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Abstract

Smart materials are materials, which have a definite response to stimulus provided through a change in pressure, temperature and termed
as shape memory alloys (SMA). In this review, the general concept of SMA’s has been discussed along with shape memory effects.
Shape memory material properties depend on phase shifting phenomena, which consist of pseudoelasticity and thermoelasticity. The
basic SMA such as Ni-Ti (Nickel-Titanium) alloys, Copper (Cu) based SMA, Iron (Fe) based SMA are commonly used in the industry,
Ni-Ti alloys are expensive but it has good super elasticity and superior mechanical properties. Cu and Fe based are economical as com-
pared to the Ni-Ti alloys. The various fabrication techniques and common composition of the alloys have been discussed with in detail.
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1. Introduction

With evolution of technology, smart materials play a vital role in
replacing the conventional materials. Smart materials are the ma-
terials that are responsive to stimuli such as the temperature, pres-
sure, electric flow and magnetic flux. These materials are also
known as the SMA’s. SMA are the materials, which remembers
the original shape of the material, and it can regain its shape when
it is subjected to heat, magnetic variation and cryogenic condi-
tions. SMA are of various types such as high temperature SMA,
magnetic SMA, shape memory thin film, shape memory polymers
and many more[1][2]. The SMA properties depend on the phase
shifting phenomena. It mainly takes place in two phases- firstly in
the martensite phase and secondly in the austenite phase. The
martensite phase is called as the cold phase, while the austenite
phase is called as hot phase. The characteristics of the shape
memory effect is pseudoelasticity and thermoelasticity. These
properties tend to bring the material back to the original shape
after the load is removed. This effect is also known as super elas-
tic effect. The shape memory effect is further classified into two
types- one-way shape memory effect and two-way shape memory
effect[3]. The temperature phases associated in the SMA are aus-
tenite finish (Ar) where the original shape is recovered, second is
the austenite start (As) where the recovery is started, third is the
martensite start (Ms) and martensite finish (M) where the marten-
site transformation starts and finishes[4]. One-way shape memory
effect is the effect in which only the parent shape is recovered,
while in two-way shape memory effect both the parent and prod-
uct phase is memorized [5]. The commonly used SMA is Gold
based SMA, Ni-Ti (Nitinol), Copper based SMA and Iron based
SMA. Out of all of these, Ni-Ti alloys are the most effective due
to their superior physical and mechanical properties. Ni-Ti alloys
are expensive, hence researcher are trying to make different types
of SMA’s that are economical and have more physical properties
as compared Ni-Ti.[6]. Gold based was the first identified shape

memory material. It is mainly used in the jewelry industry and is
expensive because of gold usage. Copper and iron based SMA’s
are cheaper than Gold based and they can be used in various ap-
plications where temperature is taken into account. It is mainly
alloyed with aluminum where Cu-Zn-Al and Cu-Al-Ni are the
composition [7] [8]. There are some ferromagnetic materials that
are used in industry [9]. The ferromagnetic can work as a SMA. It
can be used for the applications where the length can be changed
by converting the magnetic signal to mechanical power useful in
application of actuators. The ferromagnetic materials are used to
make a SMA’s by the combination of Ni-Mn-Ga (Gallium) which
are compatible at room temperature [10] [11]. SMA’s have good
properties for seismic applications hence it can be used in civil
applications such as concrete beam, smart structures and many
more [12].

2. Various types of SMA’s

2.1. Nitinol

William Buehler an American supervisor working in the U.S.
Navy discovered an alloy of Nickel and Titanium, which are
mainly mixed with the composition of Ni-45% Ti-55%, Ni-55%
Ti-45%, Ni-50% Ti-50%. The word Nitinol is introduced from the
laboratory name and are commonly named as Ni-Ti alloys. The
transformation temperature of Ni-Ti alloys is between 0 to 100 °C
[13]. The commonly accepted Ni-Ti alloy for various application
is of the composition of Ni (50.8% by atomic weight) and remain-
ing Ti. Increasing or decreasing the composition of Ni and Ti,
phase transformation temperature can be modified [14]. In 1920,
the Ni-Ti alloys were used in industry to couple two pipes. The
coupling was made of SMA and it was smaller in diameter than
that of the regular pipes [15]. When the coupling was inserted
between two pipes and heated, it attained its original shape and on
cooling, achieved proper coupling of the pipes [16] [17]. It offered
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additional advantages such as wear resistance, biocompatibility,
high strength, less weight. Applications of Ni-Ti SMA’s were
extended to medical applications such as implants, orthodontic
wires, angioscopy [18]. Chromium (Cr), Cu alloys can be mixed
with Ni-Ti to improve the SMA properties [19]. Ni-Ti-Cu alloys
show good linear relationship between electrical resistance and
deformation [20]. Among Ni-Ti-Cu alloys, the Ti- rich alloys
exhibited compound twinning effect on annealing with improved
elasticity. The higher content of Ti in the composition affects the
formation of martensite variants which decreases the transfor-
mation stresses during thermomechanical cycling[4]. Ti-Ni alloys
are extremely expensive which provided an impetus to study al-
ternate SMA’s [1] [9] [21]. The limitation of the Ni-Ti alloys in
the medical applications is that it releases toxic elements within
tissues and cannot be detected through X-ray analysis. This can be
eliminated by incorporating Tantalum (Ta) along with the basic
Ni-Ti alloy. Fabrication creates a layer of Ti-Ta layer on the sur-
face of the composition(Ti70%-Ta30%) [22]. The temperature
range is also increased to 400°C, that increases cold workability
properties and makes the SMA malleable and ductile [23]. Corro-
sion of Ni-Ti was observed in human cells due to release of Nick-
el. Corrosion resistance of Ni-Ti alloy improved by coating with
Ta and annealing between 700-900°C for an hour [24] [25] [26].
The super elastic property can be obtained by proper thermome-
chanical treatment. The ductility of Ni-Ti alloy is quite good than
that of beta phase SMA. The beta phase transformation tempera-
ture changes during the martensite phase. In Ni-Ti alloys, this
effect is not observed, because the melting temperature are high
with limited diffusion phenomena. Ni-Ti alloys have good damp-
ing properties [27]. The spectrum intensity of Ni can be affected
by the sputtering pressure, but it does not affect Ti and Cu [28].

2.2. Copper based SMA

Copper based SMA’s were discovered in early 1950’s as a substi-
tution to gold based SMA with enhanced manufacturability and
mechanical response, at the same time being economical. Cu-Al is
the most common combination, but the transformation tempera-
ture range is too high for applications, hence third material is add-
ed to the composition to overcome this problem. Cu-Zn-Al, Cu-
Al-Ni, Cu-Al-Mn, Cu-Al-Be are the most commonly used copper
based SMA [29]. Zinc and Nickel SMA’s are commonly used
owing to good availability and economic nature[30]. The recovery
strain in these alloys is up to 5% with good cold workability. Zi-
Ni SMA’s undergo two-way shape memory effect. Cu—Al-Ni
alloys were considered as High Temperature SMA’s [31]. The
strength of the Cu-Al-Ni increases with annealing time [32]. When
Cu-Al-Mn is manufactured using laser welding techniques it was
found that the tensile strength and the strain recovery percentage
increased up to 1.7%, with increase in damping property[33] [34].
Cu-Al-Mn SMA’s have more ductility than that of Cu-Zn-Al
along with corrosion resistance. By addition of different additives
such as Zn, Si, Fe, Cr to Cu-Al-Mn SMA; the shape memory ef-
fect can be improved. By addition of Mg, phase transformation
temperature improves [35] [36]. Cu-Al-Mn-Ni SMA’s are super
elastic alloys with the high elasticity modulus obtained through
compression testing [37]. Annealing of Cu-Al-Mn-Ni alloys will
decrease the stored elastic energy; will accelerate the austenite
start phase as compared to austenite finish phase. Latent heat of
transformation, elastic energy stored, and the dissipative energy
are responsible for the effect of stabilization. The dissipative ener-
gy during the transformation makes it easier for martensite trans-
formation [38]. Adding 0.7% Ti by mass to Cu-Al-Ni SMA’s,
corrosion resistance and strain recovery were improved. On corro-
sion testing, Cu-Al-Mn-Ni SMA’s showed pitting corrosion and
Cu-Al-Ti-Ni SMA’s showed localized corrosion, but extent of
corrosion was less as compared to Cu-Ni-Al alloy [39]. Super
elasticity was included in Cu-13Al-11(Mn and V) alloys on in-
creasing Vanadium (V) composition. Super elasticity was found to
be maximum at V=1.8 to 2.1% weight. The shape memory effect

and strain rate increase when V was increased between 4 to 4.5%
by weight [40].

2.3. Iron-based SMA

Iron based SMA’s were discovered as an alternative to the Ni-Ti
SMA and Cu based SMA due to lower cost and better properties.
It was introduced in Japan as Fe-Mn-Si SMA’s. Cr, Ni, Co can be
added to the composition that will increase the corrosion re-
sistance [41]. Fe-Mn-Si SMA’s can be used for strengthening the
concrete beam in civil engineering applications, because Fe based
SMA are cheaper than normal Ni-Ti SMA’s [42]. The shape
memory effect in these materials is very less up to 4% and fabrica-
tion setup is similar to that of a stainless-steel manufacturing. Fe-
Mn-Si-Cr alloys are used in many applications. The study of super
elasticity of Fe-Al-Mn-Ni alloys showed that the heat treatment
led to increase in critical strength, while the transformation stress-
es were increased up to 500MPa[43]. They are mainly used in the
applications such as rail joints plates, large-sized pipelines for
tunnels [44] [45]. Body centered cubic (BCC) and Face centered
cubic (FCC) transformation was analyzed in the new Fe-Mn-Al-Ni
SMA for double shear. Face centered cubic martensite formation
stresses including the transformation stresses and elastic behavior
at the dislocations were studied and the transformation stresses
~191MPa found to be in good agreement with the experimental
values[46].

3. Fabrication of SMA’s

Variation in shape memory effect can be achieved by fabricating
thin sheet of the materials. The fabrication technique consists of
various types of powder metallurgy technique, such as solid-state
sintering, hot extrusion, hot pressing, metal injection molding,
mechanical alloying and many more. But these processes have
limitations such as formation of stable secondary phase after the
elongation of the wire [14]. Laser based additive manufacturing
process is one of the widely used process for fabrication which
was compared for Ni-Ti alloys of different composition such as
Ni-45% Ti-55%, Ni-55% Ti-45%, Ni-50% Ti-50%. The samples
were further tested in X-ray diffraction machine(XRD) and hard-
ness testing machine [47]. Results showed that the ductility of the
material increases and porosity of the material decreases, while
this technique can be used for manufacturing alloys of Cu-Cr al-
loys [14] [48]. Infrared brazing of Ni-Ti with Cu-Ag-Ti using
active brazing alloy was analyzed. The shear strength increases on
brazing with improved wettability [49]. Shape memory effect of
laser welding on Ni-Ti plates were carried out and subjected to
bending, microstructure analysis and X-ray diffraction. From the
results, complete shape memory effect was observed and perfect
phase transformation took place upto 100% in the bending test
through 180° In-plane [50] [51] [52]. Copper based SMA’s are
less expensive than that of Ni-Ti alloys, but they do not possess
the physical properties of Ni-Ti. To improve the properties, the Cu
based materials were welded using laser welding technique. Ex-
periment was done for observing the thermomechanical fatigue of
post-weld NiTi SMA. YAG pulsed laser welding process was
used for fabrication process [6]. It was observed that 86% of the
tensile strength was maintained, but the actuation stability and
cycle life was decreased. On heat treatment, the stability and cycle
life of the wire were improved. Manganese and aluminum bronze
composite SMA were manufactured by roll bonding process. The
manganese-based SMA’s increase the ductility as compared to the
Cu-Zn-Al alloys. They are based on thermos-elastic transfor-
mation that takes place in the beta phase. The composites are pro-
duced by copper and aluminum strips and manganese powder and
are bonded by rolling operation such as accumulative roll bonding
process and heat treated till it reached the required microstructure
(Composition of Cu 83% Al 12% and Mn 5%). Annealing process
is done at temperature of 950°C and the specimen was evaluated
under energy dispersive X-ray spectroscopy. Phase transformation
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and the microstructure depend on the temperature and the corro-
sion resistance increases due to the presence of bronze [30]. Pow-
der metallurgical method is used for fabrication of Ni-Ti-Nb (Nio-
bium) and Ni-Ti-Cu SMA using pre-alloyed powders [53] [54]. It
was observed that by introducing Nb in Ni-Ti alloys, the cast-
ability improved. Cu addition was found to increase the pore size
and porosity [49] [52] [53]. To increase the radio-capacity of med-
ical devices such as filters and stents, the gold plating on Nitinol
alloys was useful. Wet-to-wet electroplating to a deposition thick-
ness ~ 4um does gold plating. The deposition thickness higher
than 4um affects the elasticity of the material. Hydrogen amount
should be controlled to avoid Ni-Ti embrittlement [55]. Plasma
immersing ion implantation deposition technique (P111D) was used
to fabricate Ni-Ti alloys with tantalum for increasing corrosion
resistance. PIIID technique combines the advantages of plasma
immersion ion implantation and magnetron deposition methods
[56].Machining of SMA’s is a huge challenge for ensuring high
quality of materials and minimizing wear-and-tear of tool materi-
als. Hence, non-conventional techniques like the water jet machin-
ing (WJM), electrochemical machining (ECM), Electrical dis-
charge machining (EDM) and wire EDM (WEDM) are employed.
These methods have the ability of manufacture any material to
required shape. The materials removal rate of the EDM and the
WEDM is more as compared to the commonly used traditional
methods with significant reduction in the cycle time. The process
can be enhanced further by adjusting the voltage, reducing the
diameter of wire and speed optimizing the speed. By optimizing
the above parameters the output will be more precise and best for
usage [57].

4. Applications of SMA

SMA’s have a great importance in the aerodynamics applications.
The use of SMA will decrease the weight of the of the air craft, so
the fuel consumption of the air craft is minimized. Eventually it
will decrease the overall operational cost of the air craft. The use
of SMA in the aerospace is to reduce the low shock release. An-
other application included SMA-actuated solar collectors utilizing
the torsional element which can change the shape and increase the
efficiency. SMA are also used as the sensing device as they are
used to receive the information for the subsystem by using the
change of the thermal property. As SMA exhibit pseudo-elasticy,
it reduces the vibration isolation and large recoverable defor-
mation [58] [8]. For micro-sized mechanical components, SMA’s
show several advantages like simplicity in construction, cleanli-
ness, silent operation, less space requirement. Hence these com-
ponents can be manufactured by using SMA’s [59]. The lifting
surface of the airplane is range-dependent with varying perfor-
mance of the plane because of the lack of structural rigidity at
high-speed conditions. To overcome this, SMA’s can be used for
morphing aircrafts. SMA’s can be used to lift the pilot surface to
the required position according to the conditions and to reduce the
aerodynamic load by deformation of the smart material according
to the operating condition. It is mostly suitable for rotary wing
aircraft of various sizes. To maintain the system, benefit the
morphing technique should use less amount of power and this can
be achieved by modifying the smart materials than the normal
ones [60]. For overcoming these disadvantages, the SMA used in
the aircraft must be standardized with adequate mechanical char-
acterization in terms of tensile, compression and thermal. The
hybrid model describes the relationship between the temperature,
change in length and the internal forces in the SMA spring actua-
tor [61]. The various SMA’s should be standardized. The test in-
volves tension, compression, recovery and thermal cycling tests
[58]. The goal of the actuator used in the helicopter rotor is to
decrease vibration for every degree of revolution arising out of
dissimilarities in the rotor. The objective of the rotor was to
achieve the deflection of about +5° with an accuracy with 0.1°.
The actuation is depending on bidirectional motion of a pairs of
SMA with friction brakes to lock the tab position. Modelling and

testing were carried out different external loading condition [62].
SMA’s can be also used in heat engines. The SMA wire is coiled
over the heat engine and air is passed through it. The material of
the coil used in this process is Ni-Ti SMA. The engine generates
the mechanical power from it by expanding the wire according to
hot or cold air using the SMA transformation [63] [64]. Heat re-
coverable coupling technique used in shipyard production. SMA
like Nitinol was used for coupling of two pipes in the field of ship
yard production [65]. In modern cars, the SMA actuators can be
used for controlling of engine, suspension system, transmission,
improving safety and comfort for the passenger. Ni-Ti SMA are
universally used in automotive applications [66]. Another SMA
application in automobile field is mirror actuator; the SMA wires
are used to position the mirrors externally. They are also called as
second-generation actuators. The rotation takes place in both the x
and z-axes [67]. SMA resettable springs have been developed for
pedestrian protection from impending collision with the automo-
bile. The lift is possible by spring, which is made by SMA. Use of
SMA makes the setup light in weight and compact which is also
possible because of solenoid and electrical motors [68] [69]. The
use of SMA for miniature actuator using the base of mechatronics
has been explored. Automobile tumble flap made from SMA are
replaced by the flaps working on electromagnetic and pneumatic
effectors, which was traditionally used for operation of tumble for
intake manifold in the engine [70]. The actuators used in automo-
bile are made of SMA that require input energy for operation. The
power required can be used from the battery of the vehicle [71].
SMA actuator can be used for startup of clutch as clutch requires
high torque [72]. SMA’s can be used for the application of morph-
ing the axial fan blade used in engine. The cooling system of the
automobile is controlled by using sensors and cooling system that
increases the number of sensors and makes the system heavy.
Axial fan based on morphing blades can be made of SMA that
changes the shape when the temperature of the air increases pass-
ing from the fan and brings it to the memorized shape. The deflec-
tion of the blade is more as compare to the glass fiber on thermal
activation. By using these types of blades, there will be elimina-
tion of sensors and electric motors that saves cost. The load on
battery can be decreased improving battery life [73]. With the use
of micro-electronics, there is need of cooling at micro and Nano
scales. Electro-caloric cooling can be used as an alternative for
thermos-electrical types, due to large latent heat and good down
scaling behavior [13]. The unmanned water vehicle is used to
maintain the buoyancy during various temperature ranges. The
smart materials can be used for maintaining the buoyancy. It can
be used under two working conditions, firstly, at low temperature,
the wire length increases, applying tension on the cylinder which
increases the buoyancy. When the temperature decreases, the wire
compresses and the spring expands which decreases the area of the
cylinder eventually decreases the buoyancy. This smart material
can be used in commercial waterways applications and also in
naval operations [74]. SMA’s can be used in soft actuating materi-
als for the applications of the robotic gripper. The soft smart com-
posites are used for pure maximum bending in some sections. The
maximum bending of the wire can be achieved [75]. SMA actua-
tors use internal electric resistance feedback. There are two types
of SMA’s actuators- position sensor and position-feedback sensor
for greater accuracy [76]. Morphing hand using a SMA wire is
another application used in robotic manipulator. Artificial hand or
the robotic manipulator are made with various joints and motors,
but they need feedback system that makes the system bulky and
expensive. By using SMA’s, morphing hand can be made that can
perform their operation without any feedback system. The wire is
mainly composite of soft materials and the SMA’s. The soft mate-
rials are used for the wires since they are flexible in nature and the
SMA’s will perform the bending and contraction of the wire as per
requirement. The stiffness can be increased by increasing the
number of glass fiber sheets [77]. Fe-Mn-Si SMA’s can be used
for strengthening the concrete beam in civil engineering applica-
tions since they are less expensive than Ni-Ti SMA’s. Near sur-
face mount technique can be used using SMA’s that will reduce
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the probability of harm during fire, corrosion damage or mechani-
cal damage. Test were carried on a reinforced concrete beam to
check the flexural behavior and Fe based SMA’s were pre-
stressed. Pre-stressing increased the strength of the beam, it also
reduces stresses in steel and increases fatigue resistances and re-
duce the crack width in beam. Pre-stressing in this application is it
easy as doesn’t require mechanical components such as jacks and
anchor heads, which is also one of the important advantage [42].
Smart structures are also used in civil engineering field. There are
two types- active and semi-active control systems. Active struc-
ture consists of active tune mass damper, while semi active control
system are Magnetorheological (MR) fluid dampers [78]. Ni-Ti
alloys is a SMA that can be used in the biomedical applications
due to biocompatibility [1]. As this material have two-way shape
memory effect, hence it can be used in the applications of implants
of the bones. Interventional radiology is the main application in
which Nitinol wire is used for performing angiography through
wire-insertion [17] [79]. Ni-Ti SMA’s are also used in orthodontic
applications. Wires get subject to mechanical stresses and reaction
with acids, mainly the fluoride present in the foods. The super
elastic behavior can be used for loading and unloading the teeth.
Properties of this alloys are very favorable for using in the endo-
dontology for construction of root canal when applying curvy
canal [80]. Corrosion does not occurs in the wire hence it can be
used in the medical application [16] [21]. Ni-Ti SMA’s can be
used in laparoscopic surgery where an endoscopic camera can be
inserted in the body to view in various directions. Endoscopic
grasper to remove stone in the bladder was made from Ni-Ti
SMA’s [81]. A smart material can be used for 3D printing, as
smart materials changes shapes when load is applied, or when
temperature is varied and in turn, it gives rise to a new concept of
4D printing. Material used for 4D printing may be single material
or multiple materials. Single material depends on the smartness of
the material and the component reacts on actuation. In case of
multi-materials, it depends on the complexity of integral design of
material and also depends on properties of individual materials
such as compression, tension [82]. SMA’s for moving flap of air
conditioner, the temperature-sensing element was developed by
Matsushita Electric. The use of SMA’s developed in appliances
like coffee maker, electric rice cooker and many more day to day
appliances were commercialized. SMA’s wires are also used in
telecommunications like antenna of telephone using the principle
of super elasticity. [83]. It can be used for making curtains mecha-
nism that uses nitinol wire in the curtains that expands when the
temperature increases by the effect of the sun causing the curtains
to close. The curtains opens when the temperature during the day
decrease to a preset value. The temperature of this wire is set to
25°C. It may be used for making the table lamp with nitinol coil in
it, when the temperature increases; it disturbs the circuit and clos-
es the lamp. By reusing this material and applying in day to day
applications we can eventually decrease pollution and it will be an
eco-friendly way of material [84].

5. Conclusion

Study of SMA’s such as its phase transformation has been dis-
cussed in detail. The shape memory effect consists of two phases-
first is the martensite state and the austenite state. The austenite
state occurs mainly at high temperature while the martensite state
occurs at low temperature or room temperature. Ni-Ti alloy is
most commonly used due to its good properties, bio-compatibility
and many more. The shape memory effect of this alloy is upto
10% at temperature range of 0 to 100° C. Hence, development of
other alloys like copper-based alloys were undertaken. Cu are
mainly alloyed with aluminum and by mixing zinc and nickel,
SMA properties are enhanced. The most commonly used copper-
based SMA’s are of Cu-Zn-Al, Cu-Ni-Al. As copper is used this
type of SMA’s these are used in security application, thermal ap-
plications. Iron based SMA’s were introduced with compositions
like Fe-Mn-Si, while Cr, Co enhance the corrosion resistance. The

shape memory effect of this alloy is up to 4% and it generally
occurs at elevated temperature. Various application is discussed
which includes both technical and medical applications.
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