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We report two-way shape memory effect (TWSME) induced by Al ion implantation in 6 lm thick
Cu-Al-Ni thin films. The films display an average grain size of 3.7 lm and a martensitic transformation
temperature (MS) of � 240 K. The film was irradiated with 2 MeV Al ions with a fluence of
6 � 1015 ion.cm�2 (penetration distance up to � 1.1 lm). After irradiation, the film displays well defined
TWSME with a radius of curvature of � 1 mm. The results indicate that the irradiation produces mainly
changes in the austenitic order.

� 2019 Elsevier B.V. All rights reserved.
1. Introduction

Shape memory alloys (SMA) display the capacity to restore their
original dimensional integrity (pre-deformed shape and size) after
undergoing substantial deformation when heated to a certain tem-
perature. The effect is related to a structural phase transition
(martensitic transformation, MT) from high-temperature austenite
to low-temperature martensite [1]. SMA are attractive materials
for applications in the micro-electro-mechanical system (MEMS)
due to the so-called two-way shape memory effect (TWSME)
[2,3]. The latter refers to a reproducible change into two defined
shapes during thermal cycling. It is not intrinsic of SMA but may
be induced by thermomechanical training (bulk) and surface treat-
ments (thin films) [2–4].

Cu–Al–Ni is an SMA which have the capability to be used both
as sensors and actuators at temperatures going from tens of Kel-
vins to 473 K [5]. The MT is affected by the chemical composition
[5], the order degree [6] and the microstructure [7,8]. Cu-Al-Ni dis-
play two possible kinds of martensite structures: c’3 (orthorhom-
bic, 2H) and b’3 (monoclinic, 18R) [9]. During the quenching
treatment usually employed to avoid precipitation of equilibrium
phases, the metastable disordered phase (b) of Cu-Ni-Al undergoes
two successive order–disorder transitions: B2 (Pm3m) and L21
(Fm3m) ordering, respectively. Moreover, the order degree depends
on the cooling rate of the quenching treatment and evolves during
thermal aging [10]. In addition, irradiation with high energy parti-
cles can alter the phase stability [4,11]. Regarding applications in
MEMS, Cu-Al-Ni nanopillars display super-elasticity [12] and thin
films exhibit MT [13–15]. As in bulk, the hysteresis in the MT of
thin films is strongly affected by grain boundaries. Thin films with
micrometric grain size display hysteresis Dh � 30 K. Moreover, the
MT is not influenced by superficial passivation layers [13]. The lat-
ter implies that it is possible to add a biocompatible material at the
surface. Unlike NiTi [2–4], the TWSME in Cu-Al-Ni thin films has
not been reported.

This letter reports TWSME induced by Al ion implantation in
6 lm thick Cu-Al-Ni thin films with micrometric grain size [13].
The irradiation was performed with 2 MeV Al ions and fluence
6 � 1015 ion.cm�2. The energy was selected to generate a gradient
of defects and implantation of Al at a typical distance of � 1.1 lm
from the surface. We analyze the presence of TWSME and the influ-
ence of the irradiation on the microstructure.
2. Experimental methods

The films were grown by DC sputtering on Highly Ordered
Pyrolytic Graphite HOPG (0001) at 870 K [13]. The deposition
parameters were: an atmosphere of 10 mtorr of Ar, an applied
power of 50 W and a distance target/substrate of 7 cm. The
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chemical composition of the target was Cu–27.35 at.% Al–5.45 at.%
Ni (MS = 240 K and Dh � 10 K). After growth, the films were cooled
down in vacuum by turning off the heater. Under this procedure,
the microstructure displays coexistence of austenite L21, and a
(Cu) and c2 (Cu9Al4) equilibrium phases. Next, the films, with a
typical size of 1 cm2, were peeled off from the substrate and encap-
sulated in quartz tubes under an atmosphere of argon (inside a tan-
talum envelope). Thermal annealing was performed at 1123 K for
30 min [16]. After the annealing process, the samples were fast
quenched in an ice-water mixture.

The microstructure of the film was studied by transmission
electron microscopy (TEM) using an FEI Tecnai F20 UT microscope.
Selected area electron diffraction (SAED) patterns in the TEM were
acquired with a Gatan GIF Quantum ER energy filter. Cross-section
TEM samples were prepared by using a focused ion beam (FIB) SEM
dual beam FEI Helios NanoLab 600 equipped with an Omniprobe
100 micromanipulator. The MT was characterized by electrical
transport using a conventional four-probe geometry. Irradiation
with 2 MeV Al ions was performed with a 1.7 MV TANDEM particle
accelerator. The fluence was selected in 6 � 1015 ion.cm�2 (total
time 9 min). The range of penetration was obtained from a SRIM-
TRIM simulation [17]. The energy of the ions was selected to gen-
erate a profile of disorder and implantation of the Al ions close to
one of the surfaces.
Fig. 2. TWSME in a Cu-Al-Ni film irradiated with Al ions and a fluence of
6 � 1015 ion.cm�2. a) Room temperature austenite. b) Transforming from austenite
to martensite during the cooling down in a gradient of temperature (vapor of N2). c)
Low temperature martensite. d) Transforming from martensite to austenite. The
two-way shape memory is reproducible.
3. Results and discussion

The microstructure of the Cu-Al-Ni films has been reported in
ref. [15]. The films display grain size average D � 3.7 lm with an
MT to an 18R structure. The Ms depends on chemical composition
and order degree. The hysteresis is � 27–30 K. Fig. 1a shows the
damage profile created in the film by 2 MeV Al ions. Most of the
damage occurs � 1.1 mm below the surface, in a limited range of
depth at the end of the ion’s flight path (Bragg peak). The reduction
in Ms due to the change in the chemical composition produced by
Al addition is smaller than 0.1 K [5]. Fig. 1b shows resistance versus
temperature for a film before and after irradiation. The results indi-
cate that Ms increases from � 210 K to 240 K with irradiation.
Moreover, there is an unexpected small reduction in Dh and a
smaller change in the jump at the normalized resistivity. For the
irradiated film, the austenite is fully recovered at Af � 270 K. We
attribute the changes in Ms to an increment in the L21 degree of
order produced by heating on the overall sample inherent to the
irradiation process [13]. The differences in resistivity may be
related to reduction in the transformed fraction or to changes in
the twin boundary structure.
Fig. 1. a) SRIM-TRIM simulations showing the effective range (penetration) of 2 MeV Al
(R/R250 K) for 6 lm thick Cu-Al-Ni films before and after irradiation.
Usually, unirradiated films display shape memory effect. When
the film is deformed in martensite, flat shape is recovered in
austenite [11]. Fig. 2 shows the sequence of images when the irra-
diated film is thermally cycled in a liquid nitrogen vapor source.
The film displays TWSMEwithout anymechanically induced defor-
mation. The film curves on the irradiated surface (top surface).
Starting from room temperature (Fig. 2a), the film deforms to
buckle when is cooled down (Fig. 2b and c) and recover the original
shape when it is warming up to room temperature (Fig. 2a and d).
The process is completely reproducible (sequence of images in
Supplementary material). The radius of curvature at the marten-
sitic phase is � 1 mm.

To understand the influence of the irradiation on the austenitic
phase, we study the microstructure by TEM. Fig. 3a shows a TEM
bright field cross-section image of an irradiated Cu-Al-Ni film.
The dark grain corresponds to austenite oriented along the 1�10

� �

zone axis. The arrow indicates the direction perpendicular to the
irradiated surface. The circles correspond to regions in which we
obtain SAED patterns at different surface distances. Typical SAED
for the regions at distances of 0.4 mm and 1.9 mm, and a key dia-
gram are shown in Fig. 3b–d, respectively. There are not crystalline
defects that can be directly related to the influence of the ion
implantation. To analyze the influence of the irradiation on the
ions in the Cu-Al-Ni alloy. b) Temperature dependence of the normalized resistance



Fig. 3. a) TEM bright field cross section image of an irradiated Cu-Al-Ni film. Circles
indicate region corresponding to SAED. b-c) Typical SAED for the regions at 0.4 y
1.9 mm. d) Key diagram of the top right hand part of patterns in (b) and (c); B2 and
L21 superlattice spots are indicated. e) Profile in-depth of the intensity relationship
of the superlattice spots {0 0 2}B2 and {1 1 1}L21 normalized by the intensity of the
spot {0 0 4}b.
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order degree in the austenitic phase, we measure the intensity of
the superlattice spots {1 1 1}L21 and {0 0 2}B2 normalized by that
corresponding to the spots {0 0 4}b within the same pattern. The
SAED patterns were obtained with the zero loss peak to avoid
intensity from inelastic background. Fig. 3e shows a profile of their
normalized intensity as a function of the distance to the irradiated
surface. The results show that the irradiation strongly reduces the
degree of order in the austenite. The influence of the disorder on
the MT has been previously discussed in Refs. [18] and [19]. The
changes in the degree of order in the nearest neighbor and next-
nearest neighbor for Cu-Al-Ni have counter-effect. Increase the
order from b to B2 decrease Ms. On the other hand, an increment
in the L21 order increases Ms. A similar effect, but in the opposite
direction, should takes place by irradiation. Comparing the MT
before and after irradiation, it is clear that the L21 order increases
in the non-irradiated regions (related to the heating produced by
the irradiation). A probable explanation for the TWSME is that
the profile of disorder produced by the irradiation modifies the
twin boundary structure and the transformed volume. Although
no changes in the type of martensite are expected due to the neg-
ligible addition of Al [5], the martensite structure may be affected
by the disorder. For example, plastically deformed Cu-Al-Ni dis-
plays coexistence of b’3 and c’3 structures [8]. The latter appears
as a consequence of its preferential nucleation due to internal
stresses [20].

4. Conclusions

In summary, we report Al ion irradiation/implantation inducing
TWSME in Cu-Al-Ni thin films with micrometric grain size. The
effect is reproducible in several thermal cycling. The radius of cur-
vature in the buckle is � 1 mm. The effect can be related with
changes in the degree of order in the austenite modifying the twin
structure. The possibility to tune Ms over a wide range of temper-
atures and TWSME makes Cu-Al-Ni thin films promising for appli-
cation in microactuators such as microwrappers.
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