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Abstract: Shape memory alloys (SMAs) are types of materials that can restore their original shape upon
severe or quasi-plastic deformation, being exposed to specific external stimuli, including heating, electric
current, magnetic field, etc. They are a category of functional materials that provides superelasticity as a
significant material property. The roots of this unintentional discovery were in the 20th century, and later
it attracted the attention of various industries, including aerospace, medical, mechanical, manufacturing
industries, etc. Later developments mainly focused on improving the properties of these materials. One
of the ways in which this is achieved is the application of intensive plastic strains on SMAs through
severe plastic deformation (SPD) methods, leading to extreme grain refinement. Superelasticity is a key
characteristic of SMAs and is known as the capacity of a polycrystalline material to display extremely
high elongations before failure, in a typically isotropic way, with an approximate strain rate of 0.5.
Utilization of SPD techniques can also affect and lead to superior superelasticity responses in SMAs.
Several SPD methodologies have been introduced over the decades, to produce ultrafine-grained and
even nanostructured materials, including constrained groove pressing, equal-channel angular pressing,
high-speed high-pressure torsion, accumulative roll bonding, etc. This paper aims to present a clear
view of the mechanical properties and microstructure evolution of shape memory alloys after processing
by some SPD methods, and to show that SPD methods can be a great option for developing SMAs and
expanding their industrial and technological applications.

Keywords: severe plastic deformation; shape memory alloys; superelasticity; mechanical properties;
microstructure evolution

1. Introduction

Severe plastic deformation (SPD) is a type of thermomechanical material processing
technology to obtain metals and alloys with extraordinary properties [1-3]. The application
of intensive plastic strains is the main characteristic that distinguishes SPD techniques from
the widely-known conventional plastic deformation processes, such as forging, rolling,
extrusion, etc. [4]. These techniques were designed to apply high strain magnitudes, with
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high rates, between the continuum slip lines to attain considerable plastic deformation.
This is an optimal procedure to modify the microstructure of metallic materials through
grain refinement, leading to exceptional mechanical properties. Therefore, SPD has gained
popularity in scientific society over the past three decades due to its advantages in produc-
ing ultrafine-grained (UFG) and even nanostructured (NS) bulk materials, with impressive
physical and mechanical properties. Based on this, a variety of SPD methods have been pro-
posed, introduced, and investigated, among which are, equal channel angular pressing [5,6],
equal channel forward extrusion [7], cyclic extrusion compression [8], high-pressure tor-
sion [3], accumulative roll bonding [9], constrained groove pressing [10], multi-directional
forging [11], friction stir processing [12], planar twist channel angular extrusion [13], and
planar twist extrusion [14].

Among various materials, shape memory alloys (SMAs) are unique materials used
in different industrial and medical applications [15-17]. They have a wide range of out-
standing properties, especially an extraordinary energy dissipation capacity compared
to traditional metallic materials. The history of SMAs dates back to the early 19th cen-
tury when the first SMAs were discovered by Arne Olander in 1932 [18], they were later
popularized in 1962 by Wang and Buehler [19]. The shape memory feature provides new
enticing progress into materials research, opening previously unknown frontiers and en-
abling access to novel functionalities. As a result, researchers in the field of mechanics,
intending to produce materials with surprising properties to meet stringent requirements,
have developed a renewed interest in shape memory materials. The shape memory effect
makes SMA materials very attractive for a wide range of engineering and medical appli-
cations [20-26]. The shape memory effect (SME) is caused by martensitic transformation
(M) [27,28]. Also, the shape memory effect and superelasticity (SE) are responsible for
the rapid response of processes, reversibility, and repeatability [29]. The main difference
between the SME and SE behaviors is demonstrated in Figure 1, by the tensile stress-strain
curve [30]. It is known that an increase in the heat-treatment temperature can improve the
shape recovery rate due to phase transformations. In this regard, the amount of provided
martensite, the number of dislocations and vacancies in the alloy, and the rate of martensite
to austenite transformation can be determined according to the SME degree [31,32]. SMAs
also have a high elastic elongation, of about 8%, a unique property known as superelasticity.
Meanwhile, by increasing the alloy temperature above a particular range, SMAs can restore
their original shape from up to 15% elongation, which is known as pseudoelasticity [16].
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Figure 1. Representation of the difference between (a) shape memory effect and (b) superelasticity in
the tensile stress-strain curve.

Elaborating further on SMAs, it should be noted that NiTi, or Nitinol, alloys are re-
garded as the most well-known SMAs, in which the amount of nickel can vary between
40 and 60% [33,34]. These NiTi alloys can withstand a relatively high actuation stress,
with extensive application in lightweight actuators. Also, due to the high electrical re-
sistance of NiTi alloys and their low price compared to other SMAs, they have found
many applications, such as transmission valves and shape-morphing structures in aircraft
wings [33,35]. Moreover, NiTi alloys are among the most commonly used SMAs due to
their properties, such as significant recoverable deformation, exceptional SME and SE
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behavior in the temperature range of —200 to 200 °C, acceptable damping capability, and
outstanding mechanical properties.

Although the application of Nitinol has many advantages, if its strength and toughness
can be increased to some extent, it can be utilized in higher-strength structures. In this regard,
some scientists have used procedures such as severe plastic deformation techniques to further
improve its properties. It has been found that many mechanical and physical properties,
including yield strength, ultimate tensile strength, hardness, fatigue endurance, corrosion, etc.,
are enhanced significantly through SPD methods. In addition, electrical resistance, thermal
conductivity, friction and wear behavior, and damping are several examples [25]. It has been
determined that the favorable magnetic property is achieved by decreasing the coercivity
and Curie temperatures, as a result of grain size reduction through the application of the
SPD process. The disappearance of Mt could be explained by sample nanostructuring and
probable amorphization at the applied maximum deformation degree [26].

The stress-strain curve of nanocrystalline/amorphous NiTi is unusually pseudoelastic,
without a stress plateau and hysteresis. Determining the effect of high-density lattice
defects and nanoscale grain size in martensitic transformation is prominent in terms of
the phase change mechanism [28]. At room temperature, SPD can cause amorphization
in a NiTi SMA sample. Just as when amorphous NiTi SMA is aged at 600 °C for 2 h, it
crystallizes. Consequently, SPD and subsequent aging contribute to raising the martensite
transition temperature. SPD methods also play a crucial role in preventing the R-phase
formation and Ni4Ti3 precipitates in NiTi SMA [29]. In particular, the shape memory
effect and superelasticity of NiTi SMA make it very attractive. Through the transformation
of NiTi SMA, two distinct phases can exist, including B, austenite and B,y martensite.
As a result, NiTi SMA undergoes a phase change from B, austenite to B,y martensite
during cooling, and from B,y martensite to B, austenite during heating. As soon as a
certain deformation occurs in the martensitic phase, the shape memory effect of NiTi SMA
(according to its capacity) can restore its previous shape when exposed to temperatures just
above the austenite finish temperature (A¢). The stress-induced martensite transition during
loading, as well as the spontaneous reversion of the transformation under unloading,
is related to the superelasticity property of NiTi SMA, which is defined as a nonlinear
recoverable deformation behavior at temperatures above the A¢ [30]. Therefore, there is a
significant difference between conventional (traditional) alloys and shape memory alloys
after applying the SPD technique. In this regard, the grain size reduction is attributed
to the hard particles generated as a result of grain refining additives that suppress grain
growth during casting, and subsequent beta solution treatment. In addition to mechanical
properties, SPD can change other characteristics of SMAs, such as magnetization. It is
known that lattice transformation and magnetic phase transition are related to each other
in magnetic shape memory alloys [36]. Also, the content of some alloying elements such as
Fe, Ni, Co, Cu, Cr, etc., can affect the magnetic properties of shape memory alloys [37-42].
Meanwhile, magnetic-field-induced structural transformation can lead to the generation of
staircase-like magnetization in Fe-Mn-Ga shape memory alloys [43].

Besides Nitinol, one of the high-temperature SMAs with the most potential is a ZrCu-
based alloy, presenting a high martensitic transformation temperature with a low price
and favorable casting fluidity [44]. Compared to Ti alloys, Zr alloys have higher ductility
and shape memory strain. Also, when compared to the corresponding base alloys and
other Cu-based shape memory alloys, grain refinement increases the shape memory strain
by 8%. Certainly, SMAs have a higher hardness with intensive grain refinement [31]. Fur-
thermore, copper-based SMAs are highly interesting due to their mechanical properties
associated with martensitic transformation (Mr), such as SME and the superelasticity effect
(SE), which contributes to damping capability and high fatigue resistance [45-47]. Mt
is a first-order diffusionless phase transition induced by stress in the Cu—-Al-Be SMA,
where a high-temperature face-centered cubic (FCC) structure transforms it into a low-
temperature orthorhombic unit cell [48]. Other special classes of SMAs include Heusler
alloys that are able to undergo a martensitic transformation, such as Ni-Fe-Ga [49,50],
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Co—-Ni-Ga [51], and Ni-Mn—(Ga, Al, In, Sn) [52]. The main structural characteristic
of Heusler alloys is their ordered structure, with an FCC superlattice and a BCC unit
cell [53,54]. The other group is iron-based SMAs, for instance microstructural studies on
the Fe-28Mn-65i-5Cr alloy indicated the direct effect of grain refinement in the very fast
transformation (less than 10 s) of the coarse dendritic structure. Also, the application of
severe plastic deformation on Fe-Mn-5i SMA through the HPT process led to grain sizes in
the range of 50 to 120 nm. Moreover, the formation of eycp martensite has been demon-
strated during high-speed HPT processing [55]. There are many varieties of SMAs that are
processed through SPD techniques; Table 1 tries to summarize the SPD-processed SMAs
along with their applications and main experimental features. The aim of this research
is to investigate the different SPD methods and their effects on the different properties
of SMAs. It should be noted that we did not assume any technique to be superior to the
other, and our criteria was to discuss all the research that was in line with the research goal.
It is obvious that due to the limitations in the literature, some techniques have not been
investigated at all, and for this reason, they have not been included in our research.

Table 1. Types of shape memory alloys, the applied severe plastic deformation methods, and their
applications/features and details about the investigations.

No. Type of SMAs Type of SPD Technique Application/Feature Ref.
1 Ti-Ni Local canning compression Amorphous structures [56]
A . . Effect of the twins on the transformation
2 Ti-Ni Local canning compression behavior of the nanocrystalline NiTi 571
3 TioNi Local canning compression Mechanisms of amorphization of NiTi [58]
SMA
. T . . Structural investigations of
4 Ti-Ni High-pressure torsion nanostructured NiTi SMA [59]
. e . Viscoplastic FEM simulation,
5 Ti-Ni Equal-channel angular pressing microstructural observation [60]
. NI High-pressure torsion Phase transformation sequence,
6 Ti-Ni . . h [61]
Equal-channel angular pressing microstructural studies
. s . Phase transformation and precipitates’
7 Ti-Ni Equal-channel angular pressing behavior [62]
8 Ti-Ni Equal-channel angular pressing Martensitic transformations and effect of [63]
second phases
9 TieNi Equal-channel angular pressing Transformation behavior and effect of [64]
pass numbers
10 Ti-Ni Equal—channel angular pressing Phase transformatlon,. microstructural [65]
observation
11 Ti-Ni Equal-channel angular pressing phase transformations and superelasticity [66]
Ti50-Ni50, . . .
12 Ti49.5-Ni50.5, I_llalgh_i? fiﬂlglh—freis;lrer torisrllon Phase transformation behavior [67]
Ti50-Ni49-Fel qua-chanel anguiar pressing
13 Ti-Nb-O Equal-channel angular pressing Superelastic behi‘f]fl:;snd precipitation [68]
14 Ti-Mo Equal-channel angular pressing Martensitic transformations and effect of [63]
second phases
15 Cu-Al-Be-B Equal-channel angular pressing Microstructural observation [69]
16 Cu—26Zn-5Al Accumulative roll-bonding Shape memory effect and phase [70]

distribution




Metals 2023, 13, 447

50f25

Table 1. Cont.

No Type of SMAs Type of SPD Technique Application/Feature Ref.
17 Cu-Zn-Ni Accumulative roll-bonding Marte'nsmc 'transformatlon and SMA [31]
behavior, microstructural observation
18 Cu-Al-Mn Accumulative roll-bonding Microstructure, p}}ase formation, [71]
corrosion
Cu—Al-Mn alloys . .
19  Cu-9.5A1-8.2Mn EACCﬁ“}‘l“lat“’le rou’}"mdi?g - [72]
Cu—8.3A1-8Mn qual-channel angular rolling
20 Fe-Mn-Si High-speed high-pressure torsion Magnetism [73]
21 Fe-Mn-S5i High-speed high-pressure torsion Actuator [55]
22 Ni50.5-Ti49.5 Constrained groove pressing Biomedical [34]
23 Ni57-Fel18-Ga25 High-speed high-pressure torsion Amorphization and magnetism [74]
24 Ni50.3-Ti49.7 High-speed high-pressure torsion Smart hybrid material [75]
25 Ni-Fe-Ga High-speed high-pressure torsion Smart hybrid material [75]

Ni57-Fe18-Ga25

2. Influence of SPD Processing on the Shape Memory Effect

One of the important features of SPD techniques is the intense grain refinement, which
in turn can affect the shape memory properties and superplasticity. It has been reported
that grain size could significantly affect the hysteresis loop area, martensitic transformation
stress, and strain in Ni-rich NiTi alloys [76,77]. It can be expected that amorphization
will also have a significant impact on the shape memory behavior. The reason behind
the dependence of martensitic transformation on the crystal size is the atoms’ movement
during solid phase transformation, and its suppression by reduction in the crystal size [76].
Additionally, the grain and crystal size can substantially affect the morphology of martensite
phases, and as it is known, the martensite morphology is of imperative significance for
the macroscopic thermomechanical response of SMAs [78,79]. It was demonstrated that
high-pressure torsion (HPT) processing of NiTi led to the formation of grain sizes less
than 100 nm that caused intense suppression of the martensitic phase transformation, this
transformation was even completely stopped in nanograins smaller than a critical size
of 50 nm [76]. This phenomenon was attributed to the increase in the transformation
energy barrier with a reduction in grain size, which finally leads to the decrease in the
transformation temperature and its volume fraction [76]. Grain size reduction can also
change the transformation path and decrease the thermal stability of the martensite. In
brief, all of these procedures are due to size-dependent transformation barriers, including
both elastic strain energy and twin boundary energy. For the case of superplasticity, it was
shown that reaching grain sizes less than 100 nm can lead to superior superelasticity [80].

3. Effect of Different SPD Techniques on the Behavior of SMAs
3.1. Constrained Groove Pressing (CGP)

Among the various SPD methods, the constrained groove pressing process is one of
the main techniques for the improvement of mechanical properties [81,82]. Figure 2 shows
a schematic illustration of this process and the evolution of plastic strain during CGP. This
technique can successfully change the microstructure of the Nitinol alloy from a mixture
of austenite and martensite to stress-induced martensite in the first-pass CGP-processed
sample, and later amorphization in the second-passes of the CGP process. It was also
observed that there had been a significant change in the mechanical properties, i.e., yield
strength by 170%, ultimate tensile strength by 160%, microhardness by 76%, and uniform
elongation in the range of 50-80% [34]. In addition, CGP processing of Nitinol has been
successfully shown to decrease the sub-grain size in the range of 74 to 104 nm. As can be
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(a) CGP Die Schematic

observed from the microstructure of the constrained-groove-pressed Nitinol shape memory
alloy in Figure 3, water quenching at room temperature led to the fabrication of martensitic
(sharp needle-like structure) and austenitic phases in the Nitinol shape memory alloy,
along with a few examples of twinning. Twining resulted from the application of high
thermal gradients and internal stresses during water quenching, and the low stacking fault
energy of Nitinol. Another reason is the application of highly effective strains during CGP
leading to the production of deformation, twinning, and shear bands, which eventually
result in grain refinement, as seen after one pass and two CGP passes in Figure 3. Also,
scanning electron microscopy (SEM) micrographs demonstrate the presence of sharp grain
boundaries, Ti;Ni particles (bright white spots), and needle-like martensite structures.
These stress-induced martensite phases, fabricated from primary austenite phases, possibly
contain dislocations and twinning. It is believed that the combined effects of precipitation,
phase transformation, and dislocation density, due to the application of SPD techniques,
leads to a stable, consistent, and improved superelastic response in Nitinol alloys [83].

(b) After 1" Corrugation

SHEET SPECIMEN

(c)After 1* Flattening

(d) Shifting of die (Before 2* Corrugation)

(e) After 2™ Corrugation

(f) After 2*Flattening ( 1 Pass CGP)

Undeformed Effective plastic strain-0.58 Effective plastic strain-1.16

Figure 2. Schematic representation of the plastic strain evolution during the constrained groove
pressing process, (a) CGP Die Schematic, (b) After 1st Corrugation, (c) After 1st Flattening, (d) Shifting
of die (Before 2nd Corrugation), (e) After 2nd Corrugation, (f) After 2nd Flattening. Adapted with
permission from [81], 2022, Elsevier.
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Figure 3. Scanning electron microscopy (SEM) images of (a—c) initial, (d—f) the first pass, and

(g-i) the second pass of the constrained-groove-pressed Nitinol shape memory alloy at different
magnifications, adapted with permission from [34], 2022, Elsevier.

The mechanical response of CGP-processed Nitinol samples after one and two passes
is shown in Figure 4, demonstrating the sharp drop of elastic elongation, and serration
with slight jumps in the plastic flow stress zone after one and two passes, indicating the
occurrence of twinning. Twinning is mainly due to the formation of dislocations during cold
deformation that promotes twinning growth at high strains [84-87]. Despite the significant
drop in elongation after CGP processing, considerable improvements are observed in the
yield and ultimate tensile strength that are attributed to the dislocations’ rearrangement
and activation of restoration mechanisms during the tensile test at high strains [34]. As is
known, a dislocation forest can obstruct the dislocation glide and movement during the
tensile test, leading to a reduction in plastic flow and enhancement of the yield strength [88].

3.2. Equal-Channel Angular Pressing/Extrusion (ECAP/E)

Equal-channel angular pressing (ECAP) was proposed and introduced by Segal et al.
in the early 1970s, and developed rapidly thereafter [69,89,90]. One of the SPD technologies
for grain refinement and producing UFG and even NS metals and alloys is ECAP. A
schematic illustration of the ECAP process is shown in Figure 5. In this method, the
extruded sample passes through a die containing two equal channels with an arbitrary
angle. Therefore, the sample is subjected to extreme shear deformation in the die channels,
leading to grain refinement. In the ECAP die, an internal channel is bent through an abrupt
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angle, @, and there is an additional angle, ¥, which represents the outer arc of curvature
where the two channels intersect, shown in Figure 5. The sample, in the form of a rod or
bar, is machined to fit within the channel, and the die is placed in some form of design, so
that the specimen can be pressed through the die using a plunger. The imposed plastic
deformation is simple shear. This method can allow large homogeneous plastic strains to be
uniformly applied to the material while maintaining the same cross-sectional dimensions,
which may be critical for industrial applications [87,91,92].

:

!
4

A —
/C —1P
= —2p

110 Magnification of zone (a)

A, il ek Mkt Al Mt ) ik Ikl At B
0 5 10 15 20 25 30 35 4045 50 55 60 65 . N > v Y
\

25 . 30
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Magnification of zone (b) X Magnification of zone (c)
L 1

B
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Figure 4. (al) Stress-strain curve for initial, first-pass, and second-pass CGP-processed Nitinol
samples indicating different zones of (a) magnification of zone (a) showing plastic region with the
deformation twinning in water-quenched condition, (b) magnification of zone (b) showing an elastic
region of the tensile testing sample, and (c) magnification of zone (c) showing the plastic region
and the onset of twinning in the first- and second-passes, adapted with permission from [34], 2022,
Elsevier (WQ means water quenching).

As known, grain refinement improves the functional and mechanical properties of
SMAs, and the ECAP technique, providing sufficient grain refinement, can improve SMAs’
mechanical responses. Additionally, the shape memory behavior and superelasticity of
SMAs are influenced significantly by their microstructure. In order to optimize the mi-
crostructure of TiNi, various SPD methods have been developed. The ECAP method is
mainly used for grain refinement, to upscale and process difficult-to-deform materials. The
importance of microstructures developed by the ECAP technique in single-crystal and
polycrystalline materials, with single and multiple phases, has been widely investigated
so far. The emergence of UFG, and even NS, in materials are responsible for a significant
improvement in their physicomechanical properties. However, it has been shown that to
achieve enhanced properties after ECAP processing, a wide range of microstructural factors,
such as grain boundaries, misorientations, crystallographic texture, and the distribution of
any second phases, should be controlled [4].
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Figure 5. A schematic illustration of the ECAP process: (a) the different parts of the ECAP die,
channels, angles, and shear zone, and (b) the sample passing through the ECAP channels.

An experimental study conducted by Arockiakumar and Park [68] proved that the
superelastic response of an ECAPed Ti—40Nb—-0.30 (wt.%) alloy was recovered after post-
annealing. They reported a reduction in the superelastic strain of 2.0-2.5%, due to the
decrease in the elastic strain, and precipitation of the « phase, which led to oxygen depletion
in the f matrix. Post-annealing of ECAPed samples in a two-phase (¢ + ) structure leads to
the fabrication of a fine recrystallized grain structure, with an average grain size of ~1 pm.
The superelastic strain and its transformed post-annealed ECAPed sample were enhanced
in the early stages of annealing, dropped in the next stage, and eventually reached their
peak at an intermediate annealing time [68].

In another study, the equal-channel angular rolling (ECAR) method was performed
successfully on a Cu-8.3A1-8Mn alloy, up to five passes at room temperature, followed
by post-annealing at 890 °C for different lengths of time. The ECAR method, as one of
the severe plastic deformation processes, is very similar to the ECAP method, except it
utilizes rolling instead of pressing or extrusion. ECAR is suitable for shear deforming
long and thin sheets continuously; it should be noted that the thickness of a sheet is not
reduced during ECAR. According to scanning electron microscopy (SEM) studies, the
coexistence of bainitic and martensitic structures is the main reason for the improvement in
the mechanical properties of the ECARed Cu-8.3A1-8Mn alloy [72]. It was noticed that the
mentioned process improved the tensile properties of the Cu-9.5A1-8.2Mn alloy, which is
attributed solely to grain refinement. After post-deformation annealing, the transformation
temperature was reduced in both alloys, and the specific growth of martensite variants
occurred [72]. In this regard, Figure 6 shows the microstructure, tensile properties, and
fracture surfaces after the tension. According to Figure 6a, the fracture surface of the as-
received sample has hollow and equiaxed dimples, as is clear in the magnified inset, while
the five-passes ECARed sample (Figure 6b) shows a ductile fracture with deep dimples,
clearly seen in the magnified inset subfigure. Additionally, Figure 6c indicates the SEM
micrograph of the five-passes ECARed sample after heat treatment, including martensitic
phases, fabricating during quenching, and some plate-like 8 precipitates. Figure 6d shows
the mechanical performance of the samples in different states and martensitic conditions.
After annealing, the processed alloy has deeper and closer dimples, indicating improved
mechanical characteristics. Moreover, after post-deformation annealing on the ECARed
Cu-Al-Mn SMA samples, transformation temperatures decreased, and selective growth of
martensite variants was observed [72].
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Figure 6. Cu-8.3A1-8Mn alloy after five passes of the ECAR process and post-deformation annealing,
(a) fracture surface after the tensile test for the as-received sample, and (b) five-passes ARB and
heat-treatment; (c) SEM microstructure after five passes of ECAR and post-deformation annealing
heat treatment including f grains and martensite; (d) room-temperature stress-strain curves under
different processing conditions, adapted with permission from [72], 2022, Springer Nature.

Cu-based SMAs have been investigated thoroughly due to their cost-effectiveness,
acceptable shape memory effect, high pseudoelasticity, and damping characteristics. How-
ever, their lack of ductility and thermal stability have limited their applications. Previous
findings have revealed that such flaws are related to the microstructure feature of Cu-based
SMAs, including a coarse grain size, strong elastic anisotropy, and the buildup of impurities
at grain boundaries [93,94]. Applying the ECAP process fabricates equiaxed ultrafine
grains (grain size of ~2 um) with a decreased martensite percentage. The development of
martensite (18R) and finer grains are accelerated through the quenching process. Although
the percentage and ratio of martensite increase significantly, the coarsened grains (~50 pm)
remain thinner than those in the as-received samples (100-300 um) [69].

TiNi alloy is being utilized in a wide range of applications due to its excellent shape
memory effect and superelastic characteristics. The ECAP technique has been widely
applied to TiNi SMAs, developing its application range due to the improved mechanical
properties, microstructure evolution, and phase transformations [62,66]. Finite element
modeling (FEM) was employed to calculate the stress, strain, and velocity fields of the TiNi
SMA tube, showing that the plastic deformation of the inner corner is greater than that
of the outer corner in the real strain field. After applying ECAP on a TiNi SMA tube, the
velocity field results reveal that particle flow is obstructed in the corner. Also, with one
extrusion pass, the microstructural modification of the TiNi SMA tube is minimal [60]. It
is generally accepted that the ECAP method is an essential SPD approach to improving a
material’s microstructure through significant shear plastic strain, leading to microstructure
refinement in TiNi SMAs down to about 250. This method can also help to improve
yield strength, tensile strength, maximum reaction stress, and recoverable strain of the
material [61]. It should be noted that hard-to-deform materials like TiNi-based intermetallic
alloys require elevated temperatures to be processed by ECAP; Figure 7 shows bright-
field TEM micrographs of a Tisg 4Nisg ¢ alloy after the ECAP process at 400-500 °C. The
microstructure includes equiaxed grains with an average grain size of 200-300 nm, fine
grains with mean grain sizes of less than 200 nm, and lattice dislocations. It is observed in
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Figure 7c that annealing at 550 °C led to an increase in the grain sizes, up to 500-600 nm,
also the grain boundaries became straight and sharp along with a reduction in lattice
dislocations [61].

Figure 7. Bright-field TEM micrographs of the Tigg 4Nisg ¢ alloy processed by the ECAP method at (a)
400 °C for eight passes, (b) 500 °C for twelve passes, and (c) 450 °C for eight passes and subsequent
annealing at 550 °C for 1 h, adapted with permission from [61], 2022, Elsevier.

The ECAP process has advantages for bulk materials due to the refined microstructures,
resulting in ultrafine grains, high dislocation density, and a higher volume fraction of high-
angle grain boundaries (HAGBs). The fine microstructures and energy buildup caused by
this method are related to the B,—R phase transition. High-density dislocations and grain
boundaries result in a lower-energy R-phase production [62]. In a previous study, it was
noted that after eight passes of the ECAP process, the coarse grains of a Ti-50.9at%Ni sample
were considerably refined. With the ECAP method at 773 K, the R-phase transformation is
accelerated, and the martensitic temperature is reduced compared to Ti-50.9at%Ni. The
submicron-grained Ti-50.9at%Ni alloy demonstrated a significant shape memory effect
and superelasticity [64].

3.3. High-Speed High-Pressure Torsion (HSHPT)

High-speed high-pressure torsion (HSHPT), a variant of the HPT process with superb
rotational speed, is one of the severe plastic deformation techniques [95]. During the HSHPT
process, the material is subjected to the simultaneous application of high compressive
pressure and torsion, it should be noted that torsion is conducted by the high rotational
speed of the upper anvil. Figure 8 shows the HSHPT technology along with its anvils,
samples, and machine [96].
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Figure 8. HSHPT technology: (a) disk-shaped samples and their geometry, and final shapes of
Fe-Mn-Si—Cr SMA coned disk spring-shape modules, (b) HSHPT upper and lower anvils with open
and closed conditions, and (¢) HSHPT machine, adapted with permission from [96], 2023, Springer
Nature.

The effect of the HSHPT process on the morphology and magnetic properties of
the shape memory NisyFe1sGays Heusler alloy was investigated thoroughly. The main
structural characteristic of the Heusler alloys is their ordered structure, with an FCC
superlattice and a BCC unit cell [53,54]. The first sample crystalline structure of the
shape memory NisyFejgGays Heusler alloy appears biphasic at room temperature, with
an L10 tetragonal and a cubic gamma phase. Moderate imposed deformations affect
the ratios of different phases and cause grain size reduction and phase rearrangement.
Decreasing the grain size of the sample leads to a significant drop in the martensitic
transformation temperature and the behavioral pattern of the magnetic properties, such
as the Curie temperature, saturation magnetization, and coercive field, which decrease
when the applied deformation level is increased [74]. Figure 9 shows the microstructure
evolution, the temperature dependence of magnetization, and the magnetization thermal
variation for the Nis;Fe13Gays Heusler alloy, with shape memory effect after the HSHPT
method. The samples were processed by the HSHPT machine, with a hydrostatic pressure
of about 1-1.3 GPa, by three subsequent turns, using a rotation speed of the upper anvil of
about 900 rpm. The samples were categorized according to their strain values, including
(ini) for the initial sample, SPD; for € = 0.9, SPD, for ¢ = 1.74, and SPDj3 for € = 2.82 (where
¢ is the strain value). It should be noted that the deformation degree and strain values
were calculated by ¢ =In(h;/hf), in which ¢ is strain value and & ; and h ¢ denote the initial
and final thicknesses of the sample, respectively. The microstructure includes  phase
precipitates embedded in a § martensite matrix (Figure 9a); such a dual microstructure
was also shown in Ni-Fe-Ga magnetic shape memory alloys after HSHPT processing [97].
Further microstructural analysis with SEM demonstrated martensite plates inside grain
boundaries, with fine and diamond-like morphology, shown in Figure 9(b1) with ¢ = 0.9,
while «y precipitates located at the matrix grain boundaries. For the case of the SPD,
sample, with ¢ = 1.74, shown in Figure 9(b2), no grain boundaries can be clearly seen,
and secondary-phase precipitates manifested a significant ordering and fragmentation,
which can be seen with more detail in Figure 9(b3). In the SPD3 sample, with ¢ = 2.82,
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shown in Figure 9(b4), a heavily deformed microstructure was observed, with curved
fibers, implying that the application of high compression and torsion led to severe grain
refinement by shearing, and the fabricated grains of secondary-phase precipitate or grain
boundaries are highly refined and so are not detectable with electron microscopy [74]. The
thermomagnetic curves of the HSHPT-processed Nis;FeisGays shape memory alloy are
shown in Figure 9(c1,c2), it is seen that the magnetization has a straightforward relation with
an increasing degree of deformation. This magnetization improvement in the M curves of
the SPD; and SPD; samples is attributed to the increase in the cubic 7y phase amount. As
the Mr takes place at > Tc (Figure 9(d1,d2)), the Nis;Fe13Gays alloy is considered a simple
shape memory alloy with partially ferromagnetic martensite. The SPD technique influences
the properties of this material by modifying the crystallite dimensions and adjusting the
magnitude of the gamma secondary phase.

Sergueeva et al. investigated the production of nanocrystalline amorphous TiNi
through the combination of aging and the high-pressure torsion (HPT) method. Nanocrys-
tallization of amorphous NiTi samples using the HPT method led to the formation of
homogeneous nanocrystalline microstructures with different grain size ranges, and with
a much higher strength than the microcrystalline state. The highest elongation, of 120%,
was observed at elevated temperatures, and the ultimate tensile strength, of over 2.5 GPa,
was detected at ambient temperature [95]. In another study, it was found that high-quality
bonding between two alloys of NiTi SMA and a Ni-Fe—Ga Heusler alloy is possible by
the HSHPT method, the fabricated layers are well-coordinated, and there is no interfacial
intermediate layer development. The resultant two layers of the hybrid material produce
a sub-microcrystalline structure. The findings demonstrate that the HSHPT method may
be used to make bilayer and multilayer TiNi/Heusler alloy composites [75]. The grain
refinement processes that lead to the ultrafine-grained (<1000 nm) and nanocrystalline
NC (<100 nm) structures have a quite complex mechanism, and require a long-range redis-
tribution in various parts of the sample. Although, in the instance of an exceedingly brittle
state at low temperatures, coarse grain size, or as-cast alloys, the use of the SPD method
results in an extraordinarily high strength and hardness, as well as low-temperature su-
perplasticity [98,99]. By using the SPD techniques, a fundamental martensitic change and
magnetic characteristics are achievable.

Gurau et al. [73] investigated the relationship between magnetic properties and se-
vere plastic deformation in Fe-Mn-Si-Cr shape memory alloys. Thermomagnetic curves
between 150 and 390 K, and magnetic hysteresis loops at 300 K have been measured.
The thermo-resistivity experiments were performed using a four-probe system. Also, the
magnetic characteristics were analyzed and compared with the obtained microstructure
for Fe-Mn-Si—Cr SMA. HSHPT fabricates plate-shaped martensite needles (50 to 120 nm)
and many stacking faults in Fe-Mn-Si—-Cr SMAs [73]. It was also found that the anti-
ferromagnetic behavior is directly dependent on the austenitic v phase evolution and
magnitude. The Fe-Mn-Si—Cr alloy produced by the HSHPT method does not have the
high density of dislocations or amorphous regions that are typical in SPD-processed ma-
terials. The crystallized martensitic structure could be employed for industrial actuator
applications. Note that no post-deformation annealing is required following HSHPT [55].
Also, a uniform structure is produced during the HPT processing of large samples, with
rarely spaced nanocrystallites maintained within the amorphous phase. Simultaneously,
the By-austenite nanocrystalline grains continue to be larger in the core region, while the
volume percentage of the amorphous phase decreases. Thin discs practically undergo
comprehensive amorphization when the HPT circumstances are equivalent in terms of
total complete revolutions and pressure, which is shown by the increased degree of shear
deformation in these samples [59]. Figure 10 shows the microstructure evolution of an
Fe-Mn-Si—Cr alloy after the HSHPT method. After the application of 1.53 strain, as seen
in Figure 10a, the microstructure shows the presence of ¢ martensite plates, oy austenite,
and a small amount of #” martensite (body-centered tetragonal). Also, the SAED pattern
in Figure 10b shows the coexistence of two plate-like ¢ martensite variants. Moreover, a
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combination of very fine plates (50 to 120 nm) and twin colonies of ¢ martensite plates
is detectable in the TEM micrograph of an SPDed Fe-Mn-Si—Cr alloy after 1.71 strain,
Figure 10c. These colonies include numerous finely spaced parallel plates (<10 nm thick),
with the existence of many stacking faults in the austenitic phase (Figure 10c). It should
be noted that the existence of ¢ martensite is imperative for the generation of the shape
memory effect in Fe-Mn-5i SMAs, and the reduced stacking fault energy of the austenite
facilitates the formation of martensite. The HSHPT application separated the intersecting
martensite plates and variants, resulting in the generation of at least two parallel banded
reliefs along two different directions, originating from ¢, stress-induced martensite habit
planes, Figure 10d [73].

3.4. Local Canning Compression (LCC)

Among the various SPD methods, local canning compression (LCC) is one of the
most used methods in the industry. Local canning compression (LCC) is a well-known
method in the plastic deformation of SMAs. A schematic representation of this process
is given in Figure 11. Accordingly, a cylindrical sample is first extracted from the as-
received SMA bar along the axial direction, through electro-discharge machining. After
that, the sample is locally canned by a ring-shaped steel can, so that the can is placed
in the mid-height of the sample based on interference fit. Note that the steel cans are
generally made of low-carbon steel. Eventually, the canned SMA sample is compressed
up to the desired strain value through the universal testing machine, and then the steel
can is removed from the compressed SMA sample [100,101]. A schematic representa-
tion of the LCC process is shown in Figure 11a, along with the nanocrystallization and
amorphization mechanisms for the TiNi sample under local canning compression, in
Figure 11b. In the amorphization and nanocrystallization procedure of TiNi SMA by the
LCC technique, deformation twinning and dislocation slip seem to be of particular im-
portance. Following the SPD of TiNi SMA under the local canning compression method,
stress-induced martensite transformation develops, and the stress-induced martensite
reverses after unloading. Due to the mechanical stability of the stress-induced martensite,
caused by the high plastic strain and stress fields, the preserved nanocrystalline phase in
the TiNi sample that is subjected to the intense plastic deformation forms B, austenite
and B¢ martensite. Note that stress-induced martensite transformation, deformation
twinning, dislocation slip, nanocrystallization, and amorphization are all part of the TiNi
SMA’s deformation mechanism when it is regionally compressed. Stacking faults and
(001) martensite compound twins arise after the plastic deformation of TiNi SMA. The
main deformation bands, secondary deformation bands, and amorphous bands coexist
in the TiNi matrix as the plastic strain increases [56]. Figure 11b schematically shows
the mechanism of nanocrystallization and amorphization of the TiNi sample under the
LCC method. Furthermore, the deformation bands of the TiNi sample subjected to 50%
deformation are shown in this figure. Accordingly, the deformation and amorphous
bands of the TiNi sample which undergoes 75% deformation are detectable through
TEM, shown in Figure 12, [50]. This issue implies that martensite twins are difficult to
remove under 3D compressive stress conditions, even with substantial plastic strain.
Simultaneously, the (001) compound twin is generated as a result of the deformation
twinning of the martensitic TiNi sample. The type II twin is still captured in the annealed
TiNi samples at 300 °C, which is attributed to the type II twinning-detwinning in the
solution-treated TiNi sample. The retained deformation twin, due to plastic deformation
of the initial TiNi alloy, is observable in the samples annealed at 450 °C, leading to the
(001) compound twin. In the TiNi samples annealed at 600 °C, both (001) compound and
type II twins can be detected, resulting from crystallization in new grains. TiNi SMA
undergoes a one-stage phase transformation as a result of plastic deformation under the
LCC method, during heating and cooling after annealing at 300 and 450 °C, with the
corresponding martensitic transformations being directly related to the retained twins
or retained coarse grains [57].



Metals 2023, 13, 447

15 of 25

Wge 482KX WD 80mm

P07, (D
O i
SPD1
- = .
210{ 1
= — %
Soan, Teee. )
4 . “d0 4w w1 \
.;': Pty B I
c - .
. SPD3 " . 2'00 SPD1 Tey=256K
o 50 100 150 200 250 300 $0 100 150 200 250
Tomperature (K) Temperature (K)
0 100 200 300 400
25 . v
" (d1)

M (Am’/Kg)
2
: jg E

10 ._' .Y
—_—S
§4{ heating '\
SPD3 As
0 T T
100 200 300 400

Temperature (K)

Figure 9. Microstructure evolution (a), (b1-b4), the temperature dependence of magnetization (c1,c2),
magnetization thermal variation (d1), and DSC micrograph (d2) of the Nis;FejgGays disc subjected to
the HSHPT process, adapted with permission from [74], 2022, Springer Nature. Note that the Curie
temperature (T¢) is evaluated from the first derivative of temperature-dependent magnetization.
Also, hysteresis curves are measured at 5 K. The HSHPT samples are categorized into four groups,

namely, (ini) for the initial sample, SPD; for € = 0.9, SPD; for ¢ = 1.74, and SPDj for € = 2.82.
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Figure 10. TEM observation of Fe-Mn-Si—Cr alloy processed by the HSHPT method with different
degrees of deformation: (a) 1.53 strain, (b) SAED of (a), and (c,d) 1.71 strain, adapted with permission
from [73], 2022, Trans Tech Publications, Ltd.

During LCC processing of NiTi samples, and plastic deformation of martensite NiTi
samples, firstly, in order to accommodate the preferential orientation of applied external
loading, the martensitic variants are reoriented and moved, usually fabricating a unified
variant boundary [57]. After the martensitic reorientation process is finished, detwinning
occurs in the martensite. An increase in the plastic strain led to the occurrence of deforma-
tion twinning in the local region, without twins that induce dislocation slip. As a result of
all these steps, the grains are continuously and repeatedly refined, with successive increases
in plastic strain. Finally, the dominant amorphous phase emerges along with the retained
nanocrystalline grains [57]. A similar phenomenon was observed and reported by Nishida
et al. [102]. It has also been shown that plastic strain localization in shear bands can lead to
amorphization up to an area fraction of 90%, and crystal refinement down to 5 nm [103,104].
Other studies reported that plastic deformation in grain boundaries is the main reason
for irrecoverable strains, while the amorphous phase and twins cause high-stress levels
and the disappearance of the stress plateau [105]. Also, the simulations, using large-scale
molecular dynamics, demonstrated the significant importance of anisotropy in martensite
generation [106].

During the annealing procedure of the LCCed NiTi sample, at temperatures ranging
from room temperature to 800 °C, a Ni-rich NiTi SMA, which was in the austenitic condition
at ambient temperature, was subjected to plastic deformation via the LCC method [57].
Several plastic deformation mechanisms have been observed in NiTi SMA depending on
temperature, including dislocation slip, deformation twinning, grain boundary slide, grain
rotation, dislocation climb, and grain boundary migration. Accordingly, amorphization,
dynamic recovery, and dynamic recrystallization can be identified at different temperatures.
To this end, dislocation slip and deformation twinning were applied separately to examine
the mechanism of localized amorphization. The amorphization of the obtained NiTi
SMA was affected by statistically stored dislocations (SSD) and geometrically required
dislocations (GND). NiTi SMA appeared to have a specific dislocation density beyond
which it could not be amorphized. As a result, there will be a critical temperature for a
constant deformation strain, in which the NiTi SMA matrix will not form an amorphous
phase. When a TiNi SMA is subjected to plastic deformation at a critical temperature,
amorphization and crystallization occur simultaneously and compete with each other [58].
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Figure 11. (a) Schematic representation for the local canning compression processing (region I shows
the minimum deformation zone, region II illustrates the main deformation zone, and region III
depicts the intermediate deformation zone) [56], and (b) nanocrystallization and amorphization
mechanism for the TiNi sample under local canning compression, adapted with permission from [56],
2022, Elsevier.

Amorphous band

Figure 12. The nanocrystallization and amorphization mechanism for the TiNi sample under local
canning compression in which the deformation bands of the TiNi sample were subjected to 50%
plastic deformation, where (a) bright-field TEM image showing the deformation bands next to the
grain boundary and (b) SAED pattern showing B, austenite structure, adapted with permission
from [56], 2022, Elsevier.

3.5. Accumulative Roll-Bonding (ARB)

Accumulative roll-bonding is a method of severe plastic deformation that involves
rolling a stack of materials, sectioning it into two halves, collecting it back up, and rolling
it over and over again to form an ultrafine-grained structure, as illustrated in Figure 13.
The fabrication of lightweight high-strength materials is of great significance in several
industries, such as aerospace, automotive, and biomedical, where the ARB method is a
potential SPD process capable of fabricating UFG, and even NS, conditions throughout
the final sample microstructure [9,107]. During ARB processing of SMAs, extreme grain
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refinement, nanostructuring, and amorphization can lead to a superior superelasticity
response. Lim et al. [108] proved that the application of high-ratio differential speed rolling
(HRDSR) as one of the SPD techniques led to the production of a nanograined structure
(20-70 nm) composed of austenite and martensite nanograins and sub-nanograins, showing
superior superelasticity. They implied that the heavily deformed austenite and martensite
produced, and an amorphous phase, were the result of a discontinuous static recrystalliza-
tion process in which detwinning, rather than the stress-induced martensite transformation,
determined the final microstructure [108]. The ARB-processed Cu-26Zn-5Al alloy showed
a significant strength and ductility of about 500 MPa and 22%, respectively. By increasing
the temperature, the shape recovery ratio was enhanced until the ideal starting point was
equal to 75% of the SME degree. Furthermore, the alloy manifested proper strength values
after annealing at 900 °C. According to the findings, Cu-Zn—-Al shape memory alloys may
be especially effective when combined with accumulative roll bonding and subsequent
heating treatment procedures [70]. Figure 14 shows a schematic representation of the
bending tests for determining the strain recovery effect. Also, Figure 15(al,a2) presents
the OM images of the wear track; and Figure 15(b1,b2)) the SEM observation of the worn
surface in the Cu—26Zn-5Al alloy. In a research study in Ref. [63], the ARB-processed
nanostructured Cu-Al-Mn composite was found to have a matrix crystallite size of about
30 nm. No new phases were identified in the rolled composites after nine cycles. Also, the
temperature had a significant impact on the microstructure and phase formation. When
the heat treatment temperature was increased from 850 to 950 °C, the multiphase structure
became a single-phase structure. For better results in the fabrication of Cu-Al-Mn alloys,
ARB with solid-solution treatment is preferable [71]. Besides, Figure 15 represents the SEM
image of the Cu-Al-Mn composite after nine cycles (Figure 15(c1)), the corresponding
elemental maps (Figure 15(c2—c4)), and the point spectrum of the Cu/Al/Mn composite
(Figure 15d) [70].

Surface treatment

Stacking o ’
} t

ND

Cutting
TD

Roll bonding

Figure 13. Schematic illustration of the accumulative roll-bonding (ARB) technique, adapted with
permission from [109].
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Figure 14. Schematic representation of the bending test to determine the strain recovery effect,
adapted with permission from [70], 2022, Elsevier.

so00q 4 (@)
60004
14
£
H
© 40001
Aa
20004
LY [y Cua
oM [T ‘cuu
0 | e e e ey e e
01 2 3 4 5 6 7 8 9101
Energy (KeV)

Figure 15. The ARB processed Cu-26Zn-5Al shape memory alloy, the wear track of (al)
Cu/26Zn/5Al multilayered composited material and (a2) Cu-26Zn-5Al alloy; SEM micrograph
of the worn surface (b1) Cu/26Zn/5Al multilayered composited material and (b2) Cu-26Zn-5Al
alloy [70]. (c1) SEM micrograph of Cu/Al/Mn composite after nine cycles and the related SEM
elemental distribution maps for (c2) Cu, (c3) Al, (c4) Mn, and (d) point spectrum of the Cu/Al/Mn
composite, adapted with permission from [71], 2022, Elsevier.

4. Conclusions and Future Remarks

Shape memory alloys, as unique materials for numerous industrial and medical
applications, attract much attention, but they still should be improved, from a strength and
toughness point of view, to meet all the requirements for application in higher-strength
structures. Application of severe plastic deformation techniques, having the capability
to extremely refine the microstructure and enhance the mechanical properties, is among
the most promising options to improve the overall performance of various shape memory
materials, and can be regarded as an excellent candidate for a new generation of advanced
and modern shape memory alloys with high-throughput performance. Investigations have
shown that SPD application on SMAs, leading to extreme grain refinement, can improve
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mechanical and physical properties, including yield strength, ultimate tensile strength,
hardness, fatigue endurance, corrosion, electrical resistance, thermal conductivity, friction
and wear behavior, and damping. Additionally, SPD application can affect the distribution
of phases, microstructural evolution, texture, twins’ activity, phase transformation behavior,
tribology, precipitation behavior, martensitic transformations, etc. Therefore, it is of eminent
importance to investigate and discuss the exact influence of SPD processing via different
techniques on various SMAs. Due to these numerous consequences of SPD processing, it has
the potential to affect the shape memory effect and superelasticity, since grain refinement
can affect the hysteresis loop area, martensitic transformation stress, and strain. The main
reason for changes in the shape memory effect and martensitic transformation due to
grain refinement, is related to atoms’ movement during the solid phase transformation,
and its suppression by a reduction in the crystal size. Also, the grain and crystal size can
substantially affect the morphology of martensite phases, which can change the macroscopic
thermomechanical response of SMAs. Also, magnetization can be improved, since SPD
can affect the coercivity and Curie temperatures as a result of the grain size reduction.
Moreover, severe straining through SPD methods can lead to nanostructuring and even
amorphization. Various SPD techniques can lead to different properties and structures, they
can also lead to the fabrication of multilayered composites with unique properties. Hence,
studying the response of shape memory alloys to the application of different types of SPD
methods is considered important, and in this research, we have examined the different
methods and their effects on the different properties of SMAs.

It should be noted that post-processing heat treatment procedures play a key role, and
SPD and subsequent aging contribute to raising the martensite transition temperature. SPD
methods can also prevent the R-phase formation and different phase precipitates in NiTi
SMA. The stress-strain curve of nanocrystalline/amorphous NiTi samples demonstrates an
unusual pseudoelasticity, without a stress plateau and hysteresis. The presence of a high
density of lattice defects, dislocations, and nanoscale grain size significantly affects the
martensitic transformation and phase change mechanisms. Also, any post-processing heat
treatments, such as aging, can influence the SMAs’ performance by raising the martensite
transition temperature and generation of R, B, and « phase variants and other precipitates.

The application of any SPD technique is associated with the creation of high dislocation
density, twining, shear bands, precipitation, and phase transformations; these can induce a
stable, consistent, and improved superelastic response in the Nitinol alloy and other SMAs.
But there is a critical grain size depending on the SMA; below this range, the shape memory
properties may be lost. CGP processing of NiTi SMAs led to the generation of sharp grain
boundaries, Ti;Ni particles, and needle-like stress-induced martensite phases from primary
austenite phases, possibly containing dislocations and twinning. The nanostructuring via
CGP, in addition to enhancing mechanical properties, led to a favorable shape memory
effect and proper superelastic response. The ECAP method has the capability of improv-
ing the SMAs’ mechanical response, in which shear plastic straining is able to produce
microstructures in the range of 100-250 nm in NiTi SMAs, along with enhancing the yield
strength, tensile strength, maximum reaction stress, and recoverable strain. The ECAR
method, in a similar way, can improve the mechanical properties of Cu-8.3A1-8Mn SMA
and produce a combination of bainitic and martensitic structures. Also, the application
of the HSHPT method on a Heusler shape memory alloy led to grain size reduction and
a change in the ratio of different phases and their distribution, inducing a considerable
drop in the martensitic transformation temperature, and affecting the magnetic and shape
memory response. The HSHPT method can also produce plate-shaped-martensite nee-
dles, in the range of 50-120 nm, and many stacking faults in Fe-Mn-Si-Cr SMAs. As
another SPD method, LLC processing of NiTi SMAs is accompanied by a martensitic re-
orientation, detwinning, and dynamic recrystallization that led to amorphization. This
amorphization behavior was also observed in ARB-processed SMAs, in which extreme
grain refinement, nanostructuring, and amorphization can lead to superior superelas-
ticity response. Considering these results, SPD can be simultaneously used to improve
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the mechanical properties and shape memory response of various shape memory alloys
and its utilization may result in an extraordinarily high strength, ductility, and hardness,
as well as low-temperature superplasticity.

Despite many studies having been conducted concerning shape memory alloys and
their properties, still much research should be done to reach high-throughput SMAs with
unique properties with advanced multifunctional applications. Therefore, in order to reach
the next generation of advanced SMAs, many other investigations should be conducted to
elucidate the exact effect of grain size and SPD utilization on the properties and performance
of SMAs. In this regard, the texture and grain orientations should be carefully studied,
and the microstructural evolutions with the related recrystallization mechanisms should
be thoroughly considered, along with the post-processing treatments. Meanwhile, special
attention should be given to the development and design of modern SMAs with composited,
multilayered, and textured structures and multifunctional applications, by utilization of
new SPD techniques. The modern ordered structures could be very interesting for future
industrial requirements. It is hoped that this study will open the way for researchers in the
field, and provide new ideas and approaches to those interested, in order to facilitate the
process of obtaining these advanced shape memory alloys for the future.
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