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Chapter

Cu-Based Shape Memory Alloys:
Modified Structures and Their
Related Properties

Safaa Najah Saud Al-Humairi

Abstract

Cu-Al-Ni shape memory alloys (SMAs) have been developed for high-
temperature applications due to their ability to return to pre-deformed shape
after heating above the transformation temperature, as well as these alloys have a
small hysteresis and high transformation temperature comparing with other shape
memory alloys. Adding some of the alloying elements such as Ti, Mn, Be, Zr and B
or changing the interior content either Al or Ni by increasing/decreasing may have
a significant effect on the phase transitions and enhance the mechanical properties
of these alloys. However, the martensite phase transformation is the most important
factor, which can be changing the whole properties of Cu-Al-Ni SMAs, where this
phase is mainly affected by the alloying elements additions. This chapter reviews
the effect of alloying elements on the phase transitions and the enhancement of the
mechanical properties of this alloy.

Keywords: shape memory alloys, martensitic transformation, Cu-Al-Ni, grain
refinement, alloying elements

1. Introduction

Shape memory alloys (SMAs) are insightful types of materials that is designed to
undertake the phase transformation of martensitic phase once the thermomechani-
cal loads are employed, and also in a position to restore their initial form as soon as
heated up above particular temperatures [1-3]. A couple of symmetries take place
for the structural morphologies within this kind of the materials; high symmetry at
high-temperature is known as austenite and also a low symmetry at lower tempera-
tures known as martensite. The martensitic transformation that starts for the trans-
formation of austenite (high temperature phase) = martensite (low temperature
phase), is the principal characteristic in charge of shape memory alloys features.
Furthermore, this transformation is prominent as diffusionless solid-state step of
transformation which is presented by means of nucleation, accompanied by the
formation route of the relative austenitic phase [4, 5]. Due to the pseudo-elasticity
and shape memory effect (SME) properties, the shape memory alloys have been
remarkably distinguished compared to other types of materials [6-8], in which
they are completely related the incidence of martensitic phase transformation. The
variant crystal structure disparities take place during the phase transformation of
a cubic structure (austenite) transferred to a monoclinic structure (martensite).
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These sorts of martensite forms have the ability to be organized independently in

a self-accommodation approach by the mechanism of twinning throughout the
inadequacy of the practiced stresses, with the consequence that virtually no shape
transform can certainly be realized. The results of martensitic phase deformation
are able to be detwinned into a single variant corresponded to the applied loads, and
consequently a large inelastic strain happened [9, 10]. Heating the deformed alloys
to a certain temperature above the austenite temperature will turn the inelastic
strain to be recovered through transferring the existed martensite to austenite, this
kind of feature is known as shape memory effect (SME) [9]. On the other hands,
the pseudo-elasticity (PE) is caused by transferring the twinned martensitic phase
into detwinned phase and obtained the shape recovery under the austenite starts
temperature; in other words, the deformation of loading and unloading will be
occurred in the austenite phase. This kind of structure transfer will be resulted

in a large inelastic strain and a consequence of the phase reverse transformation,
the initial shape will be restored upon the unloading process. Therefore, these
types of materials such as Ti-based, Cu-based, and Fe-based SMAs are capable to
demonstrated SME and PE [11-13]. Generally, there are two groups of martensitic
transformation, thermoelastic and non-thermoelastic [14]. The thermoelastic mar-
tensitic transformations happen during the mobile interfaces between the martens-
ite phase and parent phase. These types of interfaces are able to move during the
reverse martensitic transformation as an alternative to the nucleation of the parent
phase, which leads to a crystallographically reversible transformation [1]. On the
other hand, the non-thermoelastic martensitic transformations are mainly found
in ferrous alloys, which are related to the non-mobile interfaces of the martensitic
parent phase pinned by permanent defects leading to a successful nucleation and
growth. As a result of the austenite re-nucleation during the reversible martensitic
transformation, these kinds of transformations are crystallographically non-
reversible, in which the martensite phase is not able to return to original phase [15].

2. Shape memory characteristics
2.1 Shape memory effect property

Shape memory effect (SME) is a property of SMAs which enable thermoelastic
martensitic transformation. Shape memory effect will occur with the deformation
of the SMA in the martensitic phase during the loading and unloading at tempera-
tures below M. After heating these deformed alloys to a temperature above Ay, the
austenite phase forms, and thus, the original shape is recovered. Figure 1 shows a
typical loading path1 — 2 — 3 — 4 — 1, wherein the property of SME is observed
[16]. The parent phase transforms into the twined martensite (1 — 2) when it
undergoes the cooling process. The stress induced detwinning and inelastic strains
can occur when the materials are loaded (2 — 3). The martensite phase is in the
same state of the detwinned structure without obtaining any recovered inelastic
strains even after the unloaded process (3 — 4). In the final step, the materials are
returned to the original shape by recovering the inelastic strains after being heated
above Af (4 = 1).

A self-accommodating growth of the martensitic variants (1 — 2) is being
produced within the stress-free cooling of austenite phase without observing any
macroscopic transformation [17-19]. The essential morphology that character-
ize the crystallographic of these alloys is the self-accommodating structure. For
instance, of the Cu-based shape memory alloys, there are 24 variants of martensite
that consist of six self-accommodated groups distributed around <011> poles of
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Figure 1.
Schematic diagram of stress-strain-temperature for the involved crystallographic changes during the phenomena
of SME [16].

austenite which exhibit an ordinary diamond morphology. During the growth
process of these groups, the macroscopic transformation strain cannot be observed,
except that some of the boundaries between the martensite variants and twinning
interfaces display very high movements. However, the boundary interfaces together
with the detwinning structure is performed at a stress level much lower than the
martensite plastic yield limit, where these phenomena is known as a reorientation
of variants, which dominates at temperatures lower than M. In the second stage

(2 — 3), the loading forces are going to reorient the variants of the martensite
phase, which result in producing a large value of inelastic strain, and this strain is
not recovered upon unloading (3 — 4). During the last step (4 — 1), heating the
deformed alloys to a certain temperature above A¢ induces reverse transformation
and the inelastic strain is recovered [9, 16, 20]. The martensitic phase transforma-
tion will be unstable after the austenite finish temperature (Af) approached without
requirement for any kind of external stress. It resulted in a complete recovery will
be achieved, in consequence the martensite variant reorientations do occurred,
there will be an additional strain with the same value of the inelastic strain but in
opposite direction, and thus, the initial shape will be recovered. Saud et al. [21]

was carried out the shape memory effect test using a special designed machine,

as presented in Figure 2; whereas the test was performed at a temperature below
martensite finish temperature (i.e., 100°C), the shape recovery was obtained par-
tially, and then it was followed by a subsequent heating above the austenite finish
temperature (Afis 300°C) using an external muffle furnace, where a full recovery
was achieved.

2.2 Pseudoelasticity property

The property of pseudoelasticity in the shape memory alloys is mainly related to
the induced strain recovery upon unloading at temperatures above A¢. Within the
general conditions, the thermomechanical loading directions of pseudoelastic are
usually started in the austenitic area at zero stress, and then move toward the region
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Figure 2.
Shape memory effect test [21].

of detwinned martensite, followed by the unloading toward the starting point.
Figure 3 shows the loading and unloading direction that started from pointa, and
moved tob — ¢ — d — e, then returned back to point a. Other examples are the
isothermal and isobaric loading paths shown schematically in Figure 3.
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Figure 3.
The two loading paths discussed for pseudoelasticity in single crystal SMA [16].
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3. Cu-based SMAs

There are two main types of Cu-based SMAs; binary alloys of Cu-Al and Cu-Zn, in
which both systems performed their shape memory features in the domain of p-phase,
moreover, the third element addition to the binary and/or ternary is aimed to modify
and control the transformation temperatures in comprehensive range in meet the
application requirements, i.e., T ~ 100-370°C. From this point of view, it was proven
that the transformation temperatures are highly sensitive to the composition of alloys.
Accuracy of 107% to 10™* at.% is typically essential to obtain reproducibility more desir-
able than 5°C. Copper-based alloys commonly display considerably less hysteresis as
compared to NiTi. Cu-Zn-Al alloy is not difficult to produce and is quite inexpensive.
It decomposes into the equilibrium phases whenever overheated, therefore leading
to a stabilization of the martensite. The properties of Cu-Al-Niand Cu-Zn-Al SMAs
are listed in Table 1. The availability of additives, including Co, Zr, B or Ti, is vital to
provide grains from 50 to 100 nm in size. Add-on of boron is also used to enhance the
ductility of the material. Cu-Al-Ni is substantially less vulnerable to stabilize as well as
aging phenomena. This alloy performs with less hysteresis than NiTi and turns brittle
as Ni increases much beyond 4 at.% [22]. It is also prevalent for Ni to be retained at
a constant 4 at.% and this alloy is composed of Cu96-xAlxNi4 [23, 24]. In general,
increasing the Al amount can lead to increase the stability of martensite. The purpose
of the Al addition is to reduce the transformation temperatures. This variety is nearly
entirely linear, ranging from Mg = 203 K and A¢ = 250 K for a 14.4 at.% Al to M¢ = 308 K
and A¢ = 348 K for a13.6 at.% Al [22]. However, as the temperatures tend to be oper-
ated over a wide range; the sensible higher limit for transformation is 473 K. Above
this temperature there is certainly an immediate degradation in the transformation as
aresult of aging effects. The typical Cu-based SMAs are able to exhibit a pseudoelastic
strain of about of 4-6%. With the martensite to martensite transformation, very high
pseudoelastic strain levels are displayed. A single crystal of the Cu81.8A114Ni4.2 SMA
can exhibit approximately 18% of the pseudoelastic strain associated with 100% of
the shape recovery [25]. Cu-Zn alloy with the addition of the third element of Sn with
a weight percentage of 34.7% has exhibited very low transformation temperatures,
around Mg of 208 K and an A¢ of 235 K [26]. As well this addition has exhibited a
transformation strain (&) with applied strain of 2.5% along with a pseudoelastic strain
of around 8% by obtaining a full strain recovery [26]. In recent years, a minor amount
(about 0.6 wt.%) of beryllium was added as a third element to the binary alloy of
Cu-Al, and it was found that this addition led to reduce the transformation tempera-
tures from 200 to 150°C with very good thermal stability.

Cu-based SMAs consist of different types of alloys, but the most frequently used
alloys are Cu-Zn-Al and Cu-Al-Ni due to their inexpensive production cost and
high resistance to the degradation of functional properties that occurred during
the aging processes. There are many features that characterized the Cu-Al-Ni SMA
rather than other shape memory alloys, such as considerably cheaper than Ni-Ti
alloys and high transformation temperatures.

3.1 Phase diagram of Cu-Al-Ni SMAs

Figure 4 displayed the cross section of the ternary alloys of Cu-Al-at 3 wt.% of
nickel. The alloy may possibly demonstrate shape memory characteristics as long as
the martensitic transformation materialized. With the intention to ascertain under-
cooling, in which it vital to enforce the martensitic transformation, with a long of
fully consideration that the heat treatment can never be prevented. It comes with
annealing in the temperature variety of stable § phase to ensuing water quenching
and resulted in the formation of § phase.
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Group  No. Alloy Transformation Hysteresis Tensile Strain  Remarks/features
composition temperature (°C) strain  recovery

(°C) (%) (%)

Cu-based 1. Cu-Al-Ni 100-400 21.5 3-5 60-90 < Low cost
shape
memory

Reasonable shape

memory
alloys

* Good pseudoelastic
behavior

Brittle in tension

e Stable phase precipita-
tion near 200°C

* Reordering causes
shift in transformation
temperature in quenched
specimen

2. Cu-Zn-Al 120 15-25 4 70-85  High thermal
conductivity

Reasonable recoverable
shape memory strain

* Inexpensive

Brittle alloys

3.  Cu-AlBe 150-200 20-25 3-5 80-90

Reasonable recoverable
shape memory strain

* High transformation
temperatures

* High corrosion resistance

4.  Cu-Al-Ni-Mn 230-280 15-20 34 90-100 e« High shape memory
behavior

¢ Reasonable materials cost

e High transformation
temperatures

¢ Good corrosion
resistance

5. Cu-Al-Ni-Ti  120-260 12-20 2.5-4 90-100 e High shape memory
behavior

Reasonable materials cost

e High transformation
temperatures

* High corrosion resistance

6.  Cu-Al-Ni-Fe 210-250 12-15 9 40 * Low shape memory
behavior

* High ductile material
¢ Reasonable materials cost

* High transformation
temperatures

* High corrosion resistance

Table 1.
Properties of copper-based shape memory alloys [27].
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Figure 4.
Cross-section diagram of the ternary alloy of Cu-Al-3 wt.% Ni [28].

The shape memory characteristics of Cu-Al-Ni SMA are mainly dependent on
the properties of the body centered cubic p phase for the binary alloys of Cu-Al
[29]. During the cooling of § phase from 565°C, this phase undergoes the eutectoid
decomposition of f — a + y,, However, the high cooling rates are able to prevent this
phase from eutectoid decomposition and enable the martensitic transformation.
When the Cu-Al-Ni SMA possess an Al content of more than 11 wt.%, the structure
of body center cubic transforms to a DO3-type superlattice by transferring the
to order f; phase prior to martensitic transformation. In this case, the martensite
“inherits” the ordered structure. At Al content between 11 and 13 wt.%, [’; mar-
tensite, having a monoclinic 18R, structure prevails. At Al content over 13 wt.%,
orthorhombic 2H-type y’; martensite prevails. Which of them will appear depends
on the temperature and the stress condition. In addition to these two, other types of
martensite can also form (see in Figure 5).

The characteristic temperatures of Cu-Al-Ni alloys can lie between —200 and
200°C dependent on content of Al and Ni; the content of Al has great influence,
giving them the permittivity to be used for high temperature applications. The
transformation temperatures of Ni-Ti alloys can be adjusted in the range between
—200 and 120°C [31]. The A¢ temperature of Fe-based SMAs can increase to
approximately 300°C; but at the same time, the M, remains at room temperature
or even below. The M, temperature can be estimated using the following empirical
equation [32]:

M.(°C) 22020 - 134 x (wr%Al) - 45 x (wt%Ni) 1)

The addition of Al wt.% to the Cu-based shape memory alloys can lead to
reduce the transformation temperature, for instance, the addition of 14 w.% Al, the
martensitic transformation start will lie around the room temperature. In spite of
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Schematic phase diagram of Cu-Al-Ni alloy in temperatuve-stress coordinates [1, 30].

this, the Al addition may lead to from new phase known as phase y, (i.e., it refers to
the cubic intermetallic compound of CuyAls), in which it results in increasing the
brittleness of the alloy. However, the nickel addition will play an important role of
controlling the diffusion rate of Cu into Al, thereby, the may lead to retain single
phase of p or f till the martensitic phase transformation starts been reached during
the cooling process. From another point of view, increasing the percentages of Ni
in the ternary alloy of Cu-Al-Ni SMAs will be a result of the high brittleness associ-
ated with shifting the eutectoid point to higher values. Therefore, optimizing the
chemical composition of the Al and Ni in the range of 14 and 3.5-4 wt.%, respec-
tively [1]. On the other hand, these alloys still have drawbacks such as low reversible
transformation that included the 4% of one-way shape memory effect and 1.5%

of two-way shape memory effect. These disadvantages are mainly attributed to

the intergranular cracks that occurred at a low stress level. The reasons behind the
low stress failure are the large grain size, high elastic anisotropy, intense reliance of
transformation strain on crystal orientations as well as segregation on grain bound-
aries. The first three reasons apply when there is high concentration of shear stress
at the grain boundaries. The fourth reason is mainly due to weakening of grain
boundaries [33].

3.2 Phase transformation morphology

The martensitic transformation can be induced both thermally and/or through
applying an external stress. In other words, applying stress and decreasing the
temperature both drive the austenite — martensite transformation. In fact, there
is a linear relationship between the two forces that is derived from the thermody-
namics relationships of the phase transformation, called the Clausius-Clapeyron
relationship. Thermal treatments significantly influence the characteristics of the
martensitic transformation [34], such as martensite, transformation temperatures
and hysteresis, which are very sensitive to the order degree of the f§ phase and the
precipitation process [35, 36]. The copper-based shape memory alloys exhibit a
martensitic transformation from the f-phase to a close-packed structure on cool-
ing. Additionally, the high temperatures of the B-phase for the Cu-Al-Ni alloys
have a disordered bcc structure similar to the Cu-Zn-Al alloys [37]. In the Cu-Al-Ni
alloys, two types of thermally induced martensites (p’; and y’;) form, depending
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on the alloy’s composition and heat treatment [38-41]. The stability of the f-phase
decreases with decreasing temperature. For example, at a lower temperature, the
B-phase can remain metastable under proper cooling (air cooling) [42-44]. The sta-
bility limit of the overcooled p-phase must then be established to avoid the expan-
sion of the ordination state of the p-phase and/or the precipitation of the stable
phases. However, the improved mechanical properties of Cu-Al-Ni SMA are highly
related to the production of alloys with a fine grain size [45]. During the heating-
cooling processes, the structure of these alloys’ changes within the martensitic
region. Moreover, usable forces arise during the martensite < austenite transforma-
tion upon thermal cycling due to the shape recovery properties, which allows these
alloys to be used as a component in some devices [46, 47]. The martensitic transfor-
mation requires higher energy than the reverse transformation [48].

4. Effects of alloying elements on the:
4.1 Martensitic transformation temperature of Cu-Al-Ni SMA

In copper-based shape memory alloys, the most significant factor that controls
the martensite transformation is the alloy chemical composition. In commercial
applications, the effect of alloying elements on the martensite transformation
temperature is highly beneficial during the design of an alloy with the required
characteristics [49]. Grain refiners are added to Cu-Al-Ni shape memory alloys
for many reasons. These effects are both direct and indirect, such as [50] (i) the
transformation temperatures are modified due to the formation of intermetallics;
(ii) the remaining solid solution may increase the strength of p phase, thus leading
to reduce the M, and other temperatures; (iii) producing a chemical contribu-
tion; and (v) grain growth which occurs during annealing has an influence on the
transformation temperatures.

For decreasing brittleness, one of the most important defects of Cu-Al-Ni SMAs,
Itsumi et al. [51] replaced 2% of the aluminum content with Mn, which suppressed
the eutectoid reaction ; — o + y,; Mn does not decrease the transformation temper-
ature. At the same time, they used 1% of the Ti, which resulted in grain refinement
and thus intergranular cracking can be eliminated. Karagoz and Canbay [52] stud-
ied the variations of Al and Ni percentages on the phase transformation tempera-
tures, and have found that the forward and reverse transformation temperatures
are strongly influenced by the variation of Al wt.%, therefore, higher percentage
of Al exhibited lowest transformation temperatures. The variation of Ni wt.% was
found to be mainly responsible for suppressing the diffusivity of Cuand Al. Chang
[53] found that the M, temperature of Cu-xAl-4Ni SMAs decreased significantly
from 180.9 to —54.7°C when the content of Al was increased fromx = 13.0 to 14.5
as shown in Figure 6 (a—c). This is consistent with the study by Recarte et al. [49],
in which the M, temperature of Cu-Al-Ni SMA depended strongly on its chemical
composition, particularly with the content of Al. Cu-xAl-4Ni SMAs with a higher
content of Al exhibiting a lower M, temperature could be ascribed to the fact that
the driving force necessary for nucleation of the y’; (2H) martensite is higher than
that of the p’; (18R) [49, 54, 55].

Sampath [50] found that addition of alloying elements and grain refiners are
the main factors that can increase solid solution strengthening, as some of these
elements are capable of dissolving into the solution leading to the formation of a
second phase. Therefore, with the addition of a minor amount of Ti, Zr, and B to
the Cu-Al-Ni SMA, the transformation temperatures are led to increase, as shown
in Figure 7(a—d). On the other hand, when the weight percentage of Al and Ni are
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Evolution of (a) DSC heating-cooling curves, (b) the M; transformation temperature, and (c) the
transformation enthalpy of the as a function of Al content [53].

decreased, the transformation temperatures increased. Thus, at less than 12 wt.% of
Al, the transformation temperatures are increasing, which is in complete agreement
with other researchers [23]. From the same point of view, Miyazaki et al. [56] found
that with increase in the amount of Al and Ni in the entire composition of Cu-Al-Ni
SMA, the transformation temperatures also tend to decrease. Sugimoto et al. [57]
found that with the addition of different percentages of titanium to the Cu-Al-Ni
SMA, the transformation temperature are increase. These increases are related to the
presence of the X-phase as Ti-rich particles into the microstructure that can reduce
the mobility of interfaces between the martensite and p phase. The martensite trans-
formation temperature has behaved according to the type of the alloying element,
where it has decreased with increasing Ti amount and increased with increasing the
Zr amount as reported by Wayman and Lee [58]. This is attributed to the dissolving
percentage of Ti and Zr in the B-phase. Dutkiewicz et al. [59], disagreed that Ti addi-
tions decreased the M. However, they have proved that the M, temperature increases
as grain size reduces, where the rapid drop of the transformation temperatures is

in the smallest grain size range. Saud et al. [60] was shown that the transformation
temperature of Cu-Al-Ni SMAs after the addition of Sn which was represented by the
exothermic and endothermic curve in Figure 8, the results revealed that the behavior
of the observed peak tend to be sharp and board at 232 and 350°C, respectively, due
to the existence of different types of precipitates that led to limit the stability of the
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Differential scanning calovimetry profiles for Cu-Al-Ni alloys: (a) Cu-Al-Ni; (b) Cu-Al-Ni-0.2Ti; (c) Cu-Al-
Ni-0.4Mn; and (d) Cu-Al-Ni-0.2Zr [50].

low temperature phase and resulted in an individual transformation corresponding
to the high driving force.

4.2 Martensitic structure of Cu-Al-Ni SMAs

The sort of thermally introduced martensite is totally dependent primarily on
the chemical substance composition of Al and Ni in the Cu-Al-Ni SMAs. Once the
martensitic transformation is produced by the deformation loading, the particular
martensite acquired is determined by aspects including crystal orientation, chemi-
cal compositions of Al/Ni, deformation stress as well as applied temperature. There
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Transformation temperature of Cu-Al-Ni SMAs modified with different percentage of Sn [60]; the magnified
peaks of the (a,b) forwards transformation and (c) reverse transformation.
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are several reasons behind adding the alloying elements to Cu-based shape memory
alloys [50, 61-64], including to (1) refine the grain size, (2) restrict the martensite
stabilization, (3) adjust the phase diagrams, (4) accommodate the transformation
temperature, (5) improve the workability of these alloys, since they are difficult to
process, due to a large grain size having formed during the solidification process,
and to enhance the service life of copper shape memory alloys in applications.

The microstructure of Cu-Al-Ni SMA can be formed in a needle and/or plate-
like martensites with self-accommodating morphology [50]. Two different phases
are excited during adding 13.3% Al and 4.3% Ni to Cu-Al-Ni SMAs: (i) acicular
morphology: p's; and (ii) self-accommodating morphology: y';. The martensite
in Cu-Al-Ni alloy has experienced a gradual transition from p’; to y'y viaa 'y + y'1
composition when the percentage of Al increased [49, 65]. At high cooling rate,
martensite transformed to f’; martensite with tiny quantities of y’; phase. However,
in case of low cooling rate, p’; transformed to y’; martensite. The formation of y/;
martensite is inevitable irrespective of the processing conditions if the Al content is
>14.2 wt.%. Minor additions to the base Cu-Al-Ni alloy tend to produce intermetal-
lic compounds with Al, when the matrix of Al decreases resulting in the formation
of p’; martensite. If the percentage of Al is less than 11.9 wt.%, large plates of o’
martensite will be formed. Fine plates of ’; martensite form when the Al content is
about 11.9 wt.%. p’; + y'; mixtures are observed in Cu-13.03 wt.% Al-4.09 wt.% Ni
[66] and martensite formed mainly the M18R type with an orthorhombic structure
[67]. However, Chentouf et al. [68] studied the microstructural and thermody-
namic analysis of hypoeutectoidal Cu-Al-Ni shape memory alloys and determined
that the amount of Al and Ni has a greater effect on the morphology of the precipi-
tated phase as shown in Figure 9.

Figure 9.
Optical micrographs for alloys: (a) Cu-9.9 wt.% Al-4.43 wt.% Ni, (b) Cu-11.25 wt.% Al-4.07 wt.% Ni and
(c) Cu-11.79 wt.% Al-4.37 wt.% Ni [68].
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In Cu-Al-Ni shape memory alloys, large precipitate (Xy) particles are formed
resulting in the transformation of the 18R basal plane order into 2H martensite
at the interface of the precipitate-free and precipitate-matrix. Ratchev et al. [69]
stated that there would be a change in the 18R sequence due to the modification of
the stresses around the precipitates. Karagoz and Canbay [52] found that when the
percentage of Al addition increased, the p phase leads to the total martensitic trans-
formation of p’; and y’; phases during the homogenization process and the grains
formed in V-type shape along with different orientations. Chang [53] with 13 wt.%
of Al, martensite exhibited self-accommodating zig zag groups at room temperature,
whereas the martensite is typical 'y martensite with an 18R structure as shown in
Figure 10a. However, by increasing the Al to 13.5 wt.%, a number of coarse vari-
ants of y'; (2H) structure exist in the matrix of f’; (18R), as shown in Figure 10b.
With further increase in the Al amount to 13.7 and 14 wt.%, the microstructure
became more distinct exhibiting a 'y (18R) or y’; (2H) martensite along with the
abundant precipitate of y, phase as demonstrated in Figure 10c and d. According to
the relationship between the variety of transformed martensite and the composition
of Cu-xAl-4Ni SMAs reported by Recarte [49, 54, 70], the p’; (18R) and the y'; (2H)
martensite should coexist in Cu-13.7A1-4Ni SMA, while only y’; (2H) martensite
exists in Cu-14.0A1-4Ni SMA.

Sugimoto et al. [57] found that with the addition of Ti to the Cu-Al-Ni SMA, a
new phase known as X-phase is going to be formed which is rich in Ti-rich. Also, the
volume fraction of this phase is increased linearly with increase in the percentage of
Ti addition. Other work has been done by Dutkiewicz et al. [59], where they have
agreed that the addition of Ti to the Cu-Al-Ni caused a smaller and elongated grain

Figure 10.
SEM micrographs of (a) Cu-13.0Al-4Ni, (b) Cu-13.5Al-4Ni, (c) Cu-13.7Al-4Ni, and (d) Cu-14.0Al-4Ni
SMA:s [53].
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size because the Ti addition restricted the grain growth as shown in Figure 11(a-d).
Font et al. [71] found that the addition of Mn and B along with different thermal
cycling have an effect on the parameters on the martensite morphologies and orien-
tations. They found that the martensite formed in two morphologies: plates and thin
needles. The plates martensite form as self-accommodation variant groups. However,
some particles have been observed to form between the plates and needles and their
size is almost same with different amounts of Mn and B added. The distribution of
these particles are mainly dependent on the thermal treatment conditions and by
using energy dispersive spectroscopy, it was found that these particles are Mn and/
or aluminum boride, a result which is in complete agreement with Morris [72]. The
existence of these particles is due to difficulties dissolving Mn/B into the matrix.
Sampath [50] has shown that two different morphologies are formed into the micro-
structure of Cu-13.3 wt.% Al-4.3 wt.% Ni SMA and these morphologies are (y’; with
a self-accommodating structure and p’; with a acicular structure). Also, it was found
that with adding a minor addition of Ti, Mn, or Zr to the base alloy, new precipita-
tions/compounds have formed with Al element as shown in Figure 12(a-d). These
precipitations are able to enhance the formation of martensite f’; phase. Saud et al.
[21] presented the changes in the microstructure changes of Cu-Al-Ni SMAs after the
addition of different percentages of Ti and the microstructure changes were exhib-
ited in Figure 13(a—d). it was revealed that the presence of y'; and p’; phases, on the
other hands, there is an irregular phase was observed in the modified microstructure
in the shape of flower and it has been formed randomly between p’; plates and
needles, which this phase was called as X-phase.

Figure 11.

Optical micrographs of (a) Cu-11.85 wt.% Al-3.2 wt.% Ni-3 wt.% Mn, (b) Cu-11.9 wt.% Al-5 wt.%

Ni-2 wt.% Mn-1 wt.% Ti, (c) Cu-11.4 wt.% Al-2.5 wt.% Ni-5 wt.% Mn-0.4 wt.% Ti, and (d) Cu-11.8 wt.%
Al-5 wt.% Ni-2 wt.% Mn-1 wt.% Ti [59].
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Figure 12.
Optical micrographs of Cu-Al-Ni alloys: (a) Cu-Al-Ni; (b) Cu-Al-Ni-o0.2 Ti; (c) Cu-Al-Ni-0.4 Mn; and
(d) Cu-Al-Ni-o0.2 Zr [50].

4.3 Mechanical properties of Cu-Al-Ni SMA

Cu-Al-Ni shape memory alloys (SMA) have been selected as high potential
materials for high temperature applications. This is attributed to their high thermal
stability at temperatures above 100°C [73-76]. On the other hand, these alloys
have their limitations such as high brittleness because of the appearance of brittle
phase v, at grain boundaries, the enormous increase in grain size duplicated with a
high elastic variation [77-81]. Thus, their disadvantages have restricted the usage
of these alloys for commercial applications [82-92]. One way to solve this problem
is the grain refinement. By adding some of the alloying elements such as Ti, Mn,

V, Nb, B and others or varying the compositions of Ni or Al, some improvement

in mechanical properties of the conventional Cu-Al-Ni SMAs [86, 93-96] was
observed. This improvement is attributed to the addition of alloying elements,
where these elements are restricting the grain growth and refining the grains.
However, these alloying elements have a significant effect on the mechanical prop-
erties of Cu-Al-Ni SMAs due to the formation as a second phase structure in the
microstructure [97]. Miyzakai et al. [23, 56] found that varying the percentage of
Al and Ni lead to changes in crack formation and propagation. It was also found that
increases in the Al and Ni amount from 14 and 3.9 wt.% to 14.2 and 4 wt.% lead to
the appearance of clear crack formation. This may be attributed to the amount of
thermal stress induced and in accordance to the Clausius-Claperyron equation, the
increase in the alloying composition of Al and Ni has an effective influence on the
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Figure 13.

FESEM micrographs showing the microstructures of the Cu-Al-Ni SMA with different concentration of Ti
additions: (a) Cu-Al-Ni (alloy A), (b) Cu-Al-Ni-0.4 mass% Ti (alloy B), (c) Cu-Al-Ni-0.7 mass% Ti
(alloy C), (d) Cu-Al-Ni-1 mass% Ti (alloy D) [21].

martensite thermal stress induced, which lead to crack initiation and propagation.
The addition of manganese and boron efficiently refine the grain size, however,
increasing of the boron concentration produced the highest strain hardening.
Wayman and Lee [58] have found that the addition of boride particles helped to
relieve the stress concentrations at the grain boundaries. Morris [72] found that
by adding the boron to the Cu-Al-Ni SMAs, the ductility increased. This can also
be attributed to the presence of boride particle. Another relevant point is that the
boron addition can have an effect on the fracture mode, as it has been transferred
from brittle failure to intergranular and transgranular failure. Another work by
the same author [98], found that the values of yield stress, hardness and tensile

® Cu-AlNi
A Cu-ALNLTI ® Cu-AlLNi ® Cu-AlNi

350 O Cu-AINITi-Mn A Cu-AWNiTI A Cu-AMNITi A
- O CRALNETEZS 8} O Cu-ALNLTIMD 800 O cu-AMN-TIMn o
2 = O Cu-AlNi-Ti-Zr ~ O Cu-ARNi-Ti-Zr
% 0o/ 0 N o 4
s g o £

o
@ ° § 6r - 600
% 250 @ o
5 y .
$ 2 4r 400
= [ Y
2 8 5
2 w 3
L]

= 4 L

150 . & 200

lw 1 1 1 1 I — L L 2 1 1

0 002 004 006 008 0.

Grain size 2 (um~'?2)

Figure 14.

0 002 004 006

008 0.l

Grain size V2 (um2)

0 002 004 006 008 Ol

Grain size /2 (um/2)

Variation in the (a) transition stvess, (b) fracture strain, and (c) fracture stress versus grain size [99].

16



Cu-Based Shape Memory Alloys: Modified Structures and Their Related Properties
DOI: http://dx.doi.org/10.5772/intechopen.86193

strength have been increased with increasing the percentage of boron addition. It
seems that the boride particles have restricted the interface movement, therefore
the required stress to re-orient the martensite phase is high. These particles have
played a significant role by accommodating a new strain concentration generated
by the coexistence of the new stress-induced martensite. Roh et al. [99] reported
that the fine grained alloys resulting from the addition of Ti, Mn, and Zr to the
coarse grained Cu-Al-Ni SMA lead to enhance the fracture stress-strain. It was
found that the fracture stress and strain obtained the highest value of 930 MPa and
8.6%, respectively, with the combined addition of 0.3Ti-0.6Zr to Cu-13.4AI-3.05Ni
SMA. This improvement is due to grain refinement and the presence of precipitates
that formed within grains in the alloy. They have also confirmed other researchers’
findings [86, 100, 101] that the tensile properties of (o, 65 and ¢,) increased as a
function of decreasing grain size, as shown in Figure 14. In contrast, the fractured
surfaces of Cu-Al-Ni SMA changed from brittle mode to different modes according
to the type and amount of the addition element as shown in Figure 15.
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Figure 15.
Tensile fracture surfaces at room temperature for (a) Cu-13.4AIl-3.8Ni SMA, (b) Cu-13.2A1-3.04Ni-0.36Ti
SMA, (c) Cu-13.0Al-2.9Ni-0.36 Ti-0.22 Mn SMA and (d) Cu-13.4Al1-3.05Ni-0.24Ti-0.63Zr SMA [99].
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Recoverable strain versus bend-relaxing time of Cu-Al-Ni and Cu-Al-Ni-Be [105].

Xu et al. [102, 103] found by adding the Be to the Cu-Al-Ni SMAs, the fatigue life
has been increased, as the strain recovery has reached 30% higher than base alloy.
Increase in the recovery strain is almost equal to the recovery strain of the NiTi. Zhu
et al. [97] found the bending performance, tensile strength, and elongation percentage
of Cu-Al-Ni-Be are higher than Cu-Al-Ni alloy, where the maximum stress of this alloy
could reach to 780 MPa with 18% of strain as shown in Figures 16 and 17. This may
imply that the mechanical property of Cu-based SMAs can be significantly improved
by adding the alloying elements. The additions of Ti, Mn, and Zr to Cu-Al-Ni shape
memory alloys have decreased the grain size reported by Sampath [50], therefore the
values of hardness increased. This is attributed to the formation of fine precipitates that
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Figure 17.
Stress-strain curves of SMA samples at room temperature (25°C) [105].
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Shape memory effect curves of the alloys performed at T < My then preheated to T > Ay to obtain the shape
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restricted the grain growth by the pinning effect. Also, other elements have shown a sig-
nificant effect on the mechanical properties of Cu-Al-Ni SMAs during the addition. For
example, the rupture strain of Nb and V has increased up to 14 and 6%, respectively,
which is much higher than the base alloy as reported by Gomes et al. [104]. The strain
recovery by the shape memory effect (esmg) of the Cu-Al-Ni SMAs with and without
the Ti additions was studies by Saud et al. [21], as shown in Figure 18. The results

were shown that the addition of Ti with different mass percentages exhibited an
increase in the values of strain recovery by the SME. These enhancements in references
the strain recovery were attributed to the existence of the X-phase that was brought
about by the Ti additions in the parent phase. Another study by the same authors [60]
shown the effect of different percentage of 0.5, 1.0, and 1.5 wt.% of Sn addition on the
stress—strain curves under multi-cycles of loading and unloading. It was found that

the largest number of cycles was indicated with the Cu-Al-Ni-1 wt.%Sn SMA before
the occurrence of fracture, as shown in Figure 19(a—d). This improvement is due to
two reasons: low porosity density and the finest particle size among the alloys.

5. Brief applicability of Cu-based SMAs

Predominantly, the shape memory applications can be separated into four classes
as per the essential capacity of their memory component [106-109] where the SME
can be utilized to create movement as well as load, and the SE can store the twisting
vitality [110, 111]. The extraordinary conduct of SMAs has produced new applica-
tions in the aviation, automobile, robotization, and control, machine, vitality, syn-
thetic handling, warming and ventilation, security and safety, and hardware (MEMS
gadgets) ventures. A part of these applications applies comparative strategies, ideas
or systems, which are additionally relevant for different regions. Most of these
plausible applications are secured with the economically accessible parallel Nitinol
SMA, where its operational temperature run lies around inside the standard scope
of ecological temperature boundaries to which a traveler vehicle might be uncovered
amid administration, for example, between —40°C to approx. +125°C [112, 113].
The binary alloy system of NiTi SMA with change temperatures from —50°C to
approximately to +110°C [106] performs well for various cycles inside vehicle areas
in varies range of performing temperatures [113, 114], however not in areas with
higher temperatures, for example, under the motor hood. The SMAs ought to have
a martensite finish temperature well over the most extreme working temperatures
(see the dark spotted lines in Figure 20) so as to work appropriately. The correlation
of the change temperature scopes of the most widely recognized SMAs that the less
expensive Cu-Al-Ni SMAs can play out the change with temperatures up to 200°C,
however, these SMAs are fragile, unsteady, have low exhaustion quality and are not
appropriate for numerous cyclic activities [106, 113, 115-119]. A wide determination
of high temperature SMAs are accessible, however, these materials are known as
costly for automobile applications [113].

Since the 1980, SMAs have been used in many different robotic systems,
especially as micro-actuators or artificial muscles [123-125] as described by Furuya
and Shimada [126] and Sreekumar et al. [127]. Today, most of the SMA robotic
applications were biologically inspired (i.e., biomechanics) and widely utilized in
biomedical areas but are also used extensively in other fields as well. The difficulties
are to expand the execution and scaling down of the equipment stage and to build
the insight of the coordinated framework (for example small-sizes, consistent and
self-controlling). A few specialized issues were featured and should be settled, for
example, clamping difficulties, miniature electrical connection (for micro robots),
small strain, control issues and very low efficiency. Besides, part of these issues
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Operating tempevature vange for automobiles applications and the transformation temperatures for selected
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has been controlled by choosing an appropriated modeling strategy as sensor to
control and feedback. For instance, the control of resistance feedback is perfect for
small scale robots as it takes out the additional requirement for extra sensors, in
spite of the fact that the obtained limited accuracy [127]. Earlier, it was found that
the response of the SMA actuator is mainly relying on structural design and thus
limited the robotic functionalities in terms of the degree of freedom (DOF). On the
other hands, the heating resistivity is a common technique been implemented for

a micro-size SMA actuators, however, macro-size actuators are required to a direct
heating source to acquire the shape memory features. In addition to enhance the
frequency of the actuators, a capacitor will be attached for a faster heating response
along with above-mentioned cooling methods that resulted in larger device shape
[127]. Another problem to be mentioned that the complexity of the control system
that found due to the large numbers of actuator were employed to increase the
robots DOF.

Another significant implementation for shape memory as absorbers in bridges
that been effectively used [128, 129]. According to the study was carried out by
European Union on the earthquake damages and the way of finding a sustainable
technology to prevent the disaster damage via seismic vibration. A research was
conducted for as modeling for four story building, which was constructed using
the tendons techniques to minimize the earthquake possible damage, where it was
found that the building without SMA was completely destroyed while the incorpo-
rated building with SMA got less damage, whereby, the implemented tendons were
used to absorb energy based on the shape memory feature of super-elastic behavior
and reduced the shocked waves of earthquake.

6. Summary
In this chapter the characteristic of shape memory alloys in terms of microstruc-
ture, mechanical properties and thermal cyclic stress-strain curves of Cu-Al-Ni

SMAs. The main benefits of these alloys can be obtained after the modifications
were made, as, for a certain application, the selective of shape memory alloys
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required the main consideration in term of manufacturing cost and performance,
thus the Cu-Al-Ni SMAs have been shown interested attentions due to their low cost
compared with Ti-based shape memory alloys. However, many researchers have
faced a challenge when Cu-based shape memory materials are used for in many
applications, due to their limitations such as the high brittleness and low recovery
strain, thereby these properties need to be improved. Therefore, modifying the
microstructure and the phase characteristics via adding the alloying elements may
represent a more significant solution. The addition of the fourth element to the
ternary alloy of Cu-Al-Ni SMA is able to alter the structure and/or morphology of
the martensitic phase and thus improve the mechanical properties.
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