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Cu-based shape memory alloys belong to one important class of functional alloys, presenting shape
memory effect and superelasticity due to their reversible martensitic transformation. Although they have
been extensively studied since the middle of the last century, there are still many challenges to be solved.
In the last decades, these alloys were extensively studied regarding new compositions, processing
routes, phase transformation, mechanical and functional properties. Aspects of the thermoelastic phase
transformation have been described using thermodynamic and thermo-mechanical studies, while the
role of metallurgical features (such as grain size and morphology, ordering, precipitates and second
phases) have been described mainly by phenomenological approach. In this sense this review discusses
the advances in the general fundamentals of Cu-based shape memory alloys, the recent developments in
processing routes, compositions, and applications in the last years.
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nent alloys and their deformation behavior.

that make them different from other common alloys: (i) shape

memory effect (SME), which is the ability to recover the original

The development of smart materials, which react with an external
stimulus changing some properties or shape,has been boosted
with the advancement of technology in several areas of knowl-
edge. Among these areas, one of great importance is that regard-
ing new and advanced materials development. Shape memory
alloys (SMA) can be framed between the new functional mate-
rials, which can be used mainly in actuators, microcontrollers

and sensors [1]. They present two unique functional properties
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shape after deformation; and (ii) superelasticity (SE) or (pseu-
doelasticity), which is the ability to recover a large non-linear
strain upon loading-unloading [2, 3]. Both properties occur due
to a special class of non-diffusional solid state phase transforma-
tion, called thermoelastic martensitic transformation, which is a
reversible transition with small volume change and low hyster-
esis. Within the most important SMA systems, Cu-based SMA
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plays an important role due to their large range of transformation
temperatures and their flexibility, which enable the composition
and processing routes tailoring, envisioning the optimization of
their properties. Cu-based SMA must present one phase at high
temperature called f3, that transforms into a martensite by a ther-
moelastic transformation, with small volume change.

These Cu-based SMA are traditionally fabricated by cast-
ing or powder metallurgy with rigorous control of composition
because a small shift from stoichiometry greatly affects their
properties. Subsequent heat treatments are also commonly car-
ried out: solution-treatments followed by quenching are used
to form the martensitic phase and aging at lower temperatures
is used to stabilize the martensite and memorize the shape.
Because the Cu-based SMA are mostly applied in sheet or wire
form, they may also undergo hot- or cold-working through forg-
ing, rolling, and extrusion. More recently, innovative process-
ing routes have been proposed to fabricate different types of
Cu-based SMA with improved functional and/or mechanical
properties. New cyclic heat treatments with low cost and less
time consuming have been proposed to obtain bulk single crys-
tals of Cu—Al-Mn, which shows superior superelastic properties
than in the polycrystalline form due to its polycrystal brittleness
[4]. Moreover, additive manufacturing methods have also been
proposed to fabricate complex shape Cu-based SMA and the
high cooling rates applied during this processing usually result
in parts with higher strength and ductility [5].

Currently, Cu-based shape memory alloys are classified into
several alloy systems. Traditional systems such as Cu-Al-Zn and
Cu-Al-Ni SMA, widely studied in recent years, continue to be
reported in the literature [6, 7]; however, other systems have
been drawing attention, such as Cu-Al-Mn and Cu-Al-Be SMA
[8, 9]. Furthermore, a new SMA system was recently reported
in the literature, based on Cu-Al-Fe-Mn [10], which shows
shape memory mechanisms different from those convention-
ally observed. This different mechanism is related to the stress-
induced martensite that can be unusually retained in the micro-
structure during the pre-strain condition in the superelastic
regime. During heating, this retained martensitic phase rapidly
transforms into austenite, and consequently, an instantane-
ous shape memory effect takes place. In addition to all these
systems, the practice of alloying is widely used, which creates
various SMA compositions. Several alloying elements can be
added for the purpose of modify the properties of SMA aiming
at certain specific applications. In some systems, such as for the
Cu-Al-Fe-Mn SMA, there are not many reports in the literature
regarding the alloying process, and thus just a small number of
alloy compositions were investigated until now. In this case, the
alloy composition space for these systems is still mostly unex-
plored and new compositions may be discovered in the future.
In contrast, for the Cu-Al-Ni, Cu-Al-Mn, and Cu-Al-Be

SMA, several studies were carried out [11, 12], investigating
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the influence of different types of alloy elements on the proper-
ties of SMA. Cu-Al-Mn have currently highlighted among the
Cu-based SMA since they may present shape memory proper-
ties similar to those of NiTi alloys, but with the advantage of
a lower manufacturing cost [9]. These improved properties of
Cu-Al-Mn SMA are directly related to the recent advancement
in manufacturing processes, which allowed a more controlled
alloy preparation.

Based on emerging compositions and processing routes,
novel applications have been visioned for Cu-based SMA.
Elastocaloric SMA and high temperature shape memory alloys
(HTSMA) are in the spotlight of Cu-based SMA studies. In this
review, the authors first present the general aspects of Cu-based
SMA, following by the recent developments, where we discuss
the novel processing route, new compositions, and recent appli-
cations. Lastly, we present the future perspectives and conclu-

sions remarks.

General features

Cu-based SMA are considered as an alternative to be used in
high temperature applications and to other commercially avail-
able SMA in terms of their final cost, due to a lower cost of the
elements, as well as a lower cost of production [1, 3]. However,
polycrystalline Cu-based SMA are susceptible to brittle inter-
granular fracture, which limits their commercial application.
It occurs mainly due to the high elastic anisotropy, which gen-
erates stress concentration in the grain boundaries and triple
junctions due to the incompatibility of plastic and elastic defor-
mations between the grains 3, 13, 14].

In order to improve the mechanical properties of the poly-
crystalline Cu-based SMA, several efforts involving different
types of processing [15-19] and modification in the composi-
tions with the addition of alloying elements for grain refinement
or precipitates formation have been carried out [20-23]. Never-
theless, the improvement in polycrystals SMA’s properties to the
present days have been below the researcher’s expectations for
them to be applied in engineering systems. The excellent shape
memory properties of the Cu-based SMA single-crystals s were
only attained by the so-called oligocrystalline alloys, in which
the free surface area is larger than the grain boundary areas,
allowing the transformation to occur with fewer constraints [13,
14, 24-26]. As a disadvantage, the shape of the oligocrystalline
alloys is generally limited to small wires or ribbons whose grains
must be in a bamboo-like structure to fill the entire cross-sec-
tion of the material, which limits their processing and possible
applications. Another issue involving SMAs is the stabilization
of martensitic-austenitic phases. It affects the shape memory

properties such as transforming temperatures, hysteresis,
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strain recovery, stresses during shape recovery, among others
[3]. Stabilization of the phases is thermally activated and can
occur both at room temperature and higher temperatures. Both
problems, intergranular fracture and stabilization of phases are
highly dependent on the material processing history and the
specific composition of the alloy and are related to the alloy
microstructure (mainly grain size, present phases, defects, mar-

tensitic types, and variants).

Shape memory effect and superelasticity in Cu-based
SMA

The shape memory behavior occurs due to a phase transfor-
mation from a high temperature phase, called austenite (A—
usually cubic) into a lower temperature phase with lower sym-
metry, called martensite (M—with tetragonal, orthorhombic,
or monoclinic structure). In general, the austenite-martensite
transformation occurs without diffusion of atoms, but rather
by a shear of the crystalline lattice. This type of transformation
is called "martensitic transformation" and can be irreversible,
as observed in quenched mild steels, or reversible, as in SMA
[27, 28]. Regarding irreversible transformations, as occur in
carbon steel and CoNi alloys, the transformation takes place
during a fast cooling, forming martensites in the form of plates,
laths or needles, which have immobile interfaces when applied
temperature or mechanical loading [28]. In Cu-based SMA
the transformation is almost completely reversible, generally
called thermoelastic transformation. The main key factors for
the transformation reversibility are their low hysteresis, low
volume change and absence of plastic accommodation during
the transformation from the austenite (also called the "parent
phase"). Therefore, the martensitic microstructure is formed in
a self-accommodation process, in which the variants (different
orientations of martensites) are elastically accommodated inside
a single preferred variant and, consequently, no macroscopic
shape change is visible. This microstructure is easily modified
with loading application. Thus, it is completely reversible when
heated up to the austenitic field, generating a microstructure
with little or no dislocations [28].

—
Cool bellow M %

Heatabove A
—
Twinned Martensite Austenite

Figure 1: Scheme of the direct and reverse transformation and their final
transformation temperatures.
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A necessary and sufficient condition for a thermoelastic
martensitic transformation is that the variants are formed with-
out any plastic deformation by dislocation slip [29, 30]. Instead
of this, they must self-accommodate [29, 30], normally by twin-
ning, forming twin-related variants. When mechanically loaded,
the variants detwin and orient themselves in preferential direc-
tions, forming specific variants [27]. Thus, this reversible phase
transformation between austenite-martensite forms the basis
for the shape memory effect and superelasticity. Some impor-
tant features of thermoelastic transformation are the four tem-
peratures at which phase transformations occur. In cooling, the
direct transformation takes place, which consists in the trans-
formation from austenite to martensite. The start transforma-
tion temperature is called M, and the end of the reaction, where
100% of the austenite has been transformed, is called M;. The
reverse transformation occurs upon heating, from martensite to
austenite, and the start and end temperatures of this transforma-
tion are called A, and Ay, respectively. Between the start and end
temperature range, both phases are present in the microstruc-
ture. Figure 1 illustrates the transformations and their respective
temperatures. There is usually a hysteresis observed between
the beginning of reverse and direct transformation (|M,-A{ or
|A;~M]) and between the start and end interval of each trans-
formation (AA; or M-M;) [31].

When stress is applied to a SMA microstructure with
twinned martensite, the variants are reoriented, and part of the
microstructure becomes detwinned. This process results in a
macroscopic shape change of the material, which is retained
when the loading is released. In this case, the mechanism of
deformation is the variants reorientation in a preferred direc-
tion, which is kept after unloading. When the metal is heated
above Ay, the reverse transformation takes place and the mar-
tensite transforms into austenite, recovering the original shape.
When cooling from this phase, the twinned martensites are
formed again, without an associated change of shape, closing
the SME, as shown in Fig. 2. In the detwinning process there is
a minimum stress to start the process (o;) and a stress at which
it finishes completely (oy). If the material is cooled from the aus-

tenitic region at a stress above o, the martensite formed will

Load Heat

R R
R
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3

Austenite

13132

Twinned Martensite Detwinned Martensite

Figure 2: Illustration of the Shape Memory Effect cycle and the type of
phase in each step.
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Figure3: Scheme showing the stress—strain and temperature relationship for SMA in austenitic and martensitic phases. SME, superelasticity and
dislocation slip are represented in the stress-temperature maps. Reprinted from [33]. Copyright (2017) by permission from Elsevier.

already be detwinned and there will be a change of shape with
the phase transformation. With heating above A the shape will
be recovered. It is also known that the transformation tempera-
tures are strongly dependent on the stress applied to the material
and that the higher its magnitude, the higher the transformation
temperatures [1, 3, 27, 32].

Following the same principles, superelasticity is a phe-
nomenon that happens due to the stress induced martensitic
transformation within the austenitic field of the material. When
the external loading is released, the martensite turns back into
austenite and the deformation is recovered. Typically, a super-
elastcity thermomechanical path begins at a sufficiently higher
temperature, i. e. above A, at which the austenitic phase is stable.
Thus, when stresses are applied, a state in which the detwinned
martensite forms is reached and, when stresses are removed,
the martensite is back transformed into the austenitic phase [1,
3, 16, 27]. It is worth noticing that stress stabilizes the marten-
sitic phase, increasing the transformation temperatures when
applied. Figure 3 summarizes the stress—strain-temperature rela-
tionship of the SME and superelasticity in SMA and the critical
stresses for plastic deformation by dislocation slip.

Within the systems of alloys that present SME and superelas-
ticity, there are three major groups in which most shape memory
alloys fit in: Cu-based SMA (Cu-Al-Ni, Cu-Zn-Al, Cu-Al-Mn,

© The Author(s) 2021

etc.), those containing NiTi intermetallic and Fe-based SMA
(Fe-Mn-Si, Fi-Ni-Co-Tij, etc.). The first two groups are more
commonly used in engineering applications than the latter
because of their better functional properties [32]. NiTi alloys
have been used for military, medical, safety and robotic applica-
tions. In the military area, they are applied in aircraft components
[1, 3]. In the field of medicine, they are applied in tweezers to
remove objects through small incisions; anchors in the form of
hooks to attach the tendons to the bone were used for shoulder
surgery; orthodontic wires, glasses frames; guide for catheters
[32, 34, 35]. In safety, they are applied as anti-scorching devices
and sprinklers against fire and other types of sensors [1, 3].
Future applications foresee the use of these alloys in car engines
and airplanes and electric generators that use the mechanical
energy resulting from the shape transformations; springs for
engine cooling systems, carburetor and engine lubrication con-
trols [1, 32]. NiTi SMA have an excellent shape memory effect,
allowing a wide range of applications from the aerospace industry
to medical applications. However, they are more expensive than
Cu-based SMA, both because of the high price of the alloying ele-
ments and because of their high reactivity with oxygen at higher
temperatures, which makes their processing costly. In contrast,
Cu-based SMA, besides being cheaper, have the advantage of
being good thermal and electrical conductors. Besides that,
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Cu-based SMA are the most attractive because of the higher ther-
mal stability against aging phenomena and stabilization [3, 36].

One issue related to the applicability of the Cu-based SMA is
the reduced deformation recovery of the and the brittle behavior
at room temperature due to intergranular fracture [3]. The main
reason for this is an abnormal and high elastic anisotropy, which
leads to stress concentration within the grain boundary due to
elastic and plastic incompatibilities between neighboring grains,
particularly when large grains are present [3, 13, 14, 37]. On
the other hand, Cu-based SMA thermomechanically processed
showed a significant reduction of grain size to 5 um, resulting
in a high fracture stress and a considerable ductility in tension
of 1200 MPa and 10%, respectively [38]. Additions of Mn and
Ti are also known to improve ductility and control grain size in
Cu-based SMA [39] and the substitution of Al for Mn improves
ductility without significant changes in the transformation tem-
perature. In Cu-Al-Ni systems, the addition of small amounts
of Ti, however, reduces grain size as a result of a decrease in the
diffusion rate of the constituent atoms [3] and due to the hin-
dering effect of Ti-rich nanosized precipitates formed during
solidification that suppresses the grain growth [39]. Elements
such as Zr and Si also have the effect of reducing grain size [40].
The mechanical properties of these multicomponent copper-
based alloys have shown promise for future applications. The
Cu-13.4A1-3.1Ni-0.06Si-0.58Zr (wt%) SMA, for example, shows
tensile and deformation of fracture at around 830 MPa and 8%,
respectively [40]. Cu-13.4A1-3.05Ni-0.24Ti-0.63Zr (wt%) alloys
also showed high fracture stress of 903 MPa and a considerable
fracture deformation of 8.6% in tension and the fracture mecha-
nism changes from intergranular to transgranular [20]. Others
Cu-based systems, such as Cu-Al-Mn were developed and they
have shown better ductility [41, 42] than others Cu-based SMA.

In Cu-based SMA the high temperature phase (austenite)
is called 8 (normally cubic at high temperatures), sometimes

referred to as the mother or parent phase in martensitic trans-
formations [43]. Different types of martensites can be formed,
depending on the composition and also on the stress level of
the material [3]. Generally, the martensites are named as ', 8’
and f'. In Cu-Al-Ni and Cu-Al-Zn the phase 3 becomes f’
(monoclinic), y’ (orthorhombic) or a mixture '+’ depending
on the amount of the alloying element [37, 43, 44]. The typical
morphology of the ' martensite is shown in Fig. 4. The equi-
librium phases that can be formed are called « and y. These
usually precipitate in the matrix after heat treatments, or even
thermal cycles of austenite-martensite transformation. Thus,
the knowledge of the precipitation temperature of these phases
is important, since their presence can modify the functional
properties of the alloy.

Generally, for Cu-based SMA, before the martensitic
transformation, the austenitic phase § undergoes two types
of atomic ordering during cooling: the first arrangement, B2,
is among the closest neighbors and is considered unavoidable
even at extremely high cooling rates [43]. The other arrange-
ment is called L2, or D05, which refers to the neighboring
atoms of the nearest neighbors. This can be avoided depend-
ing on the cooling rate adopted during processing. Thereby,
the L2, arrangement becomes a stabilization mechanism of
the austenite and martensite phases when subjected to ther-
mal treatments [45, 46]. Typically, the order B2 is in the
first neighbors of the central atom. When the temperature
is reached for the L2, arrangement, the outer atoms, are also
ordered. There is usually a temperature range in which the
ordinates B2 and L2, occur. Below the ordering temperatures,
the ordering phenomena take place. However, it happens since
there is enough driving force for the diffusion of the atoms,
considering that this is a thermally activated phenomenon.
The ordering of the alloys becomes a question of great impor-
tance in the martensitic transformations, since the change of

Figure 4: Typical 8’ martensitic microstructure of a Cu-Al-Ni alloy.
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the local composition and the structure of the material influ-
ences significantly the temperature range in which the phase
transformation occurs [47]. Regarding the Cu-Al-Mn SMA
system, similar sorting phenomena occur, since both alloying
elements form solid solutions with Cu in the fractions used,
and there is no influence of other phases [46, 48-51]

The mechanical performance of the SMA depends heavily
on the microstructure of the alloy, such as the phases present
and their distribution, grain size and stability of the austenite
and martensite phases [47-49, 52-54]. These characteristics
are derived from the history of thermomechanical processing
history carried out on the material. Thus, factors linked to the
functional properties of shape memory and mechanical prop-
erties will be influenced by the characteristics of the material,
which will depend on the different processing parameters and
treatments. Consequently, it is seen in the literature many dif-
ferent Cu-based SMA (with or without the addition of a fourth
alloying element) obtained by various processes reported in the
review by Dasgupta [55]. One can observe a great variation in
the values of fracture stress and strains, as well as grain sizes.

The deformation mechanisms for SMA, which strongly
influence the mechanical properties, will depend greatly on the
temperature of the material and, consequently, on the predomi-
nant phases. Thus, the mechanical properties are fully tied to
the functional properties. As one of the main requirements for
the reversibility of a thermoelastic martensitic transformation is
the absence of slip mediated plastic deformation [33], the stress
required to detwinning or reorientation (og;) should be lower
than the yield stress. This is important in order to lower the
possibility of plastic deformation or plastic residual stresses in
the material, which are deleterious to the SME. In view of this,
along with the mechanical properties, the factors related to the
functional properties such as hysteresis, transformation tem-
peratures, damping capacity, recovery stress will be fully tied
to the thermomechanical state of the material and its micro-
structure/composition. The thermomechanical condition affects
those functional properties, by helping or impairing the phase
transformation to occur. Consequently, there is a great varia-
tion in the value of these properties due to the combination
of all these factors. Thus, the transformation temperatures in
Cu-AIl-Ni SMA can range from — 200 to 200 °C and their ther-
mal hysteresis from 20 to 40 °C. The specific damping capacity,
which takes into account the energy dissipated by the supplied
energy, is between 10 and 20% [32].

New processing routes of Cu-based shape memory
alloys (SMA)

Some innovative processing routes have been recently proposed

to process Cu-based SMA with improved functional and/or

©The Author(s) 2021

mechanical properties, exploring advanced casting methods [56,
57], powder metallurgy [57], new heat treatments[4], additive
manufacturing[5], severe plastic deformation [58] or methods
to obtain functionally graded materials[59].

Advanced casting methods have long been used to obtain
Cu-based SMA single crystals, which show better fracture strain
and larger superelasticity than polycrystalline alloys as a result of
the absence of high angle grain boundaries [24]. Superelasticity
up to 10% was obtained by Otsuka et al. [60] for a Cu-Al-Ni
SMA fabricated by the Bridgeman method. A new and simpler
method was recently proposed to obtain large single-crystal
bars using cyclic heat treatment (CHT) [4]. CHT between 500
and 900 °C was applied to accelerate abnormal grain growth
(AGQG) in a Cu-Al-Mn SMA. Subgrains formed in association
with a-phase precipitation during the cyclic heat treatment pro-
motes AGG, which gives rise to a single grain structure after an
annealing step. As a result, excellent superelasticity up to 5% was
obtained in a 15.4 mm diameter and 682 mm length Cu-Al-Mn
single-crystal bar [61]. SMA single crystals of small size have
also shown astonish damping behavior, with the capacity to
reduce the amplitude of mechanical oscillations by the dissipa-
tion of energy. Juan et al. [62] fabricated nano- and micropillars
of single crystals Cu-Al-Ni SMA by Focused Ion Beam (FIB)
and they demonstrated that these pillars exhibit a damping
behavior significantly better than other bulk SMA, which make
them very attractive to be used in Micro-Electro-Mechanical
Systems (MEMS) and other nano and microscale devices. They
measured the damping capacity through multiple-cycle nano-
compression tests, with the dissipated energy per cycle being
represented by the hysteresis loop during the stress-strain cycle
[62].

The grain boundary of Cu-based SMA has been also engi-
neered by Ueland et al.[24]. They demonstrated that the forma-
tion of a bamboo-like oligocrystalline structure in a Cu-Al-Ni
wire also shows significant improvement in fracture strain and
larger superelastic strain, with intermediate values between
poly- and single-crystalline structures (Fig. 5). A new direct
continuous casting method was proposed to develop microfib-
ers of Cu-based SMA with this oligocrystalline structure[56]. It
was produced over meter-long microfibers, which exhibit a large
superelastic strain above 8% [56].

A recently proposed method to fabricate Cu-Al-Ni-Mn
and Cu-Al-Ni-Mn-Zr SMA is spray forming [19, 63]. The big
advantage of this method is to obtain a homogeneous equiaxial
microstructure, without segregation, which allows improving
the mechanical properties. Near-net-shape parts with simple
shapes as plates and tubes can be obtained by this method. Cava
et al.[63] have shown that small addition of 0.5 at% Zr changes
significantly the grain size of the spray-formed Cu-Al-Ni-
MnSMA, decreasing the grain size from 135 to 29 um. Addi-

tionally, precipitation of secondary phases during heat treatment
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Figure 5: Stress—strain curves of a polycrystalline Cu-14.1AI-4.2Ni, b near
oligocrystalline Cu-13.7AI-5Ni, c oligocrystalline Cu-13.7AI-5Ni, and d
single-crystalline Cu-14AI-4Ni.7. The insets show the grain structure

of each sample. Reprinted from Ueland et al. [24]. Copyright (2012) by
permission from Wiley.

allows tuning the transformation temperature, with the mar-
tensitic start transformation temperature varying from — 32 to
139 °C for isothermal heat treatments with temperature and
time of 300 °C/1440 min and 850 °C/30 min, respectively.
Rapid solidification techniques as melt spinning [17], Cu-
mold casting [64], and gas atomization [5, 51, 65] have also
been used to produce Cu-based SMA. These methods apply
a high cooling rate, which promotes microstructural refine-
ment and improves the mechanical properties. Nevertheless,

© The Author(s) 2021

Figure 6: Image of Cu-Al-Mn samples fabricated by the additive
manufacturing method of Powder Bed Fusion. Reprinted from [68].
Copyright (2021) by permission from Elsevier.

they have a limitation on the final shape and geometry that
can be obtained. Laser-based additive manufacturing tech-
niques as the Powder Bed Fusion (PBF) are also rapid solidi-
fication techniques with cooling rates varying from 10* to
10° K/s, depending on process parameters [66], which allows
producing parts with complex shapes and geometries (Fig. 6).
The Cu-Al-Ni-Mn [65, 67], Cu-Al-Ni-Mn-Zr [64], and
Cu-Al-Mn [68] SMA have been successfully fabricated by
this technique. Parts with relative density higher than 99%
and with a refined columnar microstructure were obtained,
with grains aligned to the build direction[67]. This promotes
the formation of highly anisotropic materials, with bet-
ter mechanical properties (measured uniaxially at the build
direction) than samples obtained using conventional process-
ing methods. Yield strengths comparable to cast alloys have
been obtained for Cu-Al-Ni-Mn and Cu-Al-Ni-Mn-Zr
(= 200 MPa) but with a larger ductility in tension, as a result
of the greater microstructural refinement[64]. Also using
atomized powders, porous scaffolds of a Cu-Al-Ni-Mn-Nb
alloy were developed by Laper et al. [69]. The structures were
produced through freeze-drying and sintering. The samples
presented a porous structure of around 58% in volume, with
porous size around 20 pm. A good damping capacity was
achieved, of around tg §=0.05. This parameter is commonly
used to measure the damping capacity of materials. It is the
ratio between the loss and storage modulus and was obtained
using a dynamic mechanical analyzer (DMA).

Gustmann [70] showed that the use of a remelting step
after the layers deposition during PBF can significantly
improve the mechanical properties of these alloys. He also
showed that a large superelasticity of up to 5% was obtained

for a Cu-AI-Ni-Mn using this procedure. Additionally,
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Gustmann et al.[71] showed that the remelting step can
increase the relative density of Cu-11.85A1-3.2Ni-3Mn shape-
memory parts and control the grain size and transforma-
tion temperature in a broad range, depending on processing
parameters. Laser surface remelting treatments have been
also applied to improve the mechanical properties of a Cu-
based SMA [72]. Da Silva et al. [72] applied this treatment to
Cu-Al-Mn-Ni SMA plates and demonstrated an increase of
up to 162 MPa in fracture stress, 2.2% in ductility, and 20.9
HV in microhardness when compared with the as-cast sample.

Many recent studies have been carried out applying severe
plastic deformation (SPD) to modify the microstructure/phase
formation, decrease grain size and improve the functional and
mechanical properties of Cu-based shape memory alloys.
Lopez et al. [58] and Straumal et al. [73] have applied high-
pressure torsion (HPT) in two different Cu-Al-Mn SMA.
They observed that this treatment led to diffusive transfor-
mations (precipitation of al-and yl-phases) and promoted
significant grain refinement, with grain sizes in the order of
100 nm. These changes modified the characteristics of these
alloys with a clear shift of the martensitic transformation
temperatures towards higher values together with a strong
transformation peak broadening. Silva Junior and Mazzer
[74] showed that using appropriate parameters during HPT
of a CuAINiMn SMA, an increase in strength can be obtained

without sacrifice the shape recovery ratio. Another SPD

method, equal channel angular pressing (ECAP), has been
applied to a Cu-Al-Be-B SMA [75]. After ECAP, ultra-fine
grains (~2 pm) were obtained but with a small fraction of
martensite because of the stabilization of the austenitic phase.
After heat treatment at 873 K and oil quenching, the grains
coarsened to size up to 50 um but the fraction of martensite
increases, which improved the shape memory effect.

Very recently, several processing routes have been proposed
to produce functionally graded (FG) shape memory alloys[59].
Differential heat treatments, additive manufacturing methods,
multi-layer thin films, powder metallurgy, and surface diffu-
sion have been used to create FG materials. An FG SMA may
transform or deform over a wide range of stress or temperature,
which can be interesting especially in actuating and sensing
applications to improve the actuators and sensors controllability.
The FG SMA can be obtained by microstructural, compositional,
or geometrical gradients (Fig. 7) but these concepts have been
applied only to TiNi-based SMA so far[59].

Novel Cu-based SMA compositions

Until recently, most of the studied Cu-based SMA were classified
in two main systems: Cu-Al-Ni and Cu-Zn-Al [55]. The for-
mer system has better thermal and microstructure stability and
greater potential for high-temperature applications, while the

second has a lower production cost and lower transformation
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Figure 7: Designs of functionally graded (FG) NiTi-based SMA by microstructure or composition and geometrical gradient type and their corresponding
mechanical behaviors. Reprinted from Shariat et al. [59]. Copyright (2017) by permission from Elsevier.
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temperatures. These Cu-SMA systems exhibit low ductility due
to the strong tendency to intergranular fracture, which is attrib-
uted to the formation of a highly ordered structure and elastic
anisotropy. This brittle behavior hinders the mechanical process-
ing of these alloys, making it difficult even to shape them into
sheets and wire, which is important for stents and guidewires
applications [3, 39].

In this context, new alloys have been developed aiming to
overcome these issues. New compositions are suggested in the
literature based on the systems previously presented, but not
limited to them. Most of these new compositions are obtained
based on ternary or quaternary alloying, which corresponds to
one of the most employed methods to improve the properties of
the Cu-based SMA. Several alloying elements are recommended
in the literature and the influence of each specific alloying ele-
ment will be addressed in the sequence for different Cu-based
SMA systems.

The addition of Mn to Cu-AI-Ni SMA for example has
substantially improved the ductility of these alloys without
significantly modifying the martensitic transformation tem-
peratures. The replacement of about 2% of Al by Mn lead to a
suppression of the eutectoid reaction 81 — « + y; [76], favor-
ing the stabilization of the martensitic phase and decreasing
the effect of intergranular embrittlement. Furthermore, for
Cu-Al-Ni-Mn SMA, additions of a fifth alloying element
have been proposed, such as Nb [7, 77]. Small additions of
Nb, of about 0.5wt%, in the Cu-11.45A1-3.2Ni-3Mn (wt%)
SMA, resulted in a maximum shape recovery of 1% when
subjected to stresses of 690 MPa, thus presenting a recovery
ratio of 73%. In addition, the fracture stress for this SMA with
Nb additions was about 1560 MPa. Another alloying element
reported in the Cu-Al-Ni-Mn quaternary system is Zr [78,
79]. An addition of 0.5 wt% of Zr was proposed, which leads
to an increase in the martensitic transformation temperatures.
Upon annealing, precipitation of the Y-phase (CuyAlZr) in
the grain boundaries was observed. These precipitates hamper
grain growth and seem to produce an irregular phase transfor-
mation on heating [78]. Cu-11.35A1-3.2Ni-3Mn-0.5Zr (wt%)
SMA processed by different routes presented a maximum ten-
sile strength between 500 and 600 MPa and a fracture defor-
mation between 5.4 and 7.2%. Under compression, fracture
stress and strain of up 1200 MPa and 19.7% were obtained.

Low solubility quaternary elements play an important role
in inhibiting grain growth and improving mechanical proper-
ties for Cu-based SMA. For instance, Boron is recognized as
a refiner element that produces a significant improvement in
mechanical properties [80, 81]. A more recent study investi-
gated the doping of B in the Cu-12AI1-4Ni (wt%) SMA [41].
It was reported that the addition of boron in small amounts
resulted in an increase in ductility of more than four times

compared to the base alloy. Besides that, shape recovery was

©The Author(s) 2021

considerably increased with the addition of 0.3wt%B, from
75% (base alloy) to 95%. An increase in martensitic transfor-
mation temperatures was also reported with the doping of B.

Saud et al. [76] reported the addition of Co in the Cu-
11.9A1-4Ni (wt%) SMA and observed the formation of a new
y2-phase. The size and volume fraction of y,-phase increases
as more Co is added to the alloy. The presence of the y,-phase
resulted in an increase in the transformation temperatures
compared to the unmodified alloy. Furthermore, the addi-
tion of 1wt.%Co resulted in a maximum ductility of 7% and
an increase in recovered deformation by the shape memory
effect. Titanium addition in the Cu-Al-Ni SMA system has
also been reported [82, 83]. Similarly, as observed for Co,
a new phase has been indexed with Ti additions, which is
denoted as X-phase (Cu,Ni),AlTi). With Ti additions, a
sharp refinement of the grain size of about 70%, an increase
in ductility from 1.65 to 3.2%, and an increase in the recov-
ered deformation by the shape memory effect were obtained.
Optimized properties, i.e. better mechanical properties and
higher transformation temperatures were obtained for addi-
tions of 0.7 wt% Ti.

The addition of Ag nanoparticles has also been suggested in
the literature [84]. The addition of 0.25 wt% Ag nanoparticles
results in a microstructural modification with the formation of
precipitates enriched in Ag. The volume fraction of the y]/ -phase
is reduced and the morphology of the ﬁi—phase is refined with
the addition of Ag nanoparticles. In addition, fracture strength
and ductility were improved with the addition of Ag nanoparti-
cles: values up to 420 MPa and 2.35% wereobtained respectively.
Furthermore, the presence of Ag in these alloys increased the
shape recovery ratio from 50 to 80%. The presence of this noble
element also provided an improvement in corrosion resistance
due to the formation of a surface protective layer of complex
stoichiometry.

The addition of rare earth to Cu-Al-Ni alloys has also been
reported recently [85]. The addition of Nd was performed to the
Cu-13Al1-4Ni (wt%) SMA and the grain size was reduced from
the millimeter scale to a few hundred microns. The addition of
Nd did not alter the phase formation for this SMA, which for
this composition is composed of the " and y" martensitic phases.
However, a second phase (Al Ni)CusNd, with a hexagonal
structure, can be formed if the Nd content is increased. For Nd
contents of 0.5 wt%, an increase in fracture stress and ductility
was obtained, from 580 MPa and 10.5% (base alloy) to 940 MPa
and 18.3%, respectively. The presence of Nd also culminated in
an increase in the superelasticity, with a reversible strain value
of 6.8% being obtained for an Nd content of 0.2 wt% under the
condition of pre-strain of 10% after heating. Additions of other
rare earth elements were also reported in the literature, such as
Gd, in which there was also high grain refining and improved
mechanical properties [86].
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Other several additions of elements were reported in the
literature, such as Cu-Al-Ni -Hf [6], Cu-Al-Ni-Ta[87],
Cu-Al-Ni-Fe[88, 89], Cu-Al-Ni -Zn [11], Cu-Al-Ni-Cr [90],
Cu-Al-Ni-Ti-Cr [91], Cu-Al-Ni-V[92] and Cu-Al-Ni-Sn
[93].

More recently, the Cu-Al-Mn SMA system, which was first
reported in 1995 by Kainuma et al. [9, 94], has been receiving
great attention in the literature. This is attributed to the recent
development of metal alloy manufacturing processes that allow
the production of these SMAs with adequate control of texture
and grain size, enabling the achievement of superior superelastic
properties than those of traditional Cu-Al-Ni and Cu-Al-Zn
SMA systems [9, 61, 95]. Cu-Al-Mn SMA generally have an
Al content of less than 18 at% and show excellent ductility and
good shape memory effect mainly due to the low degree of
ordering of their L2; parent phase [9, 68, 94]. The low-tempera-
ture martensitic phases that can be found in these alloys are: oz/l
(3R) observed for low Al contents, ﬁ; (18R) for intermediate Al
contents, and y{ (2H) that is predominant in alloys with high Al
contents [96]. Alloys of this system with Al content lower than
14 at% show two distinct austenitic phases: § (A2, disordered)
and p; (L2, ordered). Alloys with Al content between 16 and
17 at% Al only have the B;-phase, which results in improved
shape memory properties [96]. This Al compositional range is
generally used for the manufacture of the Cu-Al-Mn SMA.

The degree of ordering of Cu-Al-Mn SMA tends to decrease
with the reduction of Al content, and because of this disorder,
there is an increase in both ductility and cold workability for
these alloys. As an example, it is possible to obtain tensile elon-
gation values greater than 10% and cold workability greater
than 60%, which corresponds to values higher than that found
for the alloys of the Cu-Al-Zn and Cu-Al-Ni systems. Com-
bined with the improved mechanical properties, Cu—Al-Mn can
present shape memory properties similar to those reported for
NiTi alloys. Superelasticity values of 7.5% have been reported
for these alloys, which are slightly below those obtained for
NiTi-based alloys (~8%) [97]. Superelasticity can be improved
both by controlling grain size, where the increase in grain size
generates an increase in superelasticity, as well as by texture
introduction. Texture development is mainly achieved by ther-
momechanical deformation processes. Since the alloys of the
Cu-Al-Ni and Cu-Al-Zn systems have low cold workability, the
texture introduction during processing is quite difficult. In con-
trast, Cu-Al-Mn SMA, with higher ductility can be mechani-
cally cold processed, and thus texture may be implemented in
these alloys. The possibility of processing by cold deformation
allows the development of low-cost SMA with shapes that
would only be possible through special processing such as addi-
tive manufacturing [97]. These alloys can be cold deformed by
several processes that include rolling, punching, and cutting.
Applications of the Cu-Al-Mn SMA have been reported, as in

©The Author(s) 2021

the biomedical field where a small device in the shape of a plate
of few centimeters long is used to relieve ingrown nails using the
shape memory effect [97, 98].

Researches have also been directed towards the develop-
ment of alloys of the Cu-Al-Mn system with a smaller volu-
metric fraction of grain boundaries since the superelasticity is
drastically increased with their reduction [97]. Great effort has
been made to manufacture large-scale single-crystalline parts of
Cu-Al-Mn SMA, which can be implemented in the civil engi-
neering and architecture field.

Cu-Al-Mn has also been studied aiming improvement
of other typical properties of SMA, such as its high damping
capacity. This property is very important for applications where
vibration and noise attenuation of engineering structures is
required. Due to their thermoelastic properties, SMA are excel-
lent candidates for this type of application as they have a high
damping capacity due to the movement of interfaces during
the martensitic transformation [99]. The damping capacity of
structures can be usually improved by introducing pores during
processing. Recent studies [100] have reported the fabrication
of Cu-11.9A1-2.5Mn (wt%) SMA with an interconnected pore
structure to obtain a high damping capacity since porosity acts
as energy scattering centers.

Also aiming to improve the damping properties,
Cu-Al-Mn/polystyrene composites were manufactured via
sintering-dissolution and sol-gel methods. Porous alloys, which
already had excellent compressive energy absorption and damp-
ing properties, had their properties improved when prepared in
a composite form. This is attributed to the impediment effect on
the pore collapse by polystyrene and the overlapping of multiple
sources of damping.

Alloying can also be used to improve the properties of the
Cu-Al-Mn SMA. Several distinct elements have been investi-
gated in the literature. Sampath et al. [12] reported the addi-
tion of boron and observed an effective grain refining of about
80%, with a consequent increase in phase transformation tem-
peratures. Enhanced grain refinement was also obtained using
CuZr inoculants in an amount of 0.9 wt% [101]. The use of these
inoculants resulted in a reduction in grain size to 37 pm from an
initial grain size of 1050 pm. This grain size reduction increased
mechanical strength and elongation, which were attributed to
the higher grain boundaries volumetric fraction that hinder
dislocations movement. Recent studies show that inoculation
using rare earth increases the ductility of the Cu-Al-Mn SMA
and may avoid intergranular failure. Lu et al. [102] studied Ce
doping and obtained an increase in both ductility, mechanical
strength, and damping capacity. Other compositions that can be
found in the literature for the Cu-Al-Mn system are those with
the addition of Ag and Nb [103].

Another recently reported SMA system is the one based on
the Cu-Al-Fe-Mn, whose composition range is Cu-(12.2-12.9)
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Al-(3.8-4.3)Fe-(5.5-6.6)Mn (wt%) [10]. These alloys show an
instantaneous shape memory effect during heating, which
results from a recovery mechanism slightly different from that
usually reported for conventional SMA. This mechanism con-
sists of the recovery of the 2H martensitic phase (yl//) that was
previously stabilized during the pre-strain condition. During the
deformation of the sample in the superelastic regime, above the
temperature Af (austenitic transformation final temperature),
the martensitic phase is stress-induced from the parent phase
(L2,). With load removal, the martensitic phase is stabilized in
a metastable condition since the temperatures are significantly
above M (martensitic transformation start temperature). Dur-
ing sample heating, this retained martensitic phase instantly
transforms into the parent phase, and consequently, the sample
immediately recovers its shape. These alloys are considered to be
highly temperature-sensitive, with a low hysteresis during shape
recovery (~ 25 °C), which results in an instantaneous recovery
speed. In this way, the shape recovery process can be completed
instantly, accompanied by an unusual “jump” of the sample. This
high-temperature sensitivity can be used for high-performance
sensor applications. Furthermore, these new SMA present a
shape recovery of about 9% that corresponds to a relatively high
value for Cu-based SMA.

New Cu-Al-Fe-Mn SMA has been recently suggested in the
literature with the addition of a fifth element with low solubility
in Cu, such as Nb and Zr [104]. Due to their low solubility, these
alloying elements, when present, tend to form second phases
that can assist the martensite stabilization after unloading. The
addition of these elements produces a microstructure at room
temperature consisting of the parent phase L2; — Cu,AlMn,
small fractions of the 2H martensitic phase, and fine second
B-phases ((Fe, Al, Zr) or (Fe, Al, Nb)). The fraction of the 8 phase
increases with the addition of Zr or Nb. Again, 2H martensite
is stabilized during the pre-strain condition, in this case even
for deformations smaller than 6%. Stabilization of the marten-
sitic phase is attributed to the inhibition of the movement of the
habit planes during unloading due to the presence of precipitates
and dislocations in the microstructure. This stabilization can be
reversed on heating through the shape memory effect (SME). The
maximum SME value obtained was 4.4% for Nb and Zr contents
of 1% and 2%, respectively. More recent studies related to the
Cu-Al-Fe-Mn system can be found in the literature [105-107].

Another system of Cu-based SMA is Cu-Al-Be, which
was discovered in 1982. Despite not being a recent Cu-based
SMA system, there has been a growing number of recent works
about new compositions [8]. Cu-Al-Be consists of a family
of Cu-based SMA with compositions close to the eutectoid
point which has good thermal stability. These SMA present,
in addition to shape memory and superelasticity effects, other
interesting properties, such as good corrosion resistance and

good mechanical strength. There is a particular technological

©The Author(s) 2021

interest for these SMA for applications at low and intermediate
temperatures. The addition of small amounts of Be drastically
reduces the phase transformation temperatures, thus allowing
superelasticity to occur at very low temperatures. Some empiri-
cal equations have been proposed to determine the martensitic
transformation temperatures in Cu-Al-Be alloys based on their
composition [10, 108]. Hence, these alloys can be used in a wide
range of temperatures and can even be considered for cryogenic
applications.

Recently studies have been carried out to modify the proper-
ties and characteristics of these SMA by alloying. Narasimha et al.
[109] studied the addition of Zr in the Cu-11.42A1-0.45Be alloy
(wt%) and observed a reduction in grain size of 89%, with a conse-
quent increase in ductility and mechanical strength. Furthermore,
the addition of up to 0.3 wt% Zr did not change the shape recovery
ratio, despite an increase in martensitic transformation tempera-
tures. Melo et al. [110, 111] produced Cu-Al-Be SMA with addi-
tions of Ni and Nb and observed a large reduction in grain size, as
well as an increase in mechanical strength and ductility. Candido
et al. [112] studied the addition of Cr in the Cu-Al-Be system
and also observed a marked reduction in grain size. Additions of
0.2 wt% Cr led to higher mechanical strengths and to lower mar-
tensitic transformation temperatures, allowing the application of
these alloys at even lower temperatures Rare earth elements such
as gadolinium have also been added to these SMA at low levels
between 0.05 and 0.15 wt%. Again, large grain refinement was
obtained, from 463 um in the Gd-free condition to 81 um, which
corresponds to a reduction in grain size of about 82%. Mechanical
strength and ductility were increased with the addition of 0.08 wt%
Gd. However, a reduction of the shape recovery ratio from 97 to
65% was also observed.

More recently, boron doping in Cu-Al-Be SMA has been
proposed [113]. Boron doping is also used for the refining of
Cu-Al-Mn SMA, as previously discussed. The addition of
0.15 wt% B in the Cu-11.5A1-0.57Be SMA produced an increase
in the ultimate tensile strength to 744 MPa and an increase in
ductility to 29%. Besides that, fracture morphology changed from
intergranular to transgranular with B doping. A maximum super-
elasticity of 4% was obtained by B doping, which is well suited to
use as dampers in seismic applications.

The addition of alloying elements to the Cu-Al-Be SMA must
be carried out with caution since large concentrations of added ele-
ments can exceed the solubility limit and generate the precipitation
of second phases, which modify the shape memory effects [114].
With the formation of precipitates, the fraction of Be and Al in the
B-phase matrix is probably reduced, which alters the martensitic
transformation temperatures that are strongly dependent on the
chemical composition, mainly on Be content [114]. Variations of
about 0.1 wt% Be can result in a modification of about 90 °C [115].

The most important properties (transformation temperatures

range, recovery strain, superelasticity, fracture strain, and stress,
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structure/grain size) and processing routes for the alloys discussed

in this manuscript are summarized in Table 1

Recent applications

Besides the well known SMA applications, Cu-based shape mem-
ory alloys have been attracting attentions due to the possibility of
applying them at higher temperatures than others SMA systems.
Moreover, the use of their phase transformation energies makes
possible the application in energy/heat harvesting materials, such
as elastocaloric alloys. The next sections will be dedicated to dis-

cussing these topics.

Elastocaloric effect (eC): The promising Cu-Zn-Al
and Cu-Al-Mn systems

One recent important application of Cu-based SMA is related to
solid-state cooling by the elastocaloric effect (eC), exploiting the
latent heat (AH) absorbed from the superelastic phase transfor-
mation. As well known for first order transformation, the mar-
tensitic reverse transformation in thermoelastic SMA releases
heat during the direct transformation (exothermic phase trans-
formation from austenite to martensite) and absorbs heat during
the reverse transformation (endothermic phase transformation
from martensite to austenite). The elastocaloric cycle consists
of loading and unloading a SMA in the superelastic region, as
shown in Fig. 8. As a first-order phase transformation from a
high-symmetry phase (austenite) to a low-symmetry phase
(martensite), the entropy change involves the release or absorp-
tion of heat. This change in entropy could result in vaiation of
temperature, which allows cooling around 10 K for Cu-based
alloys [116], as will be further detailed in the next sections. The
coeflicient of performance (COP) is ratio between the absorbed
energy AH and the energy spent in the elastocaloric cycle and
is considered an indicator for eC in SMA. For certain alloys, the
eC efficiency is comparable to the Carnot process in the same

thermal operation [117].

Stress (O)

COP = AHIW
%

© Strain (€)

Generally, the four steps elastocaloric cycle consists firstly
in the mechanical loading of the alloy, which induces the direct
martensitic transformation. Heat is released by the material
while the transformation occurs, which represents the second
step. This release heat is exchanged with a heat sink by solid or
liquid conduction.. The third step is the adiabatic unloading of
the alloy, which allows the material to undergo the reverse trans-
formation and absorbs heat from the environment, which cor-
responds to the last step [116, 119-124]. Ideally, the fourth step
must comprise an adiabatic transformation, so the system can be
cooled by the absorption of heat by the material. Many different
prototypes have been developed with the intention to obtain the
best efficiency with the cooling capacity using the eC superelas-
tic SMA [118-120, 122, 125]. Parallel to the prototypes studies,
many research groups have been developing and studying new
elastocaloric alloys. The main target features of these materials
is to improve the latent heat of the martensitic transformation
without compromise the functionality of the alloy, such as the
structural and functional fatigue resistance, which is related to
hysteresis and plastic deformation mediated by slip [125-127].

Aiming the improvement of eC in SMA, the change in the
transformation entropy (AS,) under adiabatic conditions should
be maximized, so the latent heat of martensitic phase transfor-
mation (AH,) would also be maximized, since AS,=AH/T, or
AS,=—(do/dT)e,, where T is the equilibrium transformation
temperature, do,/dT is the Clausius-Clapeyron slope and &, is
the theoretical transformation strain. Thus, the theoretical tem-
perature change is ATy, =—AS(T/C,), where C, is the specific
heat capacity and T'is the working temperature [126, 127]. Based
on this approach, an alloy with higher entropy change will per-
form a better cooling capacity. This fact does not strictly happen
in practice because during the thermoelastic martensite trans-
formation, hysteretic losses and plastic deformation impairs
the full reversibility of the phase transformation, which makes

ATy, practically unachievable [33]. In order to access the eC

Figure 8: Scheme representing the elastocaloric cycle in a SMA. (a) Four steps of loading and unloading of a superelastic alloy. The latent heat of
transformation is released from 1 to 2 and absorbed from 3 to 4. (b) Heat effect of each elastocaloric step. Reprinted from Frenzel et al. [118]. Copyright

(2018) by permission from Springer Nature.

©The Author(s) 2021
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the temperature measured by infrared camera. (b) Temperature variation versus time during the loading and adiabatic unloading of the same alloy.

Adapted from Wu et al. [126]. Copyright (2017) by permission from Elsevier.
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Figure 10: Entropy variation DS during the phase transformation as a
function of the temperature or various stress levels of a Cu-Zn-Al SMA.
Reprinted from Bonnot et al. [129]. Copyright (2008) by permission from
American Physical Society.

parameters in practice, direct and indirect experimental meth-
ods are applied. Normally, the indirect experimental methodol-
ogy for the temperature changes predictions can be carried out
indirectly by DSC (Differential Scanning Calorimetry) through
the computation of AH,, and/or by the Clausius-Clapeyron
slope through the use of uniaxial tests and the calculation of
the start stress for stress-induced martensite at various tempera-
tures. Direct measurements of the temperatures changes have
been performed by the combination of Digital Image Correla-
tion (DIC) and infrared imaging (IR) in uniaxial superelastic
tests [126-128], as can be seen in Fig. 9.

The first significant elastocaloric effect was reported on a
Cu-Zn-Al single crystal by Bonnot et al. [129] with a transition
entropy-change of AS,=1.37+0.10 J/mol K with a maximum
temperature change of 14 K under a adiabatic condition. Fig-
ure 10 shows the stress and strain-induced entropy-change for
this alloy at distinct temperatures in a different range of stress (a)
and strain (b).This behavior shows that the maximum entropy
change AS generally remains unchanged over a broad range of

temperatures, representing a promising elastocaloric effect.

©The Author(s) 2021

In the last decade, many other authors also reported a
good elastocaloric effect in the Cu-Al-Zn system [120, 126,
130-134]. The main findings are related to the adiabatic change
temperature AT, which ranges around 2 and 20 K, depend-
ing on the applied stress, temperature, composition, and grain
structures. Also, the temperature span where the eC takes place
in Cu-Al-Zn is generally higher than in other types of caloric
materials. One of the most important discovery in this regard
was done by Manosa et al. [132] in a polycrystalline CuggZn, (Al
(at%) SMA, which has a working temperature span of 130 K.
This large temperature span implicates that the entropy change
AS and the temperature change AT remain over a broad range
of temperature, which is a pre-requisite for a good elastocaloric
material. Another important results were reported by Gracia-
Condal et al. [131] in a Cugg ;Zn,,,Al,; 5 (at%) single-crystal.
They found that the isothermal stress-driven AS saturates at
22J K 'kg™! for an applied compression change of 25 MPa and
that the adiabatic temperature change AT increases linearly with
compression and is expected to saturate at 15 K at a compres-
sion change of 50 Mpa, representing reasonable results for the
elastocaloric effects at feasible conditions.

Other promising Cu-based SMA for elastocaloric applica-
tions are Cu—Al-Mn SMA [135-141]. In a study published by
Xu et al. [138] it was reported an adiabatic temperature change
AT of about 13 K at a temperature range of 100 K in a colum-
nar-grained Cu,, ;Al;; sMn,; (at%) SMA. A bamboo-grained
Cuy, Al ,Mn;, ; (at%) SMA microwires with AT=11.9 K
under a maximum stress of 400 MPa was reported by Yuan
etal. [135]. Also, the same research group studied elastocaloric
properties of a heterogenous grained structure Cu,, ,Al;,,Mn, ,
(at%) wire [139]. They reported that the local temperature
along the wire’s axes varied depending on the grains structure
during the elastocaloric cycle. Single-crystals and oligocrys-
tals presented a higher temperature change AT due to larger
transformation strain for a given applied stress. Polycrystals

and single-crystals presented more stable attenuation of AT
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after many elastocaloric cycles in comparison with the other
grains structures. These results represent an important step in
the understanding of polycrystalline elastocaloric properties.
During the last decade, the development of Cu-based SMA
with larger ductility and with transformation temperatures over
a large range of temperature have opened an opportunity to
develop new caloric materials. The key motivations for research-
ers are the innumerous challenges to be solved, involving the
thermoelastic transformation in Cu-based SMA, the energies
involved in the transformation, the role of microstructure, the
influence of plastic deformation and the relation between the
theoretical temperature change and the real temperature change
in an elastocaloric cycle. In the meantime, researchers are also
using computational methods using the known thermodynam-
ics properties of these alloys in order to design new and opti-
mized composition for elastocaloric applications [142]. Details
of the thermodynamics related to elastocaloric effects can be
found in [120, 133, 134, 143]. One specific review about other

elastocaloric systems can be found in [144].

High temperature shape memory alloys (HTSMA) -
Cu-Al-X systems

Another promising application of Cu-Al SMA englobes the high
temperature shape memory alloys (HTSMA), which operates
above 373 K. Cu-Al SMA have higher transformation tem-
peratures than other Cu-based systems [7, 77, 145, 146]. Some
Cu-Al-Ni single-crystals presents recoverable strain of about
17% and shape memory effect above 473 K, which is an out-
standing behavior at high temperatures. Normally, Cu-Al alloys
are more likely to be applied as HTSMA due to their higher
transformation temperatures and higher microstructure stability
than Cu-Zn alloys. On the other hand, the main disadvantage of
Cu-Al alloys for high temperature applications is the possibil-
ity of structural ordering and equilibrium phases’ precipitation.
As pointed out by Ma et al. [147], although equilibrium phases
can be avoided by quenching, this process generates vacancies
and prevents the ordering of the alloy. When operating above
373 K, the ordering process would take place and change the
transformation temperatures after thermal cycles [7, 51]. One
possible solution to mitigate the effect of transformation tem-
peratures shifting due to ordering process is to age the alloy
until complete ordering at a temperature that does not activate
the precipitation of the equilibrium phase. Depending on the
composition, both temperatures are overlapped so this solution
becomes impossible. This is a challenge that motivates research-
ers in the survey for new compositions of Cu-based SMA. Also,
the mechanisms that act at high temperatures, i.e. above 373 K
are subjects of interest.

Many other compositions that operates with good superelas-
ticity and shape memory effect above 373 K have been developed

©The Author(s) 2021

during the past decades. Cu-Al-Nb [146], Cu-Al-Ni [147],
Cu-AI-Ni-V [92], Cu-Al-Ni-Mn [19, 47], Cu-Al-Ni-Mn-Nb

[7] are exemples of such systems.

Future perspectives and conclusion remarks

The recent revival of interest in Cu-based SMA has been moti-
vated by the emerging of novel processing routes, compositions,
as well as new methods of characterization and technological
applications that demand new SMA.

Considering the processing methods, there are still many
possibilities of studies about additive manufacturing in Cu-
based SMA. Different additive manufacturing methods as direct
metal laser sintering, direct energy deposition, metal binder jet-
ting, were still not explored to fabricate these alloys. Different
microstructure and phase formation could be obtained, which
can promote different functional and mechanical properties. A
systematic investigation of the effect of different scanning strat-
egies and remelting processes during additive manufacturing
on the mechanical and functional properties of these alloys as
superelasticity, shape recovery, and transformation tempera-
tures, still needs to be carried out. Severe plastic deformation
could also be applied to produced layered Cu-based SMA with
advanced properties, tunning the transformation temperatures
and shape recovery according to application. Functionally
graded (FG) Cu-based SMA were also not investigated so far.
None of the methods used to produce FG materials as differen-
tial heat treatments, additive manufacturing methods, multi-
layer thin films, powder metallurgy, and surface diffusion have
been used for Cu-based SMA so far. These FG materials are
very promising to be applied as new sensors and actuators with
higher controllability.

In the regarding of SMA compositions covered in this
review, it is expected three main approaches to the develop-
ment of new compositions in a future trend.The first approach
is based on the widely used alloying method, which was already
described in the present review. This method is performed with
the aim to modify and adjust the microstructure and prop-
erties of SMA. One example of this approach is the recently
reported Cu-Al-Fe-Mn system, in which a systematic study of
the implementation of a fifth alloying element is expected. This
procedure has already been started, as discussed previously;
however, several alloying elements may be used to modify the
microstructure and properties of the SMA of this system. Since
this SMA system has a slightly different shape memory effect
mechanism, new behaviors can be found by adding another
alloying element. The second approach is related to the recent
progress and development in manufacturing processes for
metallic materials. The improvement of the various fabrication
methods that were covered in this review, as well as the creation
of new methods, will allow the development of novel SMA with
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improved properties. This trend of development of novel com-
positions related to technological advances in manufacturing is
already observed for the Cu-Al-Mn system as discussed in this
review. This approach can also be extrapolated to the well know
SMA compositions. In addition, for Cu-Al-Fe-Mn SMA, the
use of different (and new) manufacturing processes may allow
different compositions to present the same SME mechanism.
The third approach to the development of novel compositions
is based on the recent advances in machine learning methods.
New compositions can be obtained from a database of differ-
ent properties of SMA, which, combined with mathematical
and thermodynamic formulations, can lead to obtaining not
only new SMA compositions but also new SMA systems with
optimized microstructures and properties.

One important demand for advanced alloys, including SMA,
is for energy applications. Followed by this trend, Cu-based
SMA have been considered as high potential materials to be
explored in elastocaloric applications. Towards the development
of devices with a higher refrigeration capacity, the study of the
phase transformation in Cu-based SMA and the mechanisms
that affect their latent heat of transformation play an impor-
tant role in eC. In this context, the key challenge for Cu-based
SMA is to find ideal composition and microstructure, aiming
to explore the maximum of the transformation energies with-
out implicating in their functionality. Considering that a higher
latent heat of transformation generally implies in a higher hys-
teresis, functional damage after the thermal or stress cycles still
limits their application.

In the view of the present article, the authors conclude that
very interesting and innovative researches have been performed
in Cu-based SMA. With the development of new technologies
demanding new materials and functionalities, this class of alloys
become important candidates and many researches should still

address this topic in the near future.
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