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Cu-Al-Ni shape memory alloys (SMAs) have been developed for high temperatures engineering
components such as sensor and actuators, due to their ability to work at temperatures near 200°C, rather
than NiTi and Cu-Zn-Al alloys whose maximum working temperatures around 100°C. These alloys are
widely used because they are much cheaper than NiTi/Cu-Zn-Al and do not require any complicated

processing during their manufacturing as do for other shape memory alloys. In addition, these alloys
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have a small hysteresis and high transformation temperatures compared with other alloys. Despite all

these advantages, these alloys have their limitations such as brittleness and low phase recovery strains

and stress. The present review describes the role of alloying elements on the properties of Cu-Al-Ni shape
memory alloys. It has been found that the additions of alloying elements have a significant effect on the
formation, morphology, and structure of the obtained martensite, therefore, the properties of these alloys
varied in accordance of these effects.
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H1.0 INTRODUCTION

Shape Memory Alloys (SMAs) are smart materials that have the
ability to return to their pre-deformed shape by heating above the
transformation  temperature. Below the transformation
temperature, these alloys may have a low yield strength, which
gives the ability to deform it to any new shape, but when itis
heated above the transformation temperature, the crystal
structure changed, which cause itto return to original shape. Due
to the crystallographic reversible thermoelastic martensitic
transformation, these alloys have a unique correlation of
strain/stress and temperature. Shape memory alloys (SMA)
undergo a reversible thermoelastic martensitic transformation
(MT) between a high temperature phase v, called austenite, and a
low temperature phase, called martensite [1, 2], the matensite
transformation is responsible for the specific thermomechanical
properties of SMA such as superelasticity, shape memory and
high damping [3]. The transformation temperatures for both
phases are As (austenite start) and A; (austenite finish), and
M, (martensite start) and M; (martensite finish) during the heat
treatment process. Recently, shape memory alloys (SMAs) have

been used as effective alloys for multi-purposes engineering
components, such us actuator, sensing, medicine, robotics and
space devices [4]. Although Ti-Ni [5] is the most widely used
shape memory alloys for technological applications, Cu-based
alloys have been used as an excellent alternative because they
offer a wide range of transformation temperatures up to 200°C,
a large superelastic effect, small thermal hysteresis and high
damping coefficient. The main Cu-based alloys are Cu-Al-Ni
and Cu-Zn-Al alloys [5]. Cu-Al-Ni SMAs have been used in a
wide range of applications, especially when the high temperatures
are required. This is attributed to their high thermal stability and
high transformation temperatures. On the other hand, these alloys
have some disadvantages like low reversible deformation and
high brittleness, where their shape memory effects in one way and
two ways are 4% and 1.5 %, respectively. While, the reasons lie
on the intergranular breakdown at low stress rate. The effects of
alloying elements on Cu-Al-Ni SMA have been carried out by
many researchers experimentally. However, there is no literature
found to conclude on review the effect of all elements. This paper
reviews the effect of different microalloying additives on the
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microstructures and mechanical properties of Cu-Al-Ni shape
memory alloys.

W20 STRUCTURE-PROPERTY CORRELATION OF
THE Cu-Al-Ni SHAPE MEMORY ALLOYS

Cu-Al-Ni SMAs are very sensitive to the effects of alloying
elements, especially the phase transformation temperature-
behavior, whereas these effects may cause some changes on the
crystallographic properties and some other parameters of these
alloys. Shape memory effects of the Cu-Al-Ni SMAs are
promising smart and intelligent engineering materials. In addition,
the low cost and ease to produce have attracted much attention
comparing with other shape memory alloys, such as NiTi SMAs.
The changes of domain and grain size in the term of
microstructure effects as well as the changes of mechanical
properties of Cu-Al-Ni SMAs on some transformation parameters
(due to the effects of alloying elements additions) have studied by
some of the scientists and researcher as have been discussed in
this paper.

2.1 Effect of Alloying Elements on the Microstructure of Cu-
Al-Ni SMAS

In Cu-Al-Ni shape memory alloys (SMA) the most determinant
factor of the phase transformation behavior is the alloying
elements. In commercial applications for this kind of alloys, the
martensite transformation behavior has a very strong dependence
on alloying element contents especially, in order of design an
alloy with the required characteristics. The main reason of the
shape memory effect and other properties is the stability of the
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disorder B-AlCu4 phase with a cubic structure. So, during adding
the alloying elements, the B stable phase evolves to another
phases, that is dependent on the nature and effect of alloying
element.

2.1.1 Effect of Aluminum and Nickel Elements on the
Microstructure of Cu-Al-Ni SMAS

The characteristics of Cu-Al-Ni SMAs are mainly depended on
the B phase of high temperature binary Cu-Al phase [8]. At low
cooling rate, this phase decomposes to a and vy, at 565°C. But
at high cooling rate, the martensitic transformation occurred.
The transformation of B to ordered B; occur when the alloy
contains at 11 wt.% of Al; the B; has a super lattice structure
(DOs3) prior to martensitic transformation. With increase on Al
content to 13 wt.%, the structure has changed to monoclinic 18
R and B'; as shown in Figure 1(a). When the Al content, have goes to
13.5 wt.% the structure transformed to orthorhombic2H and v';
as shown in Figure 1(b). The emergence of these phases mainly
relies on the temperature and stress conditions. With a further
increase the percentage of Al to 13.7-14%, the quantity and
morphology of the precipitations led to increase as have been
indicated by the arrows in Figure 1(c-d), where the microstructure
become indistinct for both structure y';(2H) and p°; (18R)
martensite, according to the relationship between the various
phase transformation and varying alloy compositions [8]. The
martensitic transformation temperatures are highly dependent on
the contents of Al and Ni, where it can lie between -200 to 200
°C[8]. The temperature can be calculated from the following
formula[9]:

M (°C) =2020 — 45 x (Wt.% Ni) — 134 x (wt.% Al) (1)

el
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Figure 1 Electron micrographs of a) Cu-13 wt.% Al-4wt.% Ni, b) Cu-13.5wt.% Al-4vNi, c) Cu-13.7wt.% Al-4wt.% Ni, and d) Cu-14wt.% Al-4wt.% Ni.

(8]
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200 Chang [8] has found that with increase in the Al content more
. than 14 %, the Ms is around room temperature as shown in
150 - . Figure 2 The addition of Ni to ternary alloys is to slow down
i the diffusivity of both Cu and Al atoms, which remain in the
i 5 parent phase 1 until the Ms temperature is reached.
5 . 2.1.2 Effect of Titanium, Zirconium and Manganese Elements
‘1(: 50 - on the Microstructure Cu-Al-Ni SMAs
z L ]
) Sugimoto, et al. [10] and Sure and Brown [11] have shown that
. the Ti and Zr addition to the Cu-Al-Ni SMAs have a significant
effect in term of grain refinement and the restricted the grain
-50 . growth rates. Meanwhile, these elements have uniformly
, ; : ; , i distributed into the matrix and their most effectiveness have
120 125 130 135 140 145 150 155 concentrated on the formation of the second phase. The
Al (Wt.%) martensite transformation temperature has behave according to

the type of the alloying element, where it has decreased with
increasing Ti amount and increased with increasing the Zr
amount has been reported by Lee, et al. [12]. This is attributed to
the dissolving percentage of Ti and Zr in the B-phase.

Figure 2 The Mg transformation temperature Vs Al content [8]

Figure 3 Optical micrographs of a) Cu-11.85wt.% Al- 3.2wt.% Ni- 3wt.% Mn, b) Cu-11.9wt.% Al- 5wt.% Ni- 2wt.% Mn-1wt.% Ti, c) Cu-11.4wt.% Al-
2.5wt.% Ni- 5wt.% Mn-0.4wt.% Ti, and d) Cu-11.8wt.% Al- 5wt.% Ni- 2wt.% Mn-1%wt.% Ti [13]
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(b) 350 pm

Figure 4 Optical micrographs of Cu-Al-Ni alloys: (a) Cu—Al-Ni; (b) Cu—AI-Ni-0.2Ti; (c) Cu—Al-Ni-0.4Mn; (d) Cu—-AI-Ni-0.2Zr [16]

Other work has been done by J.Dutkiewicz, et al. [13], where
they have agreed with that the addition of Ti to the Cu-Al-Ni
causing a smaller and elongated grain size because the Ti
addition is restricted the grain growth as shown in Figure 3 and
disagreed with that Ti additions is decreased the Ms . Therefore,
they have proved that the Ms temperature increases as grain size
reduces, where the rapid drop of the transformation temperatures
at the smallest grain size range. While, Sampath [16] has shown
that there are two different morphologies are formed into the
microstructure of Cu-13.3wt. % Al-4.3wt.%Ni SMA and these
morphologies are (y'; with a self accommodating structure and 8"y
with a acicular structure). Also, found that with adding a minor
addition of Ti, Mn, or Zr to the base alloy, a new precipitations/
compounds have formed with Al element as shown in Figure 4.
These precipitations are able to enhance the formation of
martensite "1 phase.

2.2 Effect of Alloying Elements on the Mechanical Properties

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 a
temperature above 100°C [5,6]. On the other hand, these
alloys have their limitations such as the high brittleness, because
of the appearance of brittle phase vy, at grain boundaries, the
enormous increase in grain size duplicated with a high elastic
variation [1, 17,18]. Thus, their disadvantages have restricted the
usage of these alloys for commercial applications [14, 19,20].
One of the ways 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,
exhibited some improvement in mechanical properties of the
conventionally Cu-Al-Ni SMAs [21-23]. The reason behind
this improvement is attributed to the addition of alloying

elements, where these elements arerestrict the grain growth and
refine the grains. However, these alloying elements have a
significant effect on the mechanical properties of Cu-Al-Ni SMAs
due to the formation as a second phase structure in the
microstructure [24].

2.2.1 Effect of Manganese and Boron Elements on the
Mechanical Properties of Cu-Al-Ni SMAs

The addition of manganese and boron efficiently to refined the
grain size however, the increasing of the boron concentration
produced the highest strain hardening. Lee, et al. [12] have been
found that the addition of boride particles helped to relieve the
stress concentrations at the grain boundaries. While, Morris [25]
found that with adding the boron to the Cu-Al-Ni SMAs, the
ductility increased. This is also can attributed to the presence of
boride particle. Another relevant point that, the boron addition can
be effected on the fracture mode, whereas it has transferred from
brittle failure to intergarnular and transgarnular failures. Another
work for the same author [26], found that the values of yield stress,
hardness and tensile 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-oriented 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.

2.2.2 Effect of Beryllium Element on the Mechanical Properties
of Cu-Al-Ni SMAs

Huaping Xu, et al. [27] found with adding the Be to the Cu-Al-
Ni SMAs, the fatigue life has been increased, whereas the strain
recovery has reached to 30 % higher than base alloy, that
increasing in the recovery strain is almost equalized to the
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recovery strain of the NiTi. Ming Zhu [24] 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 reached to 780 MPa with 18% of strain
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Figure 5 Recoverable strain vs. bend-relaxing times of
CuAINi and CuAINiBe [24]

2.2.2 Effect of Titanium, Manganese, Zirconium, Niobium, and
Vanadium Elements on the Mechanical Properties of Cu-Al-Ni
SMAs

The additions of Ti, Mn, and Zr to Cu-Al-Ni shape memory
alloys have decreased the grain size reported as byV. Sampath
[16], therefore the values of hardness increased. This is attributed
to the formation of fine precipitates that restricted the grain
growth by the pinning effect.Also, there are some other elements
have shown a significant effect on the mechanical properties of
Cu-Al-Ni SMAs during the addition such as Nb and V, the rupture
strain has increased up to 14 % and 6 % respectively, which is
much higher than the base alloy as it has been reported by Gomes,
et al. [28].

3.0 CONCLUSIONS
Based on the review of several authors, it can concluded that:

(1) Cu-Al-Ni SMAs are very sensitive to variations of Al
and Ni contents; the structure of these alloys has
completely changed due to this variation.

(2) Adding the alloying elements can significantly effected
on the microstructure in the term of grain refinements,
whereas that effect can directly vary the whole
properties of the Cu-Al-Ni SMAs.

(3) The phase transformation behaviors — temperatures are
completely dependent on type of the fourth or fifth
addition element.

(4) Tiand Zr additions have played the same role from the
side of grain refinement, but Ti additions have
decreased the transformation temperature that opposite
to the Zr additions, which have increased, this is due to
the dissolving percentage of these elements in the f-
phase.

stress MPa

as shown in Figure 5 and Figure 6. This may imply that the
mechanical property of Cu-based SMAs can be significantly
improved by adding the alloying elements.
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Figure 6. Stress-strain curves of SMA samples at room temperature
(25°C) [24]

(5) The improvements of yield stress, hardness, ductility,
and tensile strength for the Cu-Al-Ni-B, is related to the
restriction of boride particles for the interfaces
movement, and then need a high stress to re-orient.

(6) The adding of the Be to the of the Cu-Al-Ni SMAs has
improved the recovery strain to be almost equalized to
NiTi SMAs.

(7) The rupture strain of the Cu-Al-Ni SMAs has increased
to 14 % and 6 % during the adding of Nb and V
elements respectively.
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