators [2-5].

The second macroscopic shape recovery is related to pseudoelasticity (PE). When
the shape memory material is at a temperature above A¢, the driving force of TMT is the
load. During loading, the austenite behaves like a common elastic material at low strains.
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When a critical stress is reached, the alloy transforms into martensite, producing high
deformations and maintaining the stress constant (plateau phase). Once all the martensite
is detwinned (with the prevalence of only one variant), the common linear elastic behavior
of the martensite occurs. Above A¢, martensite can appear only stress-induced (SIM). Due
to the instability of SIM at these temperatures, upon unloading, the reverse transformation
occurs, and the lattice returns to the austenitic parent phase. This phenomenon leads to
the recovery of the strain and, as a consequence, to a stress—strain closed loop. This means
that PE is a reversible, non-linear elastic phenomenon. However, the pseudoelastic range is
limited. It has lower bounds defined by both A¢ and the critical stress to induce martensite,
and an upper limit given by the critical stress to induce slip, i.e., irreversible phenomena.
The mechanical energy dissipated during a load—unload cycle finds numerous applications
in passive damping to prevent permanent damage to structures and equipment [6-8].

The temperature range of stability of the two phases depends on the chemical compo-
sition of the alloy and on the metallurgical condition the material was subjected to before
the final use, such as the mechanical processing and the thermal treatments. However, in
designing an application, it should be kept in mind that the phase transformation tem-
peratures are also strictly related to the environmental temperature and the applied load
(Clausius—Clapeyron law, [1]). As a result, operating constraints such as temperature,
applied load, deformation range, and life cycle guide the designer in the selection of the
SMA material.

Common uses of SMA involve NiTi, NiTi-based and Cu-based alloys and are taken at a
temperature that spans from room temperature (PE) to approximately 400 K for typical SME
alloys or up to approximately 600 K for high temperature SMA, such as NiTiHf [1,9]. The
main uses are medicine (such as stents, grafts, orthopedic staples, orthodontic archwires,
eyeglass frames), aerospace and military (such as couplers in F14 planes), safety (such as
dampers of seismic vibrations and sprinklers), and robotics (such as actuators) [10-14].

The control—either active or passive—of structures at very-low temperatures through
SMA represents an attractive application for extreme environments such as space. Systems
such as expandable habitats and deployable platforms, solar cells and veils, and on demand
and adaptive applications, as well as ISRU (in situ resource utilization) technologies, optical
mountings, and cryogenic equipment for space explorations can benefit greatly from those
SMA presenting TMT in cryogenic environment.

This work aims to present a detailed overview of the main SMA with TMT at cryogenic
environment temperatures. We decided to select the phase transformation temperatures
as the main criterion used to identify a cryogenic SMA, with these temperatures being
the most representative characteristic of these materials. As a matter of fact, only a few
of the presented works also exposed a mechanical characterization of the alloys. Fur-
thermore, among the transformation temperatures, M; is the one most considered in the
literature, being the easiest detect, even at very low temperature, with techniques such as
the electrical resistance measurement equipped with helium gas. Alternatively, the most
common differential scanning calorimetry equipped with nitrogen is not able to detect
phase transformation temperatures below the nitrogen evaporation temperature.

Therefore, in the present work, we considered cryogenic the SMA presenting M lower
than 250 K and, when declared, A¢ lower than 273 K. The alloys that respect these require-
ments are analyzed with respect to their weight composition and the TMT temperature
window.

The SMA families that satisfy the above-mentioned criterion discussed in the present
work belong to the NiTi-based, Cu-based, Ag-based, FePt, Magnetic SMA, and CaFeAs
groups.

2. Cu-Based Systems

Within the cryogenic SMA, the Cu-based alloys are the most studied, with the CuAIMn
and CuAlMn-based systems being the main families. Besides them, few works based on
the CuZn and CuAl alloys can also be found. To the best of the authors” knowledge, the
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first cryogenic Cu-based SMA was the CuZnSi alloy that was investigated in 1974 by Tong
etal. [15]. After that first study, the other works appeared later at the end of 1990s, with a
prevalent focus on the CuAlMn-based systems. The most recent works are dated to 2022
and are focused on the ternary CuAlMn alloy [16,17].

2.1. CuAlMn and CuAlMn-Based Systems

Zak et al. [18] investigated the phase transformation temperatures and the tensile
mechanical response of CuAlMn wires solubilized at 1123 K for 15 min and air cooled down
to room temperature. The effect of the chemical composition on the phase transformation
temperature was evaluated considering Mn content approximately equal to 11 and 12 wt.%
and Al content in the range from 8 to 9.5 wt.%. Within the considered Mn and Al ranges, the
lowest phase transformation temperatures were identified for the Cu-8.9Al-12Mn (wt.%)
alloy (92 K for M and 123 K for A¢). Furthermore, this alloy exhibited 7% shape recovery
and 5% pseudoelastic strain.

Other interesting studies include those of Prado et al. [19], Bubley et al. [20], and Omori
et al. [21]. Prado et al., reported for the Cu-8.7A1-10.8Mn (wt.%) and Cu-8.5Al-11.7Mn
(wt.%) systems an M value of 161 K and 82 K, respectively. Bubley et al., investigated a
family of CuAIMn systems with Al ranging from 12 to 14 wt.% and Mn from 2 to 10 wt.%.
Samples were solubilized and then aged at 523 K. The lowest Mg temperature was found
equal to 93 K for Cu-14Al-6Mn (wt.%). The other three alloys presented close Ms: 108 K,
123 K. and 133 K, respectively, for Cu-13Al-8Mn (wt.%), Cu-12A1-10Mn (wt.%), and Cu-
14Al-4Mn (wt.%). Finally, Omori et al., studied different CuAIMn systems and found
the lowest M temperature (111 K) when Al and Mn content were, respectively, 8.2 and
12.7 wt.%.

Shajil et al. [22] explored the quaternary CuAIMnNi and CuAIMnCo systems. The
selected alloy compositions were Cu-8Al-9.5Mn-2.1Ni and Cu-8.1A1-10.2Mn-0.5Co (wt.%).
These two alloys were hot worked down to strips and thermal treated: first at 1203 K for 8
min, followed by water quenching; and second at 473 K for 15 min, followed by air cooling.
After the thermomechanical route, the CuAIMnNi and CuAIMnCo alloys display a TMT
at low temperatures with Mg at 211 and 213 K, respectively. The respective A were 230
and 232 K. Cyclic tests resulted in a dissipation energy in the order of 1-1.7M]J/m3/cycle at
large strain amplitude.

Niitsu et al. [23] studied the effects of annealing on the PE response at 77 K of a CuMnAl
alloy rod (Cu-8.2Al-14.7Mn, wt.%). In a subsequent work, they also investigated single
crystal plates of CuAlMn alloy (Cu-8.2A1-14.7Mn and Cu-8.2Al1-11.7Mn, wt.%) finding a PE
response in the range from 4.2 K to 160 K (for annealed samples) [24].

Investigating the elastocaloric effect of a single crystal of Cu-7.1Al-11.6Mn (wt.%),
Qian et al. [25] found an M temperature of 234 K. Furthermore, compression tests at room
temperature showed 120 MPa stress at the maximum recoverable strain of 4.0% and a 3.9 K
adiabatic temperature change. Liu et al. [26] investigated the pseudoelasticity and the
bainite plates precipitation with aging of the Cu-8.6Al-10.8Mn (wt.%) alloy. The columnar
grained ingot presented an M of 225 K.

An analysis of the behavior of the CuAlMn alloy was also proposed by Lei et al. [27],
who found a martensite start temperature of 120 K in CuAlMn (Cu-11.3A1-9.4Mn, wt.%)
through an in situ observation of the martensitic transformation. Based on this work, the
same research group recently studied the martensitic transformation of another cryogenic
CuAlMn alloy (Cu-12.5A1-10.7Mn, wt.%) with a martensite start temperature of 108 K [17].
This study came to the conclusion that the austenite phase could transform in several
martensite variants, but all of them will transform back to the same austenite during the
reverse transformation, both under null and non-zero compressive stress. Furthermore,
they found that the martensitic transformation is not complete, as a little percentage of
austenite phase remains.

Interest in the CuAIMn system was also showed by Wang et al. [28]. In particular, they
reported on a cryogenic system (Cu-8.8Al-13.1Mn, wt.%) with Ms and A; temperatures,
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respectively, of 45 and 85 K. However, a low elastic modulus of 30 GPa was obtained. They
also discussed the correlation between martensite temperature and the content of Al and
Mn, concluding that a linear relationship between Mg and the content of Al and Mn exists.
The linear dependency was then expressed in the form of the equation reported in Table 1.

Table 1. M formulae for the CuAlMn alloy [18,28,29].

Relationship Al Range Mn Range Reference
M;(K) = 1192 — 25.5Al(wt.%) — 73.2Mn(wt.%)  8-9.5 wt.% 10.9-12 wt.% [18]
M; (K) = 1890 — 42.1Al(at.%) — 78Mn(at.%) 17.7-18.1at%  11.4-13.3 at.% [28]
M; (K) = 1983 — 127.4Al(wt.%) — 43.6Mn(wt.%)  10-11 wt.% 5-7.5 wt.% [29]
M (K) = 2129 — 63.2Al(at.%) — 63.9Mn(at.%) 20-25 at.% 5-10 at.% [29]

Recently, Trehern et al. [16] presented a comprehensive investigation of the cryogenic
CuAlMn alloy through a study on the thermomechanical functionality for several com-
positions. They showed that the phase transformation temperatures of this system can
be drastically decreased by opportunely changing the Mn/Al ratio. They reported that
an increase of 1 at.% in Mn causes a temperature drop of 74 K, a result in agreement with
what was found by Zak et al. [18]. The lowest phase transformation temperatures were
found for the alloy with a measured composition of Cu-9.2A1-12.4Mn (wt.%). For this
composition, the Ms and A¢ temperatures were 70 K and 91 K, respectively. Furthermore,
Trehern et al., for the first time, investigated the thermomechanical functionality of CuAIMn
SMA and obtained a maximum recoverable actuation strain of 3.05% under 250 MPa at low
temperatures. In low temperature actuation, CuAIMn withstands significant stress levels
and yields higher actuation strains than previously studied CuAIMn alloys with transition
temperatures higher than 273 K. Additionally, fully recoverable 1.81% and 2% superelastic
strains were obtained at temperatures as low as 133 K and 173 K, respectively.

Figure 1 collects the data of the analyzed papers, focusing attention on M temperature
as a function of the Mn content (Figure 1a) and the Mn/ Al ratio (Figure 1b). In the two
graphs, data were divided into three main groups according to the content of Al, from 8 to
8.9 wt.% (blue color), from 9 to 9.4 wt.% (green color), and from 12 to 14 wt.% (orange color).
In addition, the data were divided into two sub-groups according to the heat treatment
considered for each material: solubilization (light color) or solubilization followed by
annealing (dark color). In Figure 1a, it can be noted that for Mn higher than 10 wt.% and
Al in the range from 8 to 9.4 wt.%, a little increase in Mn content enables a fast decrease
in Mg. On the other hand, for Mn content lower than 10 wt.% and Al in the range from
12 to 14 wt.%, M; does not show a significant variation with the increasing of Mn content.
Considering the Mn/Al ratio (Figure 1b), the two trends just described are identified by
the two regions visible for Mn/Al ratio lower and higher than 1.

The strong effect of the chemical composition on the transformation temperatures of
the CuAIMn alloy has been identified and studied in the past by many authors. In particular,
four main relationships were identified to assess the martensite start temperature (Ms) in
specific Al and Mn ranges, as reported in the work of Zak et al., Wang et al., and Zheng
et al. [18,28,29] (see Table 1).

According to these formulae, four theoretical regions in the Ms vs. Mn content diagram
can be recognized (see the colored regions in the diagram of Figure 2). The diagram shows
some data that are partially outside the limit of the present study, i.e., alloys with M higher
than 250 K. However, they confirm the trend observed for the cryogenic materials. Mg
transition temperature decreases with the very slight increase in the weight percentage
of Al and Mn content. The highest variation is particularly given for Mn content lower
than 10 wt.%. In this region, M is related mostly to Al content: the increase of 1 wt.% of Al
content allows a temperature drop of more than 100 K. On the other side, for Mn content
higher than 10 wt.%, the M; trend depends mostly on Mn.
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Figure 1. M; as a function of Mn content (a), and as a function of the Mn/Al ratio (b), of CuAIMn-
based cryogenic SMA: blue color: 8-8.9 wt.% Al; green color: 9-9.4 wt.% Al; orange color: 12-14 wt.%
Al. Materials followed solubilization (light colors) or solubilization followed by annealing, (dark
colors).
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Figure 2. M as a function of Mn content with evidence of the four regions identified by ref. [18]
(dark red color), ref. [28] (blue color), ref. [29] (green and orange colors). The dashed line represents

the Mg limit below which the material can be considered cryogenic.

Finally, Figures 1 and 2 suggest that the explored areas in which the material show
M; at cryogenic level are very few and narrow, providing an opportunity for further
investigations. In particular, Figure 1 advises new studies focused on obtaining lower Mg
to consider Mn content higher than 13 wt.%, Al content lower than 8 wt.%, and Mn/Al
ratio higher than 1.5.

2.2. CuZn-Based and CuAl-Based Alloys

Investigations on the CuZn-based alloy were first accomplished by Tong et al. [15].
They reported for the Cu-36.8Zn-0.6Si alloy an M; of 218 K after annealing. More recently,
Qian et al. [25] investigated the elastocaloric property of an annealed polycrystalline
CuZnAl with a composition of Cu-18Zn-7.4Al. For this alloy, they measured M and A¢
temperatures of 219 and 234 K, respectively. Malarria et al. [30] studied single-crystal
CuZnAl alloys with different tensile axis orientations to determine the contribution of
each mechanic and/or defect to the two-way shape memory effect (TWSME). Three main
alloys concentrations were considered: Cu-21.1Zn-6.7Al (wt.%), Cu-22Zn-6.5Al (wt.%), and
Cu-22.8Zn-6.3Al (wt.%). The lowest M; values within the three subgroups were 146 K,
152 K, and 135 K, respectively.

Among the possible ternary additions to these Cu-SMA main subgroups, Be presents
great advantages inasmuch as CuAlBe offers interesting mechanical and physical proper-
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ties [31]. Furthermore, the addition of Be to the alloy leads to a reduction in the M. For
example, Belkahla et al. [32] studied the effect of Be and Al content on CuAlBe alloys and
found that Be is most effective in decreasing Ms. In particular, varying the Be content in
the range from 0.3 to 0.65 wt.% in Cu-11.7Al-Be (wt.%), they found that M decreases at
the rate of 893 4 20 K per wt.% of Be. This rate is almost 12 times higher than the effect of
Al content variation for Cu-Al-0.47Be (wt.%), with the Al content ranging between 10 and
12.5 wt.%. The two alloys with the lowest Mg were Cu-12.5A1-0.47Be and Cu-11.7Al-0.65Be
with, respectively, 213 K and 128 K. Finally, for weight content of Al and Be ranging from
10 to 12.5 wt.% and from 0.3 and 0.65 wt.%, respectively, they determined the following
relationship between M; and the elements content:

M;(K) = 1518 — 71Al(wt.%) — 893Be(wt.%). 1)

Other researchers focused on CuAlBe with different element concentrations. In particu-
lar, Higuchi et al. [33] found M; equal to 250 K and 241 K for, respectively, Cu-9.55A1-0.86Be
(wt.%) and Cu-11.46Al1-0.59Be (wt.%). They also analyzed internal friction and electric
resistivity as a function of temperature, determining the peak of internal friction near the
transformation temperature of the alloy. Furthermore, they noticed an increase in the peak
value of internal friction with an increase in Al content, together with a reduction in the
Young’s modulus. Similarly, Zufiiga et al. [34] studied CuAlBe systems to demonstrate the
good TWSME under bending. They studied a Cu-11.9 wt.%. and Al-0.5 wt.% Be with M;
equal to 231 K and determined a decrease in the TWSME strain with the number of thermal
cycles, observing the main loss within the first 30 cycles.

It is also worth highlighting the work of Rios-Jara et al. [35], which tried to relate the
thermodynamic and elastic properties of CuAlBe shape memory alloys. To do so, they
analyzed five different alloys with Al and Be ranging, respectively, from 11.50 to 11.79 wt.%
and from 0.47 and 0.6 wt.%. Among them, three alloys presented TMT at cryogenic
temperatures. In particular, they found an M; equal to 240, 221, and 153 K for, respectively,
Cu-11.63A1-0.5Be (wt.%), Cu-11.79A1-0.54Be (wt.%), and Cu-11.50Al1-0.6Be (wt.%).

With respect to the CuAlMn-based alloys, the data available for the CuZn- and CuAl-
based systems are limited, and an investigation for wider range of compositions is missing.
The M; dependence by the alloy composition in the investigated range turns out to be
linear as already observed for CuAIMn. Here, again, a relevant change in phase transition
temperature is driven by a narrow range of alloy compositions.

Table 2 summarizes the Cu-based SMA, presenting the TMT at cryogenic temperatures.
The table lists the Ms and A¢ temperatures as well as the thermal treatment (TT) followed
by each alloy.

Table 2. Cu-based cryogenic SMA ordered according to M value (TT: thermal treatment; S: solubi-
lized; A: annealed; ND: not declared; REE.: reference).

Cu Al Mn Ni Co Zn Si Be M A T REE.
[wt.%] [wt.%]  [wt.%] [wt%] [wt%] [wt%] [wt%] [wt.%] K] K]

78.1 8.8 13.1 - - - - - 45 85 A [28]
78.4 9.2 124 - - - - - 70 91 S [16]
79.8 8.5 11.7 - - - - - 82 ND S [19]
79.1 8.9 12 - - - - - 92 123 S [18]
80 14 6 - - - - - 93 ND A [20]
78.4 9.4 12.2 - - - - - 98 116 S [16]
79.5 8.7 11.8 - - - - - 106 122 S [16]
79.6 8.4 12 - - - - - 106 137 S [18]

79 13 8 - - - - - 108 ND A [20]
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Table 2. Cont.

Cu Al Mn Ni Co Zn Si Be M, A¢ T REE.
[wt.%]  [wt%] [wt%] [wt%] [wt%] [wt%] [wt%] [wt.%] K] K]

76.8 12.5 10.7 - - - - - 108 145 S [17]
79.1 8.2 12.7 - - - - - 111 ND A [21]
80.1 8 11.9 - - - - - 115 143 S [18]
79.3 11.3 94 - - - - - 120 ND S [27]

78 12 10 - - - - - 123 ND A [20]
87.6 11.7 - - - - - 0.6 128 ND S [32]

82 14 4 - - - - - 133 ND A [20]
70.9 6.3 - - - 22.8 - - 135 ND A [30]
79.3 9.2 11.5 - - - - - 144 157 S [16]
72.2 6.7 - - - 21.1 - - 146 ND A [30]
79.6 9.4 1 - - - - - 150 183 S [18]
71.5 6.5 - - - 22 - - 152 ND A [30]
87.9 115 - - - - - 0.6 153 152 ND [35]

81 13 6 - - - - - 153 ND A [20]
80.5 8.7 10.8 - - - - - 161 ND S [19]

80 9 11 - - - - - 162 203 S [18]
80.6 8.4 11 - - - - - 180 218 S [18]
80.2 8.1 11.7 - - - - - 185 ND A [21]

84 14 2 - - - - - 193 ND A [20]
81.1 8 10.9 - - - - - 198 230 S [18]

80 12 8 - - - - - 203 ND A [20]
79.7 8.6 11.7 - - - - - 207 224 A [28]
80.4 8 9.5 2.1 - - - - 211 230 A [22]
81.2 8.1 10.2 - 0.5 - - - 213 232 A [22]
87.03 12.5 - - - - - 0.47 213 ND S [32]
62.6 - - - - 36.8 0.6 - 218 ND A [15]
74.5 74 - - - 18 - - 219 234 A [25]
87.67 11.79 - - - - - 0.54 221 219 ND [35]
79.8 8.6 11.6 - - - - - 221 234 A [28]
80.6 8.6 10.8 - - - - - 225 237 S [26]
80.0 8.2 11.8 - - - - - 226 243 A [28]
87.6 119 - - - - - 0.5 231 253 S [34]
81.3 7.1 11.6 - - - - - 234 261 S [25]
87.87 11.63 - - - - - 0.50 240 238 ND [35]
87.95 11.46 - - - - - 0.59 241 ND A [33]

80 8.4 11.6 - - - - - 241 254 A [28]
80.3 8.4 11.3 - - - - - 247 265 A [28]

3. NiTi-Based Alloys

NiTi-based alloys are the most common and exploited SMA. With respect to the
other alloy families, for particular thermomechanical conditions, an additional martensite
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phase with a trigonal cell, called the R-phase, may also appear to generate a two-step
transformation. R-phase is identified by the start and finish temperatures, Rs and R¢ [1].

The addition of a third element to the binary Ni-Ti system is often used to change
the phase transformation temperatures. The greater part of alloying elements lowers the
transformation temperatures with respect to the Ni-Ti system (as an example Cr, Mn, Fe, V,
and Co for Ni, and Al for Ti). On the other hand, adding elements such as Zr for Ti and
Au, Hf, Pt, and Pd for Ni contribute to the increase in the transformation temperatures.
The typical direct B2-B19’ martensitic transition of NiTi could be altered by the addition
of a third element. For example, adding Fe for Ni, the alloy shows a two-stage B2-R-B19/
transformation, while with the substitution of Ni for Pd, the transformation changes into B2-
B19 (B2, B19/, R, and B19 are the cubic, the monoclinic, the trigonal, and the orthorhombic
structure, respectively) [1]. In the next paragraphs, ternary and quaternary NiTi-based
systems are analyzed to highlight the functionality in cryogenic environment.

3.1. NiTiFe Alloys

Benafan et al. [36], based on the study of Krishnan et al. [37], took advantage of the
addition of Fe in NiTi alloy to introduce the R-phase in order to reduce the transformation
temperatures of the material. The considered alloy was the 51.9Ni-44.6Ti-3.5Fe (wt.%),
which was then exploited to develop a helical spring actuator system to act as a thermal
switch, working between the R-phase and austenite in the range from 245 K (R¢) and
267 K (Ay).

Similarly, Aaltio et al. [38] studied the R-phase transformation in two Ni-Ti-Fe alloys:
52 9Ni-45Ti-2.1Fe (wt.%) and 50.8Ni-45Ti-4.2Fe (wt.%). They found an M; equals to 208 K
for the former alloys, while for the latter, no Mg was measurable via thermal analysis.
Nevertheless, the Ry temperatures were, respectively, 283 K and 232 K, in line with the
results of Benafan et al. [36]. According to the limits on Mg and A considered in the present
work, only the 50.8Ni-45Ti-4.2Fe (wt.%) could be considered cryogenic thanks to its A¢
equal to 240 K. Furthermore, they determined the mechanical properties under tensile test
at temperatures both higher than A¢ and close to R, respectively. They concluded that the
Young’s Modulus is almost insensitive to temperature change in the R-phase, while it is
strongly affected by its change in the austenite phase.

Liang et al. [39] investigated the addition of Nb and Ta on ternary NiTiFe SMA. Of
particular interest is the Nb addition to the alloy (48.4Ni-46.5Ti-3.4Fe-1.7Nb, wt.%), which
drastically decreases the transformation temperatures with respect to the ternary 49.8Ni-
46.8Ti-3.4 Fe (wt.%). In particular, they observed an Mg and Ay, respectively, equal to 238 K
and 240 K for NiTiFeNb alloy, as well as Mg equal to 261 K and A¢ equal to 270 K for the
ternary NiTiFe. On the other side, the addition of Ta decreases the phase transformation
temperature but not to same extent as Nb, with Mg and A¢ being, respectively, equal
to 258 K and 267 K. Together with the thermal properties, the stress—strain curve under
uniaxial compression at room temperature was also obtained for the considered alloys.
They observed a higher yield strength for the quaternary alloy than the ternary one. In
particular, Nb addition seemed to determine a higher strengthening of the NiTi-based SMA
with respect to the addition of Ta.

3.2. Effect of Nb and Co on NiTi System

Jing et al. [40] investigated the effects of the addition of Co on the thermal and
thermomechanical properties of NiTi. Within the analyzed alloys, the 46.2Ni-45Ti-8.8Co
(wt.%) exhibited an M; of approximately 140 K. Similarly, Dang et al. [41] studied the PE
effect at low temperatures of Ni-Ti alloys doped with a small amount of Co atoms. The
resultant alloy was 44.1Ti-49.3Ni-6.6Co (wt.%) and presented no endothermic or exothermic
peak in the differential scanning calorimetry curve between 123 K and 373 K. Furthermore,
through X-ray diffraction analyses, they found that the alloy remained in a single B2
structure even below 113 K, indicating a stable austenite phase at cryogenic temperatures.
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Indeed, the alloy presented a fully recoverable strain, with a flag-shape stress—strain curve
down to 173 K.

Furthermore, the influence of Nb addition on the TMT was thoroughly studied by
Wang et al. [42], who indicated three alloys with low phase transformation temperature:
52.6Ni-39Ti-8.4Nb, 52.7Ni-39.7Ti-7.6Nb, and 48.4Ni-36.9Ti-14.7Nb (wt.%). For these alloys,
M; and A¢ were 173 and 255 K, 196 and 262 K, and 200 and 262 K, respectively.

Merging the effect of Nb and Co addition to NiTi-based alloys, Sui et al. [43] in-
vestigated the effect of Co addition on the microstructure of Ni-Ti-Nb alloys. Starting
from 47.9Ni-37.4Ti-14.7Nb, they analyzed both the phase transformation and mechanical
properties of five alloys, keeping Ti and Nb at fixed values and adding very few atomic
percentages of Co in substitution of Ni. They observed the occurrence of a one-step thermoe-
lastic martensitic transformation both under cooling and heating (B2 <> B19’). Furthermore,
they found a decrease in Mg with while increasing of the content of Co. In particular, a
TMT at cryogenic level was identified for the 45.8Ni-37.4Ti-14.7Nb-2.1Co and 46.3Ni-37.4Ti-
14.7Nb-1.6Co (wt.%) alloys. The two quaternary systems presented M, respectively, equal
to 166 and 198 K, and A; to 228 and 263 K.

3.3. NiTiHf Alloys

Among cryogenic SMA, recent works on NiTiHf low-temperature alloys are worth
highlighting. As already mentioned in the introduction section, NiTiHf systems are typically
used as high-temperature shape memory alloys [9]. However, in recent years, some
research groups tried to take advantage of the great properties of NiTiHf, such as its low
costs, remarkable shape memory and superelasticity, and superior stability, even in low
temperature applications. For example, Benafan et al. [44] evaluated the potential of NiTiHf
as low-temperature SMA by mapping M as a function of Hf content. From their results,
it is clear that for specific Hf concentrations, NiTiHf presents TMT at cryogenic level. In
particular, they found M below 233 K for all the alloys with the exception of few samples,
and the lowest M¢ was found for Ti-46.9Ni-22.4Hf (wt.%), equal to 134 K, which also present
an M;s equal to 166 K. For NiTiHf, Table 3 reports the alloys presenting an M¢ below 233 K,
when the value of M is not available. In addition to the transformation temperatures, they
also studied the strain—temperature relationship as a function of the applied stress (uniaxial
constant-force thermal cycling). They found two main trends of the transformation strain
with respect to the applied stress. In particular, it was observed that for Hf content lower
than 3 at.%, the transformation strain presented a peak at intermediate stress, while for
higher content of Hf, the value asymptotically approaches the maximum value increasing
the applied stress.

Table 3. NiTi-based cryogenic SMA ordered according to the Ni content (TT: thermal treatment; S:
solubilized; A: annealed; ND: not declared; *: Rg; **: My; REF.: reference).

Ni Ti Nb Co Fe Hf Sn M, A¢ TT REE
[wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [K] [K]

349 13.2 - - - 51.8 - 232 ND S [45]
37.8 17.3 - - } 449 - 106 ND S [45]
38.9 19.3 - - - 418 - 227 ND S [45]
394 40.6 - - - - 20 183 242 S [46]
44.8 28.3 - - - 26.9 - 207 ND S [45]
45.8 374 14.7 2.1 - - - 166 228 S [43]
46.2 45 - 8.8 - - - 140 ND A [40]
46.3 374 14.7 1.6 - - - 198 263 S [43]
46.8 32.0 - - - 21.2 - 201 ** ND S [44]
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Ni Ti Nb Co Fe Hf Sn M; Ag TT REE.
[wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt. %] [K] [K]
46.9 30.7 - - - 22.4 - 166 ND S [44]
47.3 30.3 - - - 22.3 - 162 ** ND S [44]
47.6 46.6 - - - - 5.8 224 271 S [46]
47.7 29.9 - - - 22.3 - 178 ** ND S [44]
478 335 - - - 18.8 - 233 ** ND S [44]
48.4 36.9 14.7 - - - - 200 262 S [42]
484 46.5 1.7 - 34 - - 238 240 S [39]
49.3 35.8 - - - 14.9 - 211 ** ND S [44]
50.8 45.0 - - 4.2 - - 232% 240 S [38]
51.9 44.6 - - 35 - - 245 * 267 A [36]
52.0 38.7 - - - 9.3 - 224 ** ND S [44]
52.6 39.0 8.4 - - - - 173 255 S [42]
52.7 39.7 7.6 - - - - 196 262 S [42]
52.8 40.8 - - - 6.4 - 185 ** ND S [44]
53.1 41.5 - - - - 5.4 155 215 S [46]
53.3 41.8 - - - - 49 182 232 S [46]
53.5 422 - - - - 4.3 190 241 S [46]
53.7 42 - - - - 4.3 172 228 S [46]
53.9 41.8 - - - - 4.3 131 191 S [46]
54.1 427 - - - 3.3 - 206 ND S [44]
54.1 411 - - - 4.8 - 177 ND S [45]

Similarly, Umale et al. [45] studied the role of the addition of Hf in substitution of
Ni on the TMT of NiTiHf SMA. Among the high number of alloys considered in their
work, there were several of them with TMT at cryogenic temperatures. In particular, they
found M equal to 177, 207, 227, 106, and 232 K for, respectively, Ti-54.1Ni-4.8Hf (wt.%),
Ti-44.8Ni-26.9Hf (wt.%), Ti-38.9Ni-41.8Hf (wt.%), Ti-37.8Ni-44.9Hf (wt.%), and Ti-34.9Ni-
51.8Hf (wt.%). Furthermore, for Ti-50.0Ni-14.9Hf (wt.%), Ti-45.0Ni-26.9Hf (wt.%), and
Ti-41.0Ni-36.7Hf (wt.%), no TMT was observed up to 13 K.

3.4. NiTiSn Alloys

Among NiTi-based SMA with TMT at cryogenic temperature, it is worth mentioning
the NiTiSn alloy. Of particular interest is the study of Young et al. [46], which studied the
thermal properties of several NiTiSn SMA families with the aim of producing an alloy with
Af close to 123 K. In particular, they developed two main alloys that, respectively, substitute
Sn for Ni (first family) and for Ti (second family). Within the first family, two alloys with
TMT at cryogenic temperatures have been obtained with Mg equals to 224 and 183 K
for, respectively, 47.6Ni-46.6Ti-5.85n and 39.4Ni-40.6Ti-205n (wt.%, nominal composition).
Conversely, the second family did not display TMT for temperatures higher than 98 K, so
no M; has been measured. However, comparing the two families, they concluded that
the substitution of Sn with Ti reduces the transformation temperatures twice as effectively.
By increasing the solubilization route from 30 min to 24 h, the second family presented
TMT at a cryogenic level with Mg equal to 190, 182, and 155 K for, respectively, 53.5Ni-
42.2Ti-4.35n, 53.3Ni-41.8Ti-4.95n, and 53.1Ni-41.5Ti-5.45n (wt.%, nominal composition).
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Finally, maintaining the same solubilization treatment, they found M; equal to 172 and
131 K, respectively, for 53.7Ni-42Ti-4.35n and 53.9Ni-41.8Ti-4.35n.

Table 3 lists ternary and quaternary NiTi-based systems that present the TMT in a
cryogenic environment. In particular, details on the chemical composition, Mg and Ay, as
well as the thermal treatment route, are highlighted.

Figure 3 depicts the atomic content of Ni and Ti of the cryogenic NiTi-based alloys
considered in the present overview. It can be noted that the greater part of the studies
focused on ternary and quaternary NiTi-based systems with Ni content higher than that of
Ti. Furthermore, the range of variability of Ti content within the alloys is larger than that of
Ni. This suggests that the ternary and quaternary NiTi-based systems transform at ever
lower temperatures when the adding elements are substituted heavily with Ti.
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Figure 3. Ni (blue circles) and Ti (yellow circles) content (at.%) of the cryogenic NiTi-based alloys as
a function of M.

4. Ag-Based and FePt Alloys

The first classes of SMA based on noble metals and presenting the TMT at cryogenic
temperatures were the AgCd system and the FePt alloy investigated by Tong et al. [15] and
the AgAl system studied by Kubo et al. [47] (see Table 4).

Table 4. Ag-based cryogenic SMA ordered according to Mg value (TT: thermal treatment; A: annealed;
REE.: reference).

[w?%/o] [th.(‘i’/o] [wt{’/o] ?142] [AKf] T REE
51.2 488 - 126 136 A [15]
522 478 - 153 164 A [15]
532 46.8 - 186 194 A [15]
54.2 458 - 210 233 A [15]
545 455 - 219 238 A [15]
926 - 7.4 229 237 A [47]

Regarding AgCd alloys, the one presenting the lowest phase transformation tempera-
ture is the 51.2Ag-48.8Cd (wt.%), which shows an M; of 126 K and an A¢ of 136 K. In the
same work of Tong et al., a cryogenic TMT was also identified for the 47.5Fe-52.5Pt (wt.%)
alloy which has M; of 193 K and A¢ of 208 K.

Besides this work, Kubo et al., showed the occurrence of the TMT at low temperatures
in the 92.6Ag-7.4Al (wt.%) alloy, identifying the M; at 229 K and the A¢ at 237 K.

Figure 4 collects the M data referring to the Ag-based alloys. It can be noted that
the M; of AgCd alloy decreases linearly with the increasing of Cd. This was previously
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confirmed by Tong et al. [15], who found a rate of decrease with Cd content of 30 K/at.%.
Similar results were also found by Prasad et al. [48] in 1986.

280

240

45 46 47 48 49 50
Cd content [wt.%)]

Figure 4. M; of AgCd alloy as a function of the content of Cd.

5. CaFe;As; Alloy

Sypek et al. [49] suggested the strong potential of CaFepAs, alloy as a structural
material in the cryogenic environment. They reported on the functional response of single-
crystal micro-pillars of CaFeyAs; and showed that the material exhibits superelasticity
with over 13% recoverable strain, 3 GPa yield strength, and linear shape memory effects at
approximately 50 K.

6. Cryogenic Magnetic SMA

Based on stress-induced martensitic transformation, elastocaloric refrigeration of
ferromagnetic SMA has been recognized as the most promising alternative solid-state
refrigeration technology due to its substantial potential for energy savings. For example,
Guo et al. [50] suggested the 48.4Ni-20.8Mn-28.7Ga-2.1Cu (wt.%) as a promising candidate
for low-temperature elastocaloric refrigeration due to the low Mg and A¢ temperature that
were identified, respectively, at 218 K and 228 K.

Furthermore, a class of magnetic SMA showing a thermal transformation arrest phe-
nomenon has been reported. This consists in an interruption of the TMT at a certain
temperature (i.e., the thermal transformation arrest temperature, TA) during magnetic-field
cooling, and the parent phase remains when it is cooled down to cryogenic temperatures.
Taking advantage of this peculiar feature, Niitsu et al. [51] reported on the pseudoelas-
tic response of a single crystal 35.6Ni-4Co0-26.7Mn-33.7In (wt.%) in the wide range of
temperature from 200 to 4.2 K.

7. Discussion
This paper presents an overview of the most relevant SMA that exhibit the TMT at

cryogenic temperatures. The timeline reported in Figure 5 keeps track of the cryogenic
SMA systems published within the last five decades.

Cuznsi bl CuAlMn
FePt CuAlBe e NiTiNb NiMnGaCu NiTiCo
Agcd CcuznAl CuAlBe
1974 007 2009 2012 2013 2016 2017 2019 2020 2022 2023

1975 1986 1982 1991 19961999 20
1992 1996 1998 2002

Figure 5. Timeline of the research on cryogenic SMA systems published within the last five decades.

The pie chart in Figure 6 shows the cryogenic SMA grouped according to the chemical
composition. In particular, it shows the number (in percentage) of alloys studied up to
now for each family considered. It can be observed that the Cu-based alloys are the most
studied, and among them, the CuAlMn-based are the ones that have received the most
attention. Furthermore, in accordance with the schedule in Figure 5, the CuAIMn system
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has received attention since the late 1990s. The motivation behind all this focus is ascribed
to their low cost, good workability, and most of all, to the temperature range at which the
TMT of the CuAlMn-based alloy is located. Indeed, the CuAlMn-based systems are those
presenting the lowest phase transformation temperatures.

Magnetic SMA N -

CuAlMn and
CuAlMn-based

CuAl-based

CuZn and CuZn-based

Figure 6. Pie chart representing the percentage of studied cryogenic SMA grouped according to the
elemental composition.

Figure 7 lists the revised papers grouped according to the chemical composition and
ordered according to their Ms temperature. It is worth underlining that only a few works
report the complete quartet of phase transformation temperatures, since very advanced
instrumentations are required to achieve temperatures beyond the temperature of liquid
nitrogen. For this motivation, the M¢ temperature is hardly measurable when TMT is
located at cryogenic temperatures. Consequently, the temperatures that identify the reverse
TMT (As and Ag) are not often reported. Therefore, the Mg temperature has been selected
as the key parameter guiding the classification of materials as it has always been the most
easily measurable temperature for TMT.

Figure 7 shows that the cryogenic SMA can be grouped into four classes. The first
class (I), from 200 to 250 K, contains the greater part of the cryogenic SMA families which
can be considered as low-temperature SMA. The second class (II), from 150 to 200 K, is
mainly composed of NiTi-based and CuAlMn-based SMA. The alloys of class II can be
denoted as low-cryogenic SMA. The third class (III), from 125 to 150 K, is composed of the
greater part of cryogenic SMA, similarly to class I. The alloys of class III can be denoted
as high-cryogenic SMA. Finally, the fourth class (IV), with the exception of the NiTiHf
alloy by Umale et al. [45], consists only of the CuAlMn-based systems. These alloys can be
considered as extreme-cryogenic SMA.

Further evidence in the literature on cryogenic SMA is the missing characterization of
the typical properties of this class of materials. As stated in the introduction, these materials
are mainly considered for their peculiar SME and PE behaviors, so thermomechanical
analyses are at the basis of their study and development. For cryogenic SMA involving low
temperatures, the collection of such information is extremely challenging; as a consequence,
mechanical characterizations are available only for those alloys with higher Mg, where
commercial instruments can manage the measurements. This aspect can explain why,
despite the homogeneous time distribution of the literature on this subject—supporting
evidence for the interest of the scientific community—the resulting development is mainly
focused on the material’s structural and thermal characteristics, still far from the needs for
technological impact.
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Figure 7. Diagram of the most relevant published cryogenic SMA as a function of their Mg tempera-
ture [15-22,25-28,30,32-36,38,40,42—47,50]. Each bar represents a SMA system; inside the bar is the

first author of the related paper and year of its publication. I: low-temperature SMA; II low-cryogenic
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Another critical issue emerging from this literature review is the strong dependence of
the transformation temperature on the alloy composition. This aspect involves a relevant
constraint in the alloy composition control, an issue which limits the synthesis strategies
and an issue for the upscaling of material production.

Despite the cryogenic applications not being widely diffused in common life, the
perspectives associated with the cryocooling technologies, based on He-free solutions and
on cheaper cooling liquids, and with advanced heat pumping systems, could represent a
further opportunity for the use of these SMA as active components. Such an opportunity is
already a reality in some limited fields of application, such as space technologies. Here, the
low temperatures involved in the environment suggest the development of active systems
based on cryogenic SMA to support specific needs related to mechanical actuation, active
damping, or structural requirements.

8. Conclusions

This work is aimed at presenting a review of SMA with phase transformation at
cryogenic temperatures and being a guide for future research on this topic. In particular,
four main cryogenic regions have been identified, within which are distributed the seven
alloy families considered. Due to the observed component-dependent distribution, the four
cryogenic regions could be used to choose the optimal alloy for a specific application.

In particular, it has been noted that the Cu-based systems are those most studied.
The extensive studies on CuAlMn alloys permitted a critical overview of these materials,
suggesting new paths for future works, such as the Mn content higher than 13 wt.%, the
Al content lower than 8 wt.%, and the Mn/ Al ratio higher than 1.5. In fact, the transition
temperature turns out to be drastically affected by the stoichiometries of Mn and Al in the
alloy. The addition of a quaternary element does not seem to affect the phase transformation
temperatures in this system.

Besides the CuAIMn system, due to the low M, cryogenic SMA such as the AgCd
system seem attractive for future research presenting TMT in a small concentration range,
close to equiatomic composition. A few works dated back to almost 50 years ago suggest
that the current characterization techniques could be of great help in redesigning this type
of alloy. However, the elements involved are expensive, and for Cadmium, they are also
toxic and carcinogenic. Therefore, this system loses all interest with respect to application
development.

Finally, opportunities for new findings can also be attained through NiTi-based alloys.
The addition of a ternary and/or a quaternary element to NiTi can be accomplished with
full knowledge of the cause, with NiTi being the most known SMA. Based on the above-
presented works, it is suggested that NiTiHf is the most promising cryogenic NiTi-based
SMA, thanks to its low costs, remarkable shape memory and superelasticity, and superior
stability, even in low temperature applications

In all the cases, next to the materials” further development, the literature suggests the
need for the parallel growth of testing systems in order to characterize and analyze the
materials’ performance and behavior. Such a step forward will also provide the opportunity
to discover other peculiar characteristics of these materials directly related to cryogenic
temperatures.
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