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Types of Shape Memory Alloys

1. Gold Based Shape Memory Alloys

2. Ni-Ti Shape Memory Alloys

3. Copper Based Shape Memory Alloys
4. Fe-Based Shape Memory Alloys

5. Other Types of Shape Memory Alloys



Gold Based Shape Memory Alloys

* The first SMA ever discovered was an Au-47.5%Cd alloy. Olander used
electrochemical techniques to identify its B2 cubic (austenite) and
B19 orthorhombic (martensite) phases.

* In 1975, the South African Chamber of Mines sponsored a major
research effort on gold-based SMA. In detail, the interest was focused
on a combination of gold-zinc and copper-zinc memory alloys,19
leading to some patents. The nominal compositions of the
investigated compounds varied between 60 and 40% for the gold and
15 and 30% for the copper, while zinc was usually taken by
difference.known as the Heusler alloy(Au-30%Cu-10%Zn)



Gold Based Shape Memory Alloys

* In these alloys, shape-memory properties show in a wide range of
compositions, allowing then a certain flexibility in the composition to
optimize workability, mechanical strength, and ductility at room
temperature where strain recovery gets values up to 6%. Because of
the high cost it did not take off



Gold Based Shape Memory Alloys

* Gold alloys are considered for applications where their
typical color and their characteristic corrosion and tarnish
resistance are important. The excellent electrical
conductivity of gold makes them particularly suitable for use
as electrical connectors,

* Their most natural use is in the jewelry industry, for instance,
for manufacturing mounts.

e Other uses can be found in dentistry. Because of the strong
thermoelectrical coupling, gold-palladium (Au-Pd) alloys find
applications in thermal measurements.




Application of Gold Based Shape Memory Alloys

1.

The excellent electrical conductivity of gold makes
them particularly suitable for use as electrical
connectors,

Their most natural use is in the jewelry industry, for
instance, for manufacturing mounts.

Other uses can be found in dentistry. Because of
the strong thermoelectrical coupling, gold-
palladium (Au-Pd) alloys find applications in
thermal measurements



MAGNETIC SHAPE MEMORY ALLOYS(MSMA)

* The magnetic shape memory alloys (MSMASs) or
ferromagnetic shape memory alloys are smart materials that
exhibit large strain under application of an external magnetic
field. Typical MSMA materials are:

* FePd, CoNiGa, LaSrCuO,, FePt, CuAlNi, and the most studied
NiMnGa

* The phenomenon of magnetostriction, where an external
magnetic field can change the dimensions of the sample,
was observed already in 1842 by Joule.



What is the deference between
Magnetostrictive materials and MSMAs

* In normal ferromagnets, such as Fe or Ni, the strains associated with the
magnetostriction are of the order of 1-4%, whereas materials with exceptionally
large magnetostriction, for example Th-Dy-Fe alloys (Terfenol-D), show strains of
the order 0f0.1%.

* In contrast, MSMAs differ from other Magnetostrictive materials, such as
Terfenol-D and Galfenol, as they produce much larger strains up to 10%, under
relatively low bias magnetic fields

* The mechanism is based on the magnetic anisotropy of the material. In fact, the
MSMA effect differs from ordinary magnetostriction not only for the strains of
two orders of magnitude larger, but also for a different mechanism.

* Although ordinary magnetostriction is observed in structurally homogeneous
samples, the MSMA effect requires a special microstructure that is provided by a
martensitic transformation



* In general, each region has twins with
different orientation because of the
magnetization during the material
manufacturing. By applying an external
magnetic field, two phenomenas can
occur:

* 1. The magnetic moments can rotate
without macroscopic phenomenology.

Figure 2,13 Magnetic Moments without the External Field,
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the basic requirements for the appearance of
the MSMA effect are:

1.The material should be (ferro)magnetic and exhibit a
martensitic transformation.

2. The magnetic anisotropy energy must be higher than
the energy required to move a twin boundary



MAGNETIC SHAPE MEMORY ALLOYS

Table 2.3 MSMA Properties

Maximum Linear Deftormation 100,000 e
Available work (o - &) 300 MPa - 1000 ne
Y oung modulus 7.7 GPa
Average resistivity 80 n€2 cm
Curne temperature From 320 to 380 K
Martensitic transition temperature From 160 to 620 K
Change of martensitic transition temperature | 50 K

as composition change of 1%

MSMA, magnetic shape memory alloys.



Cu —Based Shape Memory Alloys

* The centered cubic intermetallic phase B of binary alloys Cu-
Zn and Cu-Al exhibits a martensitic transformation, but the
transformation temperatures that can be obtained by varying
the composition are extremely low (practically lower than
50°C for Cu-Zn) or too high (over 100°C for Cu-Al).

 The addition of a third element (Al for Cu-Zn, Ni or Be for
Cu-Al) enables us to obtain martensitic transformations,

* The temperatures for which can be adjusted by the
composition, over a wide range.



Cu —Based Shape Memory Alloys

« As can be seen in Phase diagrams, the 3 phase Is only stable above
temperatures of around 500°C. Given that for these alloys, the shape-
memory effect can only take place below 200°C, it Is necessary to
perform quenching from the domain of stability of the [3 phase.
Quenching will enable us to obtain an alloy with a 3 phase that is
metastable at the transformation temperature.

* In the case of copper-based shape-memory alloys (and the same Is true
for NiTi-based alloys), it is enough that the quenching process be
sufficiently quick to prevent diffusion reactions. In certain cases, even
ahr qu;:nchmg may suffice (e.g. in the case of Cu-Zn-Al (8% Welght)
alloys).




Cu —Based Shape Memory Alloys

There are Three Major Copper Based Shape Memory
Alloys

1. Cu-Zn-Al Shape Memory Alloy
2. Cu-Al-Ni- Shape Memory Alloy
3. Cu-Al-Be Shape Memory Alloy




Copper-Zinc-Aluminum SMA

* Cu-Zn-Al is a ternary compound commercially relevant and widely
studied in bibliography. Zinc was selected because of its low cost and
wide availability on the market. This alloy presents transformation
temperatures in the range between - 100 and 100 C, a function of
both the composition and the thermomechanical treatments.

* Historically, Cu-Zn-Al was the first copper-based SMA to be
commercially exploited.

* Typical compositions are 15-30% Zn, 3-7% Al, and Cu to add to 100%.



Copper-Zinc-Aluminum SMA

* Cu-Zn-Al alloys exhibit excellent properties of shape memory and pseudo-
elasticity. It is possible to adjust the transformation temperatures within a
very extensive range, between 0°C and over 150°C. It is relatively easy to
shape these alloys.

* Yet the main problem with them means that they are not widely used for
industrial applications and that they are not stable above or around 130°C.

* Beyond this temperature, the B phase, which is not at thermodynamic
equilibrium, has a tendency to decompose, which leads firstly to a
decrease in the transformation temperatures and then very quickly to the
disappearance of the shape-memory effect properties.

* Hence, these alloys can only be used for applications where the
temperature will never go above a hundred degrees centigrade.



Copper-Zinc-Aluminum SMA

* The major advantage of the Cu-Zn-Al alloys Is the cost, being made of
relatively iInexpensive metals and produced through conventional
processes such induction melting (requiring small quantities of
additives like zirconium or titanium, to reduce grain size) or powder
metallurgy.

* Their memory properties are significant, with a maximum recover-
able strain of about 5%. Cold workability is feasible and results a
strong function of the Al percentage. Additive quantities must be kept
low, because they can affect the internal stability of the chemical
structure and then, the shape memory characteristics. Cu=Zn-Al alloys
may exhibit two-way shape recovery mechanism, depending on the
training process.



Copper-Aluminum-Nickel SMA

* Nickel is adopted as a valid alternative to zinc, and cheap as well. Cu-Al-Ni
has undergone extensive development and is usually preferred among the
copper alloys. A typical composition is made of 13% Al, 4% Ni, and Cu to
balance.

* Transformation temperatures are in the range between 80 and 200 °C. As
with the former compound, it is cheap and may be processed by standard
methods.

 The mechanical characteristics may be improved by using the same
additives already mentioned for Cu-Zn-Al.

* Furthermore, small per- centages of Mn (replacing equal quantities of Al)
reduce the transformation temperatures. Again, extra elements can affect
the stability of the alloy and therefore their use must be limited.



Copper-Aluminum-Nickel SMA

* As we saw above, the B phase of the Cu-Al A i+ 4% Ni \
diagram also exhibits thermoelastic martensitic |
transformation. Figure .shows the equilibrium L
diagram for Cu AI% olid 500 : s

* The addition of nickel causes a shift in the
domain of stability of the B phase in relation to
the transformation temperature curve without
noticeably changing the rest of the diagram.

* the corresponding alloy (with around 14% Al) is | \

very brittle. 400 atonfor) Mo, |
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Cu-Al-Be Shape Memory Alloys

 Another alloy, obtained by replacing Ni with Be, has achieved some
commercial acceptance. It is more expensive, but small percentages of
Be (0.5%) allows extending

* the transformation temperature range to an interval between- 200 and
100 C. Besides, it shows excellent super-elastic and damping
properties.



Cu-Al-Be Shape Memory Alloys

 The addition of beryllium in a small proportion modifies the
equilibrium diagram for Cu-Al: the temperature of the eutectoid
plateau Is reduced, and above all the curve of the transformation
temperatures is brought down.

« The martensite formed is 9R. Unlike the effect of nickel, beryllium in
a low concentration does not affect the composition or the temperature
of the TTT (time-temperature-transformation) diagram. Figure 2.6
shows part of the phase diagram for Cu-Al-Be (vertical cross-section
at 0.47%wt beryllium.



Cu-Al-Be Shape Memory Alloys

* this Figure shows the influence
of the beryllium and aluminum
content on the M, temperature
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Cu-Al-Be Shape Memory Alloys

* For industrial use, Cu-Al-Be presents the cumulated advantages of Cu-Zn-Al
and Cu-Al-Ni: the possibility to adjust the transformation temperatures
between a very low temperature and 200°C by altering the concentrations
of the elements in the alloys, and excellent heat resistance, up to 200°C.

* However,

1. similarly as for Cu-Al-Ni, the samples can only be shaped at high
temperatures, around 600°C.

2. Another disadvantage of this alloy is the presence of beryllium, as
beryllium oxides are very dangerous in terms of health. Even so, the
beryllium is present only in very small amounts and in an alloy-bound
form. The only precaution that needs to be taken with

* this alloy is not to overheat the samples, mainly during the manufacturing
process.



Cu —Based Shape Memory Alloys

Properties Unats MNi1-Th Cu-n-AlCu-Al-N1 [Cu-Al-Be
Melting point “C 1260-1310 ] 950-1020 | 1000=1050 [ 970=990
Density kg/m? 6400-6500 | TRO0-8000 | 7100=7200 7300
Electrical resistance (aust—-mart) Om = 104 0.5-1.1 074012 0.1-0.14 0. 7-0.09
Thermal conductivity at room temp. [ W/ (m.K) 10=18 1200 75
Expansion coefficient (aust-mart) 10-6K -1 6.6-10 17 17
Specific heat Jikeg k) 490 390 440
Transformation enthalpy Ikg 28000 FOO0 S000 7200
Young’'s modulus GiPa 95 TO-100 B0-100 Q0
Tensile resistance MPa H00=1000 S00=500 1000 S0 = 1000
Fracture elongation (in martensite) Y 30-50 15 B-10 15
Yield fatigue resistance MPa 350 270 330
Grain size L1 20-100 50-300 30=-300 100-500
Transformation domain “C 100 to 100100 to 100=100 to 170200 to 150
Hysteresis (As-NMI1) “C 20-40 10-20 20-25 20-25
Spread (Af-As) = 30 10-20 20-30 15-20
Maximum strain:
- one way shape memory effect 2] 3-5 3-6 3-5
- two way shape memory effect ] 2 3 2
Cycle (N) = 102 e 5 1 1.2
Cyele (N) = 103 2 0.8 0.8
Cycle (N) = 107 2.5 0.5 0.5
Maximum temperature use (1 hour) = 400 160 300 4000
Superelastic maximum strain:
- polycrystal o & 2 2 3
- monocrystal 10 10 10 10
Damping SDC-%% 15 30 10
Corrosion resistance Excellent | Average Good Mverage
Biocompatibility Good Bad Bad Bad




IRON-BASED SHAPE MEMORY ALLOYS

* Ferrous-based compounds have been developed as an alternative to
Ni-Ti alloys and to Cu-based compositions due to their low cost and
good properties. Fe-SMA were discovered and developed in Japan

* In the basic Fe-Mn-Si version. The alloying elements Cr, Ni, and Co
were subsequently added to improve shape recovery properties. Fe-
Mn-Si-Cr-Ni-Co alloys show several other attractive features, making
them suitable for various technological applications.

* More recently, addition of small amounts of VVa or Nb have been also
investigated.104 Again, grain size has a specific importance in the
overall properties of the alloys.



IRON-BASED ALLOYS

* Fe-SMA are produced by combinations of hot rolling, cold
rolling, forging, drawing, and others. With respect to Ni-Ti
alloys, the shape memory effect in these materials is far
smaller, 4% at most, and generally occurs at higher
temperatures.

* Since Fe-based SMA are mostly used as joints, recovery
stress IS more important than recovery strain. In fact, in this
case the most important property Is the maximum force
exerted by the SMA element, after warming and constraining
It to the reference structural components



NI-T1 Shape Memory Alloys

1. Ni-Ti Shape Memory Alloy

2. Ni-Ti-X Shape Memory Alloy (X = Pd, Pt, Hf
or Zr)

3. Porous Ni-Ti Shape Memory Alloy
4. Ni-Ti-Cu Shape Memory Alloy



Ni-Ti SMAs
 The maximum Ms transformation

temperature that can be obtained with this
alloy is around 70°C.
* Figure shows that a slight increase in the N
content of the alloy causes a decrease in th
temperature.

« Below 50% nickel, the Ms temperature Is

Independent of the composition and remair
at Its maximum value.

This is very easy to understand in view of
the e
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Figure 2.9. Equilibrium diagram of Ti-Ni



Ni-Ti SMAs

* If the martensitic transformation occurs first, we do not observe
the R phase. It Is very uncommon, when the substance Is heated,
to observe the reverse transformation M => R => [3. The factors
which favor the existence of the R phase are:

1. the substitution of a few percent of nickel by iron or
aluminum;

2. the formation of precipitates Ti;Ni, by aging of Ti-Ni with
a high nickel content;

3. reheating after cold deformation.



POROUS NI-Ti

* Over the last decades, porous Ni-Ti has attracted great interest because
It Is characterized by SE and good mechanical properties, good
corrosion resistance, and biocompatibility.

 Porous Ni-Tis have been introduced after a few years by the discovery
of unusual shaped memory properties of dense Ni-Ti alloys

 Porous NITi combine the main shape memory characteristics of SMA
with benefits common to other porous or foamed metals, such as low
density, high surface area, and high permeability



POROUS NI-Ti

 The properties and the phase transition temperatures of porous NiTi alloy
depend on the foam microstructure and on the different NiTi phases that can
form during the manufacturing.

* Further, anisotropy, nonuniform pore distribution and irregular pore shape
can determine poor mechanical properties of porous NiTi SMAS

 biomedical applications are the main target for porous NiTi that represents
one of the most promising materials for orthopedic implants.

* |n fact, it allows ingrowth of osteoblasts and tissues, promoting long-term
fixation of bone implants, and is characterized by lower Young’s modulus
and pseudoelastic behavior similar to hard tissues like bone and tendons



POROUS NI-Ti

* However, before clinical application, some issues need to be resolved,

 for example, release of nickel Into surrounding tissue because of
corrosion of NiTi In the biological environment and wear debris
released from implants at the interface with bio- logical tissues.

* NI release may Induce adverse symptoms, as allergic response,
cytotoxicity, and genotoxicity leading to serious health problems.

* To reduce NI release, many surface treatments have been developed
able to create uniform and thick TiO, films on NITi surfaces.




Ni-Ti-X SMA (X = Pd, Pt, Hf or Zr)

* Numerous elements have been tested to increase the
transformation temperatures of Ti-Ni .

» Unfortunately, nearly all the elements tested actually decrease
the transformation temperatures.

* The only elements which increase these temperatures are
gold, hafnium, platinum and palladium, but even then, only
with high concentrations of them (except in the case of gold).

* The price of these elements Is prohibitive for their extensive
use.



Ni-Ti-Cu Shape Memory Alloy

* At present, the most commonly used element in an allo
with Ti-N1 Is copper, substituting for some of the nickel.

* The effect of copper Is to decrease the hysteresis and the
spread of the martensitic transformation without having too
reat an effect on the values of the transformation
emperatures.

* [n addition, copper Inhibits the formation of the R phase

* [t Is this alloy which I1s most often used In ap?Iications,
except In s_ur_ci_ery and medicine for reasons of problems of
biocompatibility



NiTi Based SMAs M; M, As Ag Reference
Tis0Niso 15 55 80 89 [49]
Ti40.5Niso.5 —78 —19 9 53 [56]
T149Nisq —153 —-114 —89 —40 4]
Ti40Nis1 Cuio 8 30 35 50 [56]
Ti50NigpCuyg 21 41 53 67 [56]
Ti44Nig7Nbg —175 —90 —85 —35 [45]
Ti42.2Nige g Hiz 50 69 111 142 [57]
T1i40.7Nige sHfo 5 61 90 118 159 [57]
T1i40.2Nige gsHf1o 103 128 182 198 [57]
Tias.2Nige sHf1s 95 136 140 210 [57]
T1i30.2Nise s Hf2o 127 174 200 276 [57]
TiggNig7Zrs 20 65 75 138 [58]
TiggNig7Zryg 45 100 113 165 [58]
TiagNig7Zris 100 175 175 230 [58]
TiasNig7Zrao 205 275 265 330 [58]
Tis0Pds0 550 563 580 591 [49]
T1i50Ni2oPdao 208 241 230 241 [49]
Ti50Ni10Pd4o 387 403 419 427 [49]
Tis0NisPdas 467 486 503 509 [49]
Ti50Nigs Pty 10 29 36 49 [49]
TizoNigoPtio —8 18 —27 36 [49]
Ti50NizoPtoo 241 300 263 300 [49]
Tis0Ni2oPtao 537 619 626 702 [49]




Applications of Shape Memory Alloys

Alloy Main Applications
Au-based Dental

Jewelry
Ni—T1 Pipe couplings

Electrical connectors

Actuators

Orthodontics

Stents

Surgery implants

Cu-based Seismic attenuation

[solators and dampers in civil constructions
R einforcing elements

Connectors and couplings

Satety valves and other safety devices
Fe-based Tube couplings

Rail couplings

Seismic attenuation




Main SMAs

Table 2.1 Main SMAs
Transition
Alloy Composition Temperatures, °C Hysteresis, °C
Ag-Cd 44/49 wt% Cd [—190,—50] 15
Au-Cd 46,5/50 wt% Cd [30,100] 15
Cu-Al-Ni 14/14,5 wtY al, 3/4,5 wt% N1 | [—140,100] 35
Cu-Sn 15 wt% Sn |—120,30] 10
Cu-Zn 38,5/41,5 wt% Zn |—180,—10] 10
Cu-Zn-x few wt% of X |— 180, 200] 10
(X =51, Sn, al)

In-t1 18/23 wt% Ti 160,100] -
Ni-Al 36/38 wt% al |—180,100] 10
Ni1T1 49/57 wt% Ni |—50,110] 30
Fe-Pt Approx. 25 wto Pt Around —130 40

SMA, shape memory alloys.



Comparison between NiTi, CuZnAl, and

CUuAINI Alloys

Table 2.2 Comparison between NiTi, CuZnAl, and CuAINi Alloys

Property NiTi CuZnAl CuAINi
Maximum temperature shape recovery | 100 °C 120 °C 200 °C
Maximum recoverable strain 8% 6% 5%
Hysteresis 12-50°C | 10-25°C | 15-20°C
Austenite yield stress (MPa) 415 350 400
Martensite yield stress (MPa) 70 S0 130
Break stress (MPa) 700 600 500-800
Density (gx"tmﬁ) 6.05 7.6—8.0 7.02
Resisavity (€2 cm) 8090 8.5-9.7 11-13
Themmal capacity (J/(Kg K)) 837 400 373-574




Type

Workability of SMA Alloys

Forming Cold Working Machinability Transtormation (C)
Au-based | Good Poor to very poor Fair to good —50 to 100
Ni—11 Poor to very poor | Fair to poor Poor —100 to 100
Cu-based | Very good to good | Poor Good —200 to 200

Fe-based

Very good to good

Good to poor

Fair to good

—200 to 150
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