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Introduction to SMA

• Shape memory alloys (SMA) are metal alloys that “remember” their original shapes

and having the ability to return to original shape after being deformed by heating.

• SMA also exhibits pseudoelastic (superelastic) behavior.

• SMAs have two stable phases - the high-temperature phase, called austenite and

the low-temperature phase, called martensite.

• The most widely used and effective alloys are NiTi, CuZnAl, and CuAlNi.

• The shape change involves a solid state phase change involving a molecular

rearrangement between martensite and austenite.



History

• 1932: A. Olander discovers the pseudoelastic properties of Au-Cd alloy.

• 1949: Memory effect of Au-Cd reported by Kurdjumov & Kandros.

• 1967: At Naval Ordance Laboratory, Beuhler discovers shape memory effect in nickel

titanium alloy, Nitinol (Nickel Titanium Naval Ordance Laboratory), which proved to

be a major breakthrough in the field of shape memory alloys.

• 1970-1980: First reports of nickel-titanium implants being used in medical

applications.

• Mid-1990s: Memory metals start to become widespread in medicine and soon move

to other applications.



Number of ‘‘Shape Memory Alloy’’ articles and patents by years-group [1]



Global market forecast for smart materials for 2010–2016 [2]



• SMAs have two stable phases :

• the high-temperature phase, called austenite

• the low-temperature phase, called martensite.

A phase transformation which occurs between these two phases upon

heating/cooling is the basis for the unique properties of the SMAs

• The martensite can be in one of two forms:

• twinned;

• detwinned.



Phase Transformation in SMA
• A phase transformation induced by a

change in temperature is the mechanism

responsible for the shape memory property

while transformation induced by stress is

the mechanism responsible for the

superelastic property.

• This diffusionless martensitic

transformation occurs between the B2

austenite phase and the B19’ martensitic

phase.

[3] • Martensitic transformation is defined as a

shear of the crystal lattice that takes place

due to a change in the thermodynamic

stability of the system.



[3]

• The revisable martensitic phase

transformation that occurs in SMA is

accommodated through twinning of the

crystal lattice.

• Unlike during martensitic transformations

in steel alloys, which is accommodated by

irreversible dislocation motion (slip),

twinning in SMA is reversible.

• Each martensitic crystal formed can have a

different orientation direction, called a

variant.

• The assembly of martensitic variants can
exist in two forms: twinned martensite
(Mt) and detwinned (reoriented)
martensite (Md).



Temperature-induced phase transformation of an 
SMA without mechanical loading [4]

Four characteristic temperatures associated

with the phase transformation.

Forward transformation (cooling)

• Austenite (at load = 0), begins to transform

to twinned martensite at the martensitic

start temperature (Ms) and completes

transformation to martensite at the

martensitic finish temperature (Mf) (fully

twinned martensitic phase).

Reverse transformation (heating)

• The transformation initiates at the

austenitic start temperature (As) and the

transformation is completed at the

austenitic finish temperature (Af).



Schematic of the shape memory effect of an SMA 
showing the detwinning

of the material with an applied stress [4]

To detwin the martensite by reorienting a
certain number of variants once need apply
loading.

The detwinning process results in a
macroscopic shape change, where the
deformed configuration is retained when the
load is released.



Schematic of the shape memory effect of an SMA 
showing the unloading and subsequent heating to 

austenite under no load condition [4]

A subsequent heating of the SMA to a
temperature above Af will result in a reverse
phase transformation (from detwinned
martensite to austenite) and will lead to
complete shape recovery.

Cooling back to a temperature below Mf

(forward transformation) leads to the
formation of twinned martensite again with
no associated shape change observed.

The minimum stress required for detwinning
initiation is termed the detwinning start
stress (σs).

Sufficiently high load levels will result in
complete detwinning of martensite where the
corresponding stress level is called the
detwinning finish stress (σf).



Temperature-induced phase transformation in the 
presence of applied load [4]

Cooled material + mechanical load greater
than σs applied in the austenitic phase, the
phase transformation will result in the direct
formation of detwinned martensite,
producing a shape change.

Reheating the material will result in shape
recovery while the load is still applied.

The transformation temperatures (tt) strongly
depend on the magnitude of the applied load
(higher load higher tt).

Irrespective of the nature of applied load
(tension or compression), the tt increase with
an increase in the magnitude of the load.



Temperature-induced phase transformation in the 
presence of applied load [4]

Under an applied uniaxial tensile load with a
corresponding stress, σ, the new tt are
represented as Mσf, Mσs, Aσs and Aσf for
martensitic finish, martensitic start, austenitic
start and the austenitic finish temperatures,
respectively.



A pseudoelastic loading path [4]

Transformation can also be induced by
applying a sufficiently high mechanical load to
the material in the austenitic phase.

The result of this load is fully detwinned
martensite created from austenite.

If the temperature of the material is above Af ,
a complete shape recovery is observed upon
unloading to austenite.

This material behavior is called the
pseudoelastic effect.



Schematic of a pseudoelastic stress-strain 
diagram [4]

The stress levels at which the martensite
transformation initiates and completes are
denoted by σMs and σMf, respectively.

As the SMA is unloaded, the stress levels at
which the material initiates and completes its
reverse transformation to austenite are
denoted by σAs and σAf , respectively.

If the material in the austenitic phase is tested
above the Ms temperature, but below the Af
temperature, only partial shape recovery is
observed.



Schematic of a stress-temperature phase diagram 
for an SMA [4]

Illustrating the different phases in a stress-
temperature space for a given SMA with fixed
composition, is called the phase diagram.

Construction of the phase diagram involves
the interpretation of the SMA material
response subjected to various
thermomechanical loading paths resulting in
shape memory thermal actuation under load
and pseudoelastic behavior.



Typical DSC curve (enthalpy change) of 

SMA during phase transition [5]

• Differential scanning calorimetry (DSC) is

the thermoanalytical technique used to

characterize the phase transformation

behavior of SMA.

• The DSC method produces a curve through

measuring the amount of heat given off (i.e.

exothermic) or absorbed (i.e. endothermic)

by a sample as it is cooled and heated

through its phase transformations.

• The DSC test yields extremely repeatable

curves where tangents are used to identify

the start, finish and peak temperatures of

each of the phases.

Identifying Transformation Temperatures 



• Shape memory effect: 

o one-way;

o two-way.

• Pseudoelastic behavior.

Properties



Stress-strain-temperature data exhibiting the 
shape memory effect for a typical NiTi SMA [4]

When it is subsequently heated above Af, the
SMA will regain its original shape by
transforming back into the parent austenitic
phase.

Starting from the parent phase (point A), the
stress-free cooling of austenite below the
forward transformation temperatures (Ms and
Mf) results in the formation of twinned
martensite (point B).

Shape memory effect



Stress-strain-temperature data exhibiting the 
shape memory effect for a typical NiTi SMA [4]

When the twinned martensite is subjected to
an applied stress that exceeds the start stress
level (σs), the reorientation process is
initiated, resulting in the growth of certain
favorably oriented martensitic variants that
grow at the expense of other less favorable
variants.

The stress level for reorientation of the
variants is far lower than the permanent
plastic yield stress of martensite.



Stress-strain-temperature data exhibiting the 
shape memory effect for a typical NiTi SMA [4]

The detwinning process is completed at a
stress level (σf) that is characterized by the
end of the plateau.

The material is then elastically unloaded from
C to D and the detwinned martensitic state is
retained.

The material is then elastically unloaded from
C to D and the detwinned martensitic state is
retained.



Stress-strain-temperature data exhibiting the 
shape memory effect for a typical NiTi SMA [4]

Upon heating in the absence of stress, the
reverse transformation initiates as the
temperature reaches As, (at E) and is
completed at temperature Af (point F), above
which only the parent austenitic phase exists.

In the absence of permanent plastic strain
generated during detwinning, the original
shape of the SMA is regained (A).



Stress-strain-temperature data exhibiting the 
shape memory effect for a typical NiTi SMA [4]

The strain recovered due to the phase
transformation from detwinned martensite to
austenite is termed as the transformation
strain (εt).

Subsequent cooling to martensite will again
result in the formation of self-accommodated
twinned martensitic variants with no
associated shape change, and the whole cycle
of the SME can be repeated.



Phase diagram and two possible pseudoelastic
loading paths [4]

The pseudoelastic behavior of SMAs is
associated with stress-induced
transformation, which leads to strain
generation during loading and subsequent
strain recovery upon unloading at
temperatures above Af .

A pseudoelastic thermomechanical loading
path generally starts at a sufficiently high
temperature where stable austenite exists.

Pseudoelastic behavior



Phase diagram and two possible pseudoelastic
loading paths [4]

Then develops under an applied load to a
state at which detwinned martensite is stable,
and finally returns to the austenitic phase
when returned to zero stress state (path 1).

Most commonly, a pseudoelastic test is
performed at a nominally constant
temperature above Af (path 2).



A typical SMA pseudoelastic loading cycle [4]

When a mechanical load is applied, the parent
phase (austenite) undergoes elastic loading (A
→ B).

At a specific load level, the loading path
intersects the surface for initiation of
martensitic transformation on the phase
diagram (σMs).

The transformation proceeds (B → C), to the
stress level (σMf) where the loading path
intersects the Mf transformation surface,
indicating the end of the transformation.



A typical SMA pseudoelastic loading cycle [4]

A subsequent increase in the stress causes no
further transformation and only the elastic
deformation of detwinned martensite occurs (C
→ D).

When the stress is released gradually by
unloading, the martensite elastically unloads
along the path (D → E).

At point E, the unloading path intersects the
austenitic start surface (at σAs), which causes
the martensite to revert to austenite.



A typical SMA pseudoelastic loading cycle [4]

The process is accompanied by the recovery of
the strain due to phase transformation at the
end of unloading.

The end of the transformation back into
austenite is denoted by the point at which the
σ-ε unloading curve rejoins the elastic region of
austenite (point F corresponding to stress σAf).

The material then elastically unloads to A.



A typical SMA pseudoelastic loading cycle [4]

The forward and reverse phase transformation
during a complete pseudoelastic cycle results in
a hysteresis, represents the energy dissipated
in the transformation cycle.

The transformation stress levels and the size of 
the hysteresis vary depending on the SMA 
material and testing conditions.



Summarizing



Application of SMA

Transportation Applications

Aerospace Applications

• 1971: hydraulic tube coupling used on the F-14

• Since then engineers in various industries have continued to use the 

unique properties of SMAs in solving engineering problems.

Medical Applications

Other Applications



Aerospace Applications

[6]



Aerospace Applications

[1]

Coupling and fastening:



Medical Applications



Transportation Applications

[6]Emerging General Motors’ SMA applications



Other Applications



SMA based damper device

The offered damping device contains an

axis 1 with two side fixing systems 2 on it.

Springs 3 and 4 are placed between these

systems. The springs are separated by a

central locking device 5, the side

mounting systems are equipped with

fastening sleeves 6 with apertures on which

the cone 7 is placed with a conical sleeve 8,

between which the 9 SMA wires are

mounted.

Each side of fixing system is equipped with a cylindrical cage 10 with an inner ring stop 11 on

one side and an inner thread 12 on the opposite side, in which the ring 13 is threaded

pressing the conical sleeve through the intermediate washer 14 [7].



SMA based damper device

Under initial pre-tension, the central locking

device 5 is in equilibrium condition, since

the resultant force acting on the lock of two

compressed on both sides springs 3, 4

equals zero. In case of tensile loading

of the damper device through the rod 15

and the axis 1, the latter moves to the right

and the locking device 5, which is rigidly

fixed on the axis, compresses the spring 4

and weakens the spring tension 3.

When removing the external force under the action of springs 3 and 4, the axle with the central

locking device 5 moves to the starting position reducing the tension forces of the wires with the

SMA. When reloading, the part of the energy of elastic deformation dissipates in the SMA

material due to the properties of pseudoelasticity.



Device in initial state–a);under applied load Р –b)

Δls is the displacement of the spring caused by 

an external load; Δlw is elongation of SMA wires

Each of the compressed springs

installed in the device has a

length lі, in the free state it has a

length of lі + l1

where N1,2 is the internal force of

the springs after their initial

compression when installed in the

device; k is the stiffness of the

spring.

(1)



Schematic diagram of the device

On the simplified model of the damper device F1 is the response to the spring

compression 1; F2 is the response to the spring compression 2; Fw is the force of wires

tension.

F1 = F2 is in the initial state when there is no external loading (P = 0).

Let us consider a certain deviation from equilibrium under the action of force P, applied

to the axis. The response of the spring 1 when it is displaced by the value Δls is equal

to the initial compression when installed plus the force caused by its subsequent

compression.



The response of the spring 1 when it is displaced by the value Δls is equal to the

initial compression when installed plus the force caused by its subsequent

compression.

That is, the spring compression force is equal to the initial pre-compression

when installed minus the force caused by its elongation under the force Р (F2≥ 0).

Sum of the force on the x axis: F1 – F1 – F2 + Fw – P = 0,

so Fw will be equal to: Fw = P + F2 . (4)

(3)

(2)



Let us consider the case where the spring 1 reaches the maximum compression

under the action of the external force P1max, while in the spring 2 the stresses are zero

(F2 = 0). Having done the projection of all forces on the x-axis, we have that the wires

take up the internal force equal to the external load

Case 1

(5)



When the spring under the action of the load external weight returns to its original
shape (the stock moves to the right), the compression strength is reduced in
the spring 1, and the compressive strength increases in the spring 2

Case 2

(6)



(7)

The  condition where the case 2 is true



Typical force-displacement curve Р-l of 

SMA presenting the pseudoelastic properties

The SMA wires during the operation process 

will be elongate by the value Δlw:

(10)



A maximum elongation of NiTi shape memory alloy under which the pseudoelasticity

effect still remains is approximately 6%, so:

(11)

the limiting elongation of the wires lwl can be represented as follows:

(12)



Relationship between elongation of the wires lw to the spring compression of the l:

(13)

Substitution the equation (3) in expression (4):

(14)

Substitution the equation last eq. in expression (13):

(15)



Expression (14) shows the dependence of the elongation of the wires on the compression 

of the spring.

Assuming that the initial tension of the wires is equal to 3% from the initial length of the 

wire, so initial force of the spring compression:

(16)

(17)



Having formula (17), we can substitute it in expression (8) to determine the maximum force:

(17)

(18)



Conclusions

• The damper device based on the use of the pseudoelasticity effect of the SMA.

• The device consists of pre-tensioned wires made of alloy shape memory alloys and two
compressed springs, providing the wire elongation.

• The pre-tensioned SMA wires provides the system reliability and good damping
properties.

• Pre-compressed springs-restoring the device toits original shape after removing the external
load.

• Shape memory alloys are able to offer a technological advantage over the classical
devices, innumerous applications for the engineering industry.
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