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Abstract: Cu-Al-Ni is a high-temperature shape memory alloy (HTSMA) with exceptional thermo-
mechanical properties, making it an ideal active material for engineering new technologies able
to operate at temperatures up to 200 ◦C. Recent studies revealed that these alloys exhibit a robust
superelastic behavior at the nanometer scale, making them excellent candidates for developing a
new generation of micro-/nano-electromechanical systems (MEMS/NEMS). The very large-scale
integration (VLSI) technologies used in microelectronics are based on thin films. In the present
work, 1 µm thickness thin films of 84.1Cu-12.4 Al-3.5Ni (wt.%) were obtained by solid-state diffusion
from a multilayer system deposited on SiNx (200 nm)/Si substrates by e-beam evaporation. With
the aim of evaluating the thermal stability of such HTSMA thin films, heating experiments were
performed in situ inside the transmission electron microscope to identify the temperature at which the
material was decomposed by precipitation. Their microstructure, compositional analysis, and phase
identification were characterized by scanning and transmission electron microscopy equipped with
energy dispersive X-ray spectrometers. The nucleation and growth of two stable phases, Cu-Al-rich
alpha phase and Ni-Al-rich intermetallic, were identified during in situ heating TEM experiments
between 280 and 450 ◦C. These findings show that the used production method produces an HTSMA
with high thermal stability and paves the road for developing high-temperature MEMS/NEMS using
shape memory and superelastic technologies.

Keywords: shape memory alloys (SMA); Cu-Al-Ni; e-beam evaporation; thin films; in situ TEM;
nanoprecipitates

1. Introduction

Among the different smart functional materials, shape memory alloys (SMA) offer
the highest work-output per unit of weight [1], giving them some competitive advan-
tage for working as actuators on a small scale [2]. This working capability is due to a
reversible martensitic transformation between the high-temperature phase (austenite) and
the low-temperature phase (martensite) through a structural phase transition involving
an atomic lattice shearing, by shuffling and distortion of the austenite lattice; see the
textbooks [3–5] for a review of the fundamental aspects of SMA. In recent years, emerg-
ing flexible technologies have incorporated thin films of SMA into the design of auxetic
materials [6] and mechanical metamaterials [7,8], as well as stretchable electronics [9],
origami-inspired or programmable surfaces [10,11], and in general, all technologies of
thin-film flexible actuators [12]. In addition, because of the advent of miniaturization, many
research efforts have focused on the characterization of SMA at the micro- and nanometer
scale in order to develop active micro-/nanodevices; devices such as microgrippers [13],
microswitches [14], microvalves [2], microwrappers [15], and bimorph actuators [16] have
already been developed for MEMS applications; see [17,18] for a review in this field. Most
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of the works on this topic have been carried out on TiNi SMA [17], and thin films of this
alloy have been produced by a variety of techniques. DC sputtering deposition [19–22] and
RF magnetron sputtering [23–25] have been the most used techniques, and were recently
reviewed [26,27]. However, other techniques are also used, such as co-evaporation [28],
pulsed laser deposition [29] and e-beam evaporation [30]. High-throughput combinatorial
thin films production [31,32] was developed to optimize the required concentration in
ternary and quaternary alloys based on the TiNi system [33,34]. In contrast to the hundreds
of publications on TiNi SMA thin films [17,18,26,27], only a few works have been devoted
to producing and characterizing Cu-based SMA thin films [35–43]. Nevertheless, recent
studies have shown that at the micro- and nanoscales [44,45], Cu-Al-Ni SMA exhibits shape
memory and superelastic behavior superior to those of Ti-Ni, with excellent cycling behav-
ior at these small scales [46]. These good long-term thermal and mechanical properties
make this family of alloys very promising for micro-/nano-actuators, and some microde-
vices have already been proposed as micro-dampers [47]. In addition, TiNi functional
properties are limited to temperatures below 100 ◦C [48,49], whereas Cu-Al-Ni SMA can be
designed for high-temperature operation (up to 200 ◦C) [50], which represents an attractive
advantage over TiNi SMA for many technological applications.

Considering that previous results have shown the remarkable shape memory and
superelasticity of Cu-Al-Ni SMA at micro-/nanoscale [44–47], this work is not devoted to
the study of functional properties. Instead, the approach of the present work focuses on
a twofold objective. First, a robust methodology for Cu-Al-Ni SMA thin film production
is developed based on the control of nanolayers from the alloying elements. This is
because, as in the case of Ti-Ni, most of the Cu-based SMA thin films are obtained by
the sputtering technique from a pre-alloyed target. However, the required control of the
final composition becomes difficult because of the different sputtering coefficient of the
aluminium with respect to copper or nickel. Then, our approach is to produce the thin
film by e-beam evaporation of single elements to create a multilayer system, obtaining
the target composition through further thermal treatment. Second, in order to develop
high-temperature SMA, a thorough study of the thermal stability of the produced thin
films is conducted through in situ heating under transmission electron microscopy (TEM).
Both objectives are intended test the potential capabilities of this SMA system for further
development of high-temperature small-scale actuators able to be incorporated into the
new generations of MEMS, with extended temperature performances, which are required
in several sectors, such as automotive, aeronautic, and aerospace.

2. Materials and Methods
2.1. Synthesis

Silicon wafers, (100)-oriented with two different coatings, were used as substrates in
this work: SiNx (200 nm)/Si and SiO2 (200 nm)/Si. These substrates were prepared using
conventional techniques and fabrication procedures of the microelectronic industry. First,
several wafers were cleaned by the standard RCA process [51]. Then, two wafers were
submitted to a dry thermal oxidation method (DTO) to obtain a SiO2 layer 200 nm thick,
and two other wafers were submitted to a chemical vapour deposition (CVD) treatment to
obtain a SiNx coating of 200 nm in thickness. Finally, Cu, Al, and Ni metallic layers were
deposited over these two substrates by e-beam evaporation using a Temescal VES 2550 with
planetary wafer rotation and an FDC-8000 film-deposition controller with a quartz balance.
The layers were sequentially deposited at room temperature, evaporating high purity (5N)
Ni, Cu, and Al targets under a high vacuum (better than 1 × 10−4 Pascal). The flow chart in
Figure 1 summarizes the fabrication process and shows the stacking order of the deposited
metallic layers. All these processes were carried out at the cleanroom facilities of the MTL
at the MIT. This stacking configuration of the metallic layers was designed to prevent the
contact proximity between the Ni and Al layers to avoid the likely precipitation of a highly
stable Al-Ni intermetallic compound during the subsequent thermal treatment needed
to obtain the desired alloy. In addition, a half layer of Ni was evaporated at the top and
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bottom of the stack to avoid copper oxidation during further thermal treatments. Finally,
we achieved the Cu-Al-Ni multilayer system on the two substrates, SiNx/Si and SiO2/Si,
which we here refer to as the samples CAN/SN and CAN/SO, respectively. The initial
nominal composition of the alloy, 84 Cu-12 Al-4 Ni (wt.%), was selected from the expression
given in [28] to obtain a very high transformation temperature Ms (martensite start) of
about 360 ◦C. This choice aims to study the martensite stability and the precipitation
processes associated with its decomposition. However, from previous deposition tests, we
were aware that the quartz balance systematically under-estimated the Al composition by
about 10% in mass, because of its low density, and this fact was taken into account for the
design of the multilayer thickness. Consequently, the nominal composition was modified
as indicated in Table 1. The nominal thickness of the whole multilayer stack was 1.2 µm,
and the thickness of each metallic layer was calculated from the density; these are also
indicated in Table 1 with the nominal composition of the thin film alloy. The scanning
electron microscopy (SEM) image in Figure 2 reveals the cross-section of the multilayer
stack as it was deposited on the substrates. This representative micrograph corroborates
the presence of all metallic layers in the planned stack order and thickness ratio mentioned
previously (Figure 1 and Table 1).
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Figure 1. Flow diagram for obtaining a set of Cu, Al, and Ni metallic multilayers deposited by the
e-beam evaporation technique on Si substrates with two types of coatings, SiO2 and SiNx, both
200 nm thick, referred to as samples CAN/SO and CAN/SN, respectively. The final step illustrates
the stacking order of the metallic layers and their nominal thickness (1.2 µm).

Table 1. Nominal thickness of each elemental metallic layer according to the nominal composition of
the Cu-Al-Ni thin film.

Metallic Layer Nominal Thickness (Å) Nominal Comp. (wt.%)

Al 1160 11.0
Ni 132/66 * 4.1
Cu 1354 84.9

* Ni layer at the top and bottom.

To obtain the Cu-based SMA alloy thin films, the multilayer systems were thermally
treated at 900 ◦C under a high-purity (6N) Ar atmosphere for one hour, and then quenched
in ice water. This heat treatment had two purposes: on the one hand, heating to promote the
alloying of the three metals in the multilayer assembly by solid state diffusion, and on the
other hand, quenching to 0 ◦C in order to obtain the metastable martensite phase at room
temperature after the high-temperature austenite phase. Indeed, the stability domain of the
austenite, according to the predefined concentration and the respective phase diagram [52],
can be guaranteed at 900 ◦C.
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Figure 2. SEM image with secondary electrons (SE) of the multilayer system as deposited on the
substrates. In this representative cross-sectional view, arrows and symbols indicate the chemical
nature of each layer. The top layer of Cu and Ni were preferentially etched in the argon plasma.

2.2. Microstructural Characterization and In Situ Heating TEM

Cross-sections of the as-grown multilayers and the alloyed samples were encapsulated
in epoxy resin and metallographically prepared (ground and polished until 0.05 µm alumina
suspension) for their microstructural and chemical characterization. Finally, to reveal the
fine microstructure, the samples were physically etched with argon plasma in a Gatan PECS
682 equipment and operated at 4 kV and 131 mA, 25 rpm sample rotation, and 75 degrees
of tilt.

The cross-section microstructure and compositional analysis of the alloyed thin film
were characterized by scanning electron microscopy (SEM) using a field emission gun
microscope JEOL JSM-7000F equipped with an Oxford INCA Energy 350 energy dispersive
X-ray spectrometer (EDX). EDX operation parameters were adjusted to limit the interaction
volume to the film thickness to avoid substrate contributions. Backscattered electron (BSE)
images were obtained from an accelerating voltage of 10 kV with 1 nA probe current and
10 mm working distance (WD), while the EDX spectra were acquired at 12 kV, 1 nA, and
10 mm of WD, with an acquisition time of 100 s. The quantifications were performed using
K-series and pure certificated microanalysis standards (MAC Reference Standards for X-ray
Microanalysis) to calibrate on-site the EDX spectra.

The in-plane (parallel to the thin film surface) microstructure characterization and its
in situ evolution on heating were carried out using transmission electron microscopy (TEM,
Phillips CM 200) operating at 200 kV with a double-tilt heating holder (Gatan model 652).
The in situ heating experiment was carried out on an in-plane lamella extracted along the
cross-section previously prepared for SEM characterization, using the conventional focused
ion beam (FIB) and in situ lift-out method in a dual beam FIB/SEM equipment (FEI Helios
NanoLab 600). After the in situ heating experiment, the sample was studied by TEM in
a FEI Titan Cubed G2 60-300 microscope, working at 300 kV, employing the high-angle
annular dark field (HAADF) and EDX (ChemiSTEM) detectors in scanning-transmission
electron microscopy mode (STEM); all these equipment are from Thermo Fisher Scientific,
Waltham, MA, USA.

3. Results and Discussion

After the heat treatment, the CAN/SO sample experienced a compositional degra-
dation that destroyed the thin film configuration; bulges, precipitates, and diffusion of
metallic material inside the silicon substrate were observed [38]. These results deviated



Nanomaterials 2023, 13, 2605 5 of 14

from the objective of obtaining a good SMA thin film, and the CAN/SO sample was dis-
carded. Consequently, all further research was focused on the CAN/SN sample, whose
results satisfied the objective, allowing the further study of in situ heating under TEM.

Initially, this CAN/SN sample was thermally treated at 900 ◦C to promote the alloying
of the Cu, Al, and Ni layers by solid-state diffusion, and then quenched at 0 ◦C to obtain
the martensite phase at room temperature, as previously indicated.

3.1. Thin Film Characterization

Figure 3 shows representative results of the overall appearance of the CAN/SN sample
cross-section and the EDX analysis performed along it. Figure 3a is a SEM image in BSE
mode, from which can be observed a diagonal strip where five EDX spectra were taken. This
strip thickness matches the expected nominal thickness of the thin film, 1.2 µm (Table 1),
and the observation along the substrate confirms the homogeneous thickness of the thin
film. The EDX spectra were acquired from central points along the cross-section film. The
operation voltage was reduced as much as possible to avoid the silicon substrate excitation,
but at least 12 kV were required to excite the Cu and Ni K-lines to proper quantification–
their L lines overlap too much to be used in the quantification. Thus, with this voltage,
some substrate contribution was unavoidable and a tiny amount of Si (0.1 wt.%) was
systematically detected in all analysed spots. Excluding the silicon signal, the spectra only
show the presence of Cu, Al, and Ni in a reasonably homogeneous distribution along the
cross-section, as can be concluded from Figure 3b, where all spectra taken in different spots
are overlapped in intensity. The average chemical concentration measured was 84.1Cu-
12.4Al-3.5Ni (wt.%), which agreed reasonably well with the nominal concentration, as
shown in Table 1, aligning with the expected difference in the Al composition associated
with the quartz balance calibration. These results confirm that a homogenous thin film, in
both thickness and composition, was obtained from a Cu-Al-Ni multilayer stack via thermal
treatment. Once the overall homogeneity in thickness and composition was checked, the
following task was focused on the microstructure and phase characterization. Considering
what happened with the discarded sample (CAN/SO), it is essential to mention that the
silicon nitride coating was demonstrated to be an excellent inert diffusion barrier.
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Figure 3. EDX analysis of the CAN/SN sample. (a) SEM image with Backscattered electron (BSE) of
a cross-section analyzed in five points; (b) intensity maxima for Cu (Lα) and Al (Kα) overlap in five
spectra, denoting a high compositional homogeneity.

Figure 4 exhibits three BSE micrographs at different magnifications to show the mi-
crostructure characteristics observed along the thin film’s cross-section. In Figure 4a,b, the
arrows point out the grain boundaries, which give rise to a columnar grain microstructure,
or from another point of view, a flat grain microstructure.



Nanomaterials 2023, 13, 2605 6 of 14Nanomaterials 2023, 13, x FOR PEER REVIEW 6 of 14 
 

 

 
 

Figure 4. SEM images in BSE mode, exhibiting the characteristic cross-section microstructure in the 
CAN/SN sample. (a,b) Martensite variants inside grains cross the entire cross-section; arrows point 
out the grain boundaries spanning the entire thickness of the film; (c) self-accommodating micro-
structure of martensites in the thin film of SMA. 

The grey-scale contrasted laths in the micrographs of Figure 4 are structural domains 
well-known as martensite variants, a distinctive microstructural feature of an SMA in the 
martensite phase; the contrast is associated with the crystalline orientation of the individ-
ual martensites from the self-accommodation group [3,4]. These martensite variants are 
generally of film thickness and are confined by grain boundaries that span across the 
thickness of the film. The martensite variants become self-accommodated to minimize 
stresses from the austenite phase, when the martensite is thermally induced during cool-
ing, giving place to a quasi-zero net macroscopic shape change. This capability produces 
characteristic self-accommodating variants with a diamond shape, in which martensite 
could grow in a twin relationship, like those seen in Figure 4c. The identification of the 
crystalline lattice of these martensites was further established by TEM. These results show 
that the solid-state diffusion treatment performed on the multilayer system results in a 
homogeneous Cu-Al-Ni thin film in the austenite phase, with a characteristic columnar 
grain microstructure, which is further transformed in martensite during quenching. 

Figure 5 is the FIB Ga ion image of a lamella perpendicular to the cross-section that 
reveals the in-plane thin film microstructure and allows TEM phase characterization and 
in situ heating. This micrograph confirms the widespread presence of martensite variants 
within flat grains, as already observed in the cross-sectional microstructure in Figure 4. 
This kind of microstructure could be favourable for the active superelastic and shape 
memory properties of this Cu-based SMA. When grain boundaries span across the sample 
thickness, its energy becomes reduced, as was already shown for unconstrained or mono-
crystalline 3D microstructures [44–46]. Indeed, several studies have shown that the oligo-
crystalline state—when the surface area is larger than the grain boundary area—is a mi-
crostructure that improves the thermomechanical performance in Cu-based SMA poly-
crystals [53–55]. However, this subject is outside the scope of the present work. 

Figure 4. SEM images in BSE mode, exhibiting the characteristic cross-section microstructure in
the CAN/SN sample. (a,b) Martensite variants inside grains cross the entire cross-section; arrows
point out the grain boundaries spanning the entire thickness of the film; (c) self-accommodating
microstructure of martensites in the thin film of SMA.

The grey-scale contrasted laths in the micrographs of Figure 4 are structural domains
well-known as martensite variants, a distinctive microstructural feature of an SMA in
the martensite phase; the contrast is associated with the crystalline orientation of the
individual martensites from the self-accommodation group [3,4]. These martensite variants
are generally of film thickness and are confined by grain boundaries that span across the
thickness of the film. The martensite variants become self-accommodated to minimize
stresses from the austenite phase, when the martensite is thermally induced during cooling,
giving place to a quasi-zero net macroscopic shape change. This capability produces
characteristic self-accommodating variants with a diamond shape, in which martensite
could grow in a twin relationship, like those seen in Figure 4c. The identification of the
crystalline lattice of these martensites was further established by TEM. These results show
that the solid-state diffusion treatment performed on the multilayer system results in a
homogeneous Cu-Al-Ni thin film in the austenite phase, with a characteristic columnar
grain microstructure, which is further transformed in martensite during quenching.

Figure 5 is the FIB Ga ion image of a lamella perpendicular to the cross-section that
reveals the in-plane thin film microstructure and allows TEM phase characterization and
in situ heating. This micrograph confirms the widespread presence of martensite variants
within flat grains, as already observed in the cross-sectional microstructure in Figure 4. This
kind of microstructure could be favourable for the active superelastic and shape memory
properties of this Cu-based SMA. When grain boundaries span across the sample thickness,
its energy becomes reduced, as was already shown for unconstrained or monocrystalline
3D microstructures [44–46]. Indeed, several studies have shown that the oligocrystalline
state—when the surface area is larger than the grain boundary area—is a microstructure
that improves the thermomechanical performance in Cu-based SMA polycrystals [53–55].
However, this subject is outside the scope of the present work.
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Figure 5. Focused Ga ions image taken on the FIB lamella, revealing the in-plane microstructure of
the sample CAN/SN.

The martensite phase was identified and characterized by electron diffraction. Figure 6a
presents a bright-field (BF) TEM image of a grain with clearly contrasted variants. Figure 6b
shows the selected area diffraction pattern (SADP) obtained from the variant labelled with
the letter S in the BF image. This diffraction pattern was indexed as the monoclinic β’3
martensite (C2/m, a = 1.38017 nm, b = 0.52856 nm, c = 0.43987 nm, β = 113.60◦ [56]), as
expected from previous works in similar bulk alloys [50]. The streaks in the diffraction
pattern of Figure 6b could be attributed to the presence of many stacking faults inside the
martensite variants, probably produced by the internal stresses.
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region labelled S, indexed as β’3 martensite (T, transmitted beam).

The dominant existence of this phase was confirmed in different grains, as exposed in
a representative form in Figure 7, where a twin variant is analysed. The BF TEM image of
Figure 7a shows a grain from which the SADP in Figure 7b was taken. This SADP was also
indexed as β’3 martensite of two variants in a twin relationship.

The dark-field images in Figure 7c,d were obtained from the two spots indicated on the
SADP of Figure 7b (surrounded by two small circles coloured white and grey, respectively)
to contrast the twinning condition. As can be seen, both images have inverted contrasts
inside the grain; that is, the bright zones in the dark-field image of spot one (Figure 7d) are
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dark in the dark-field image of spot two (Figure 7c) and vice versa. These results prove that
the exposed experimental procedure obtained a Cu-Al-Ni thin film in β’3 martensite phase.
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3.2. In Situ TEM Heating Experiment

The in situ heating TEM experiment was carried out in two steps up to a maximum
temperature of 450 ◦C and registered with a video camera. The first heating step proceeded
from room temperature to 280 ◦C at a rate of 5 ◦C/min as the live sample image was
observed. During this step, an active thermal process was observed through the movements
of the contrasting waves inside the grains in the 230–260 ◦C temperature range, which
was understood to indicate the martensite transformation into austenite. However, when
the thermal program reached the temperature of 280 ◦C, a rigorous sample examination
was performed, and no evidence of the existence of the austenite phase was found—the
wave’s movement probably occurred due to the internal stress release. Indeed, an incipient
presence of precipitates was visually detected, and the second heating run promoted a
coarsening of these precipitates, allowing verification of their nature. The second heating
step proceeded from 280 ◦C to 450 ◦C at the mentioned rate, and was also observed in the
live image, showing that the incipient precipitates became coarse during heating. This
coarsening process is illustrated in the three TEM BF images of a fixed area in Figure 8a–c,
taken at 290, 350 and 450 ◦C, respectively. Six of the multiple precipitates in this area
have been selected and marked with arrows to demonstrate their increase in size. The BF
images during in situ heating were acquired under 200 kV TEM with a rapid-acquisition
rate camera, but with high-enough resolution to follow the growth of the precipitates; for
instance, the precipitate indicated by the left horizontal arrow grew from about 110 nm to
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240 nm, and the one indicated by the left vertical arrow grew from 125 nm to 220 nm, in
Figures 8a and 8c, respectively. Clear evidence of the presence of precipitates was observed
during this second heating run at 290 ◦C. After the in situ experiment up to 450 ◦C, the
sample was cooled to room temperature and transferred for observation under 300 kV
Titan FEI. Figure 9 shows a HAADF–STEM image revealing the widespread presence of
precipitates in grain boundaries and triple junctions. In the HAADF contrast, two types of
precipitates appeared: some bright and coarse (>100 nm), as in Figure 9, and others dark
and tiny (<100 nm), as in Figure 10. Their chemical nature was analysed by EDX.
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revealing precipitates at grain boundaries and triple junctions.

Figure 10a shows the HAADF–STEM image, including some dark and grey precipi-
tates, and Figure 10b–d correspond to the mapping composition for Al (yellow), Ni (blue),
and Cu (red), respectively. According to the maps, the dark precipitates were rich in Al and
Ni and poorer in Cu. This seems to indicate that NiAl-rich intermetallic was formed during
the process, or that eventually they corresponded to the equilibrium gamma phase, which
was also CuNi-Al-rich, with a much higher content of Cu than the NiAl intermetallic, in
agreement with the observed precipitation of stable phases at a macroscopic scale [57], tak-
ing place according the ternary phase diagram [52]. The white region in the HAADF image
corresponded to a triple point, which became Cu-rich as a consequence of the precipitation.
The quantitative analysis of these precipitates was not possible because they were smaller
than the sample thickness. On the contrary, the quantitative analysis of the matrix offered a
value of 12.6 Al (wt.%), in good agreement with the previously measured Al concentration
of the sample.
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The HAADF–STEM image of Figure 11a shows a bright precipitate corresponding
to one of those whose growth was observed by in situ heating, and also reveals tiny dark
grey precipitates, as in the previous Figure 10. Figure 11b–d correspond to the mapping
composition for Al (yellow), Ni (blue), and Cu (red), respectively. Once again, the EDX
maps show that the nanometric precipitates at the grain boundaries were Ni-Al-rich,
corresponding to the same intermetallic observed in Figure 10. In contrast, the bright
precipitate was clearly Cu-rich, as in Figure 11d, and the quantitative analysis gave a
composition of 93.1Cu-4.8Al-2.0Ni, which probably corresponded to the equilibrium alpha
phase. To verify this point, Figure 11e–g show the parallel nanodiffraction patterns on
this precipitate for three different zone axes, which were indexed as Cu-rich alpha phase
(Fm-3m, a = 0.3608 nm [52]). From the in situ and post-mortem TEM results, it can be
concluded that the observed precipitates corresponded to the expected equilibrium phases,
which preferentially nucleated at the grain boundaries, as in Figure 9, but not, or scarcely,
at the martensite interfaces.

To close the discussion section, we have to emphasize that the martensite distribution
across the thickness and in-plane of the thin film, shown in Figures 4 and 5, respectively,
show a homogeneous concentration of the thin film. These results and the microanalysis of
Figure 3 validate the employed processing methodology.

The in situ heating experiments under TEM show two different stages of the mi-
crostructures’ evolution. First, between 230 and 260 ◦C, the motion of the contrast waves
can be associated with the release of the internal stresses. Indeed, significant internal
stresses developed during the thin film production; see [58] for an overview on these
stresses. In addition, the further martensitic transformation increased the internal stresses
at the grain boundaries because of the high elastic anisotropy of these alloys [3,4]. However,
at the surface of the lamella, the stresses relaxed, as occurs in micropillars, causing a delay
in the reverse martensitic transformation, because stored internal stresses constitute the
driving force for the reverse transformation [46]. This delay in the reverse transformation
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temperatures was also observed by adiabatic calorimetry [59] and neutron diffraction [60]
in bulk Cu-Al-Ni SMA when the stresses were thermally released. This effect of stress
relaxation is particularly relevant at the micro- and nanoscale [46], and could have been
responsible for the delay in the reverse martensitic transformation during the in situ TEM
experiment. Second, for prolonged exposure at 280 ◦C and above, the nucleation and
growth of the precipitates of stable phases, α, γ and NiAl, take place by diffusion pro-
cesses, preferentially at the grain boundaries. During the first stage (230 to 260 ◦C), the
martensitic transformation is more reproducible and stable, whereas the second one (above
280 ◦C) promotes the degradation of the microstructure and the loss of shape memory
properties. This study demonstrates that thin films of Cu-Al-Ni SMA could satisfactorily
work up to the temperature range 230–260 ◦C. Obviously, for practical applications, the
concentration of the alloy must be designed to undergo the martensitic transformation
below those temperatures. In addition, the effect of the internal stress relaxation should
be quantitatively evaluated in order to match the required transformation temperatures,
particularly in microscale thin films. The present work shows that such a design can be
achieved through the proposed multilayer processing methodology.
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4. Conclusions

In the light of the presented results, the following conclusions can be drawn:

• Silicon wafers coated with SiNx (200 nm) constitute a good substrate to grow thin
films of Cu-Al-Ni SMA.

• The e-beam evaporation technique of a multilayer stack of Cu, Al, and Ni obtains a
homogeneous thin film through further solid-state diffusion treatments.

• The composition of the SMA can be chosen and controlled through the relative thick-
ness of the elemental layers.

• This methodology obtains a homogeneous martensitic transformation along the whole
thin film.

• The in situ TEM experiments show that the developed Cu-Al-Ni thin films are ther-
mally stable up to temperatures in the range 230–260 ◦C, making them very use-
ful as high-temperature shape memory alloys for active applications at the micro-
and nanoscales.

These findings show that the used production method obtains Cu-Al-Ni HTSMA
thin films with high thermal stability, paving the road for developing high-temperature
MEMS/NEMS using shape memory and superelastic technologies.

Author Contributions: Conceptualization, J.M.S.J. and M.L.N.; methodology, J.M.S.J., J.F.G.-C. and
M.L.N.; investigation, J.F.G.-C., M.L.N., A.C., I.R.-L. and J.M.S.J.; data curation, J.F.G.-C. and M.L.N.;
writing—original draft preparation, J.M.S.J. and J.F.G.-C.; writing—review and editing, J.F.G.-C.,
M.L.N., A.C., I.R.-L. and J.M.S.J.; funding acquisition, J.M.S.J. and M.L.N. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Spanish Ministry of Science and Innovation, project
PID2021-122160NB-I00, and the GIU-21/024 from the University of the Basque Country, UPV/EHU.
This work made use of the TEM and SEM facilities of the Electron Microscopy and Microanalysis of
Materials SGIKER of the UPV/EHU, as well as the FIB facilities of EML at NanoGune.

Data Availability Statement: The data presented along this work formed part of an ongoing project
and are available upon request by e-mail to the corresponding author.

Acknowledgments: J.M.S.J. thanks Vicky Diadiuk for facilitating the use of the cleanroom facilities
of the Microsystems Technology Laboratories (MTL) at the Massachusetts Institute of Technology
(MIT), Cambridge, MA, USA, through the Outreach Program B1697-21-2490.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study or in the decision to publish the results.

References
1. Humbeeck, J.V. Shape memory alloys: A material and a technology. Adv. Func. Mater. 2001, 3, 837–850. [CrossRef]
2. Kohl, M. Shape Memory Microactuators; Springer: Berlin, Germany, 2004.
3. Otsuka, K.; Wayman, C.M. Shape Memory Alloys; Cambridge University Press: Cambridge, UK, 1998.
4. Bhattacharya, K. Microstructure of Martensite; Oxford University Press: Oxford, UK, 2003.
5. Concilio, A.; Antonucci, V.; Aurichio, F.; Lecce, L.; Sacco, E. Shape Memory Alloy Enginnering; Butterworth-Heinnemann: Oxford,

UK, 2022.
6. Dengiz, D.; Goldbeck, H.; Curtis, S.M.; Bumke, L.; Jetter, J.; Quandt, E. Shape Memory Alloy Thin Film Auxetic Structures. Adv.

Mater. Technol. 2023, 8, 2201991. [CrossRef]
7. Qi, J.; Chen, Z.; Jiang, P.; Hu, W.; Wang, Y.; Zhao, Z.; Cao, X.; Zhang, S.; Tao, R.; Li, Y.; et al. Recent Progress in Active Mechanical

Metamaterials and Construction Principles. Adv. Sci. 2022, 9, 2102662. [CrossRef] [PubMed]
8. Wu, L.; Wang, Y.; Chuang, K.; Wu, F.; Wang, Q.; Lin, W.; Jiang, H. A brief review of dynamic mechanical metamaterials for

mechanical energy manipulation. Mater. Today 2021, 44, 168–193. [CrossRef]
9. Curtis, S.M.; Gugat, J.L.; Bumke, L.; Dengiz, D.; Seigner, L.; Schmadel, D.; Lazarus, N.S.; Quandt, E. Thin-Film Superelastic Alloys

for Strechable Electronics. Shap. Mem. Superelasticity 2023, 9, 35–49. [CrossRef]
10. Velvaluri, P.; Soor, A.; Plucinsky, P.; Lima de Miranda, R.; James, R.D.; Quandt, E. Origami-Inspired thin-film shape memory alloy

devices. Sci. Rep. 2021, 11, 10988. [CrossRef]
11. Bai, Y.; Wang, H.; Xue, Y.; Pan, Y.; Kim, J.T.; Ni, X.; Liu, T.L.; Yang, Y.; Han, M.; Huang, Y.; et al. A dynamically reprogrammable

surface with self-evolving shape morphing. Nature 2022, 609, 701–708. [CrossRef]

https://doi.org/10.1002/1527-2648(200111)3:11%3C837::AID-ADEM837%3E3.0.CO;2-0
https://doi.org/10.1002/admt.202201991
https://doi.org/10.1002/advs.202102662
https://www.ncbi.nlm.nih.gov/pubmed/34716676
https://doi.org/10.1016/j.mattod.2020.10.006
https://doi.org/10.1007/s40830-023-00422-4
https://doi.org/10.1038/s41598-021-90217-3
https://doi.org/10.1038/s41586-022-05061-w


Nanomaterials 2023, 13, 2605 13 of 14

12. Pang, W.; Xu, S.; Liu, L.; Bo, R.; Zhang, Y. Thin-Film-Shaped Flexible Actuators. Adv. Intell. Syst. 2023, 5, 2300060. [CrossRef]
13. Fu, Y.Q.; Du, H.J.; Huang, W.M.; Zhang, S.; Hu, M. TiNi-based thin films in MEMS applications: A review. Sens. Actuators A 2004,

112, 395–408. [CrossRef]
14. Dahmardeh, M.; Ali, M.S.M.; Saleh, T.; Hian, T.M.; Moghaddam, M.V.; Nojeh, A.; Takahata, K. High-power MEMS switch enabled

by carbon-nanotube contact and shape-memory-alloys actuator. Phys. Stat. Sol. A 2013, 210, 631–638. [CrossRef]
15. Gill, J.J.; Chang, D.T.; Momoda, L.A.; Carman, G.P. Manufacturing issues of thin film NiTi microwrapper. Sens. Actuators A 2001,

93, 148–156. [CrossRef]
16. Bolocan, V.; Valsan, D.; Ercuta, A.; Craciunescu, C.-M. Actuating bimorph microstructures with magnetron-sputtering Ti-Ni-Cu

shape memory alloys films. Nanomaterials 2022, 12, 4207. [CrossRef] [PubMed]
17. Miyazaki, S.; Fu, Y.Q.; Huang, W.M. Thin Film Shape Memory Alloys: Fundamentals and Device Applications; Cambridge University

Press: Cambridge, UK, 2009.
18. Kohl, M.; Ossmer, H.; Guelyig, M.; Megnin, C. SMA Foils for MEMS: From Material Properties to the Engineering of Microdevices.

Shap. Mem. Superelasticity 2018, 4, 127–142. [CrossRef]
19. Ho, K.K.; Carman, G.P. Sputter deposition of NiTi thin film shape memory alloy using a heated target. Thin Solid Film. 2000, 370,

18–29. [CrossRef]
20. Li, J.; Yi, X.; Meng, X.; Qiao, S.; Cai, W.; Zhao, L. Deposition and phase transaformation behaviors of Ti-Ni-Hf-Cu quaternary

shape memory alloy thin films. J. Alloys Compd. 2019, 806, 33–39. [CrossRef]
21. Curtis, S.M.; Sielenkämper, M.; Arivanandhan, G.; Dengiz, D.; Li, Z.; Jetter, J.; Hanke, L.; Bumke, L.; Quandt, E.; Wulfinghoff, S.;

et al. TiNiHf/SiO2/Si shape memory composites for bidirectional microactuation. Int. J. Smart Nano Mater. 2022, 13, 293–314.
[CrossRef]

22. Lünser, K.; Undisz, A.; Nielsch, K.; Fähler, S. How to grow single-crystalline and epitaxial NiTi films in (100)-and (111)-orientation.
J. Phys. Mater. 2023, 6, 035002. [CrossRef]

23. Fu, Y.Q.; Du, H. RF magnetron sputtered TiNiCu shape memory alloy thin film. Mater. Sci. Eng. A 2003, 339, 10–16. [CrossRef]
24. Ishida, A.; Sato, M.; Tabata, O.; Yoshikawa, W. Shape memory thin films formed with carrousel-type magnetron sputtering

apparatus. Smart Mater. Struct. 2005, 14, S216–S222. [CrossRef]
25. Ahadi, A.; Kalidindi, A.R.; Sakurai, J.; Matsushita, Y.; Tsuchiya, K.; Schuh, C.A. The role of W on the thermal stability of

nanocrystalline NiTiWx thin films. Acta Mater. 2018, 142, 181–192. [CrossRef]
26. Behera, A.; Rajak, D.K.; Kolahchi, R.; Scutaru, M.L.; Pruncu, C.I. Current global scenario of sputter deposited NiTi smart systems.

J. Mater. Res. Technol. 2020, 9, 14582–14598. [CrossRef]
27. Marupalli, B.C.G.; Behera, A.; Aich, S. A Critical Review on Nickel-Titanium Thin Films Shape memory Alloy Fabricated by

Magnetron Sputtering and Influence of Process Parameters. Trans. Indian Inst. Met. 2021, 74, 2521–2540. [CrossRef]
28. Adams, T.M.; Kirkpatrick, S.R.; Wang, Z.; Siahmakoun, A. NiTi shape memory alloy thin films deposited by co-evaporation.

Mater. Lett. 2005, 59, 1161–1164. [CrossRef]
29. Camposeo, A.; Fuso, F.; Allegrini, M.; Arimondo, E.; Tuissi, A. Pulsed laser deposition and characterization of NiTi-based MEMS

prototypes. Appl. Phys. A 2004, 79, 1141–1143. [CrossRef]
30. Jayachandran, S.; Prabu, S.S.M.; Manikandan, M.; Muralidharan, M.; Harivishanth, M.; Alash, K.; Palani, I.A. Exploring the

functional capabilities of NiTi shape memory alloy thin films deposited using electron beam evaporation technique. Vacuum 2019,
168, 108826. [CrossRef]

31. Cui, J.; Chu, Y.S.; Famodu, O.O.; Furuya, Y.; Hattrick-Simpers, J.; James, R.D.; Ludwig, A.; Thienhaus, S.; Wuttig, M.; Zhang, Z.;
et al. Combinatorial search of thermoelastic shape-memory alloys with extremely small hysteresis width. Nat. Mater. 2006, 5,
286–290. [CrossRef]

32. Löbel, R.; Thienhaus, S.; Savan, A.; Ludwig, A. Combinatorial fabrication and high-throughput characterization of a Ti–Ni–Cu
shape memory thin film composition spread. Mater. Sci. Eng. A 2008, 481–482, 151–155. [CrossRef]

33. Ludwig, A. Discovery of new materials using combinatorial synthesis and high-throughput charactarization of thin-film materials
libraries combined with computational methods. Npj Comput. Mater. 2019, 5, 70. [CrossRef]

34. Al Hasan, N.M.; Hou, H.; Sarkar, S.; Thienhaus, S.; Metha, A.; Ludwig, A.; Takeuchi, I. Combinatorial Synthesis and High-
Throughput Characterizationof Microstructure and Phase Transformation in Ni-Ti-Cu-V Quaternary Thin-Film Library. Engineer-
ing 2020, 6, 637–643. [CrossRef]

35. Minemura, T.; Andoh, H.; Kita, Y.; Ikuta, I. Shape memory effect and microstructures of sputter-deposited Cu-Al-Ni films. J.
Mater. Sci. Lett. 1985, 4, 793–796. [CrossRef]

36. Kneissl, A.C.; Kutschej, K.; Wu, X. Production and characterization of Cu-Al-Ni shape memory thin films. J. Phys. IV Fr. 2003, 112,
571–574. [CrossRef]

37. Lovey, F.C.; Condó, A.M.; Guimpel, J.; Yacamán, M.J. Shape memory effect in thin films of a Cu-Al-Ni alloy. Mater. Sci. Eng. A
2008, 481–482, 426–430. [CrossRef]

38. Gómez-Cortés, J.F.; San Juan, J.; López, G.A.; Nó, M.L. Synthesis and characterization of Cu-Al-Ni shape memory alloy multilayer
thin films. Thin Solid Film. 2013, 544, 588–592. [CrossRef]

39. Espinoza Torres, C.; Condó, A.M.; Haberkorn, N.; Zelaya, E.; Schryvers, D.; Guimpel, J.; Lovey, F.C. Structures in textured
Cu-Al-Ni shape memory thin films grown by sputtering. Mater. Charact. 2014, 96, 256–262. [CrossRef]

https://doi.org/10.1002/aisy.202300060
https://doi.org/10.1016/j.sna.2004.02.019
https://doi.org/10.1002/pssa.201228678
https://doi.org/10.1016/S0924-4247(01)00646-X
https://doi.org/10.3390/nano12234207
https://www.ncbi.nlm.nih.gov/pubmed/36500830
https://doi.org/10.1007/s40830-017-0144-x
https://doi.org/10.1016/S0040-6090(00)00947-0
https://doi.org/10.1016/j.jallcom.2019.07.238
https://doi.org/10.1080/19475411.2022.2071352
https://doi.org/10.1088/2515-7639/acd604
https://doi.org/10.1016/S0921-5093(02)00130-2
https://doi.org/10.1088/0964-1726/14/5/008
https://doi.org/10.1016/j.actamat.2017.09.056
https://doi.org/10.1016/j.jmrt.2020.10.032
https://doi.org/10.1007/s12666-021-02418-z
https://doi.org/10.1016/j.matlet.2004.12.019
https://doi.org/10.1007/s00339-004-2687-x
https://doi.org/10.1016/j.vacuum.2019.108826
https://doi.org/10.1038/nmat1593
https://doi.org/10.1016/j.msea.2007.02.168
https://doi.org/10.1038/s41524-019-0205-0
https://doi.org/10.1016/j.eng.2020.05.003
https://doi.org/10.1007/BF00726993
https://doi.org/10.1051/jp4:2003950
https://doi.org/10.1016/j.msea.2007.01.175
https://doi.org/10.1016/j.tsf.2012.12.062
https://doi.org/10.1016/j.matchar.2014.08.005


Nanomaterials 2023, 13, 2605 14 of 14

40. Morán, M.J.; Condó, A.M.; Haberkorn, N. Recrystallization and martensitic transformation in nanometric grain size Cu-Al-Ni
thin fims grown by DC sputtering at room temperature. Mater. Charact. 2018, 139, 446–451. [CrossRef]

41. Bilican, D.; Kurdi, S.; Zhu, Y.; Solsona, P.; Pellicer, E.; Barber, Z.H.; Greer, A.L.; Sort, J.; Fornell, J. Epitaxial Versus Polycrystalline
Shape Memory Cu-Al-Ni Thin Fims. Coatings 2019, 9, 308. [CrossRef]

42. Morán, M.; Condó, A.M.; Bengio, S.; Soldera, F.; Sirena, M.; Haberkorn, N. Martensitic transformation in free-standing Cu-Al-Ni
thin films with micrometric grain size. Mater. Res. Express 2019, 6, 096556. [CrossRef]

43. Morán, M.; Condó, A.M.; Suarez, S.; Soldera, F.; Haberkorn, N. Ion implantation inducing two-way shape memory effect in
Cu-Al-Ni thin films. Mater. Lett. 2019, 255, 126569. [CrossRef]

44. Gómez-Cortés, J.F.; Nó, M.L.; López-Ferreño, I.; Hernández-Saz, J.; Molina, S.I.; Chuvilin, A.; San Juan, J.M. Size effect and scaling
power-law for superelasticity in shape-memory alloys at the nanosscale. Nat. Nanotechnol. 2017, 12, 790–796. [CrossRef]

45. San Juan, J.; Nó, M.L.; Schuh, C.A. Thermomechanical behavior at the nanoscale and size effects in shape memory alloys. J. Mater.
Res. 2011, 26, 2461–2469. [CrossRef]

46. Gómez-Cortés, J.F.; Nó, M.L.; Ruíz-Larrea, I.; Breczewski, T.; López-Echarri, A.; Schuh, C.A.; San Juan, J.M. Ultrahigh superelastic
damping at the nano-scale: A robust phenomenon to improve smart MEMS devices. Acta Mater. 2019, 166, 347–356. [CrossRef]

47. San Juan, S.M.; Gómez-Cortés, J.F.; Nó, M.L. Ultra-high mechanical damping during superelastic bending of micro pillars and
micro beams in Cu-Al-Ni shape memory alloys. J. Alloy Compd. 2022, 929, 167307. [CrossRef]

48. Otsuka, K.; Ren, X. Physical metallurgy of Ti-Ni-based shape memory alloys. Prog. Mater. Sci. 2005, 50, 511–678. [CrossRef]
49. Miyazaki, S. My Experience with Ti-Ni-Based Shape Memory Alloys. Shap. Mem. Superelasticity 2017, 3, 279–314. [CrossRef]
50. López-Ferreño, I.; Gómez-Cortés, J.F.; Breczewski, T.; Ruiz-Larrea, I.; Nó, M.L.; San Juan, J.M. High-temperature shape memory

alloys based on the Cu-Al-Ni system: Design and thermomechanical characterization. J. Mater. Res. Technol. 2020, 9, 9972–9984.
[CrossRef]

51. Plummer, J.D.; Deal, M.D.; Griffin, P.B. Silicon VLSI Technologies. Fundamentals, Practice and Modelling; Prentice Hall: Saddle River,
NJ, USA, 2000.

52. Sun, Y.S.; Lorimer, G.W.; Ridley, N. Microstructure and its development. Metall. Trans. A 1990, 21, 575–583. [CrossRef]
53. Ueland, S.M.; Schuh, C.A. Superelasticity and fatigue in oligocrystalline. Acta Mater. 2012, 60, 282–292. [CrossRef]
54. Ueland, S.M.; Chen, Y.; Schuh, C.A. Oligocrystalline shape memory alloys. Adv. Funct. Mater. 2012, 22, 2094–2099. [CrossRef]
55. Ueland, S.M.; Schuh, C.A. Transition from many domains to single domain martensite morphology in small-scale shape memory

alloys. Acta Mater. 2013, 61, 5618–5625. [CrossRef]
56. Ibarra, A.; San Juan, J.; Bocanegra, E.H.; Caillard, D.; Nó, M.L. “In-situ” and “Post-mortem” TEM study of the super-elastic effect

in Cu-Al-Ni shape memory alloys. Mater. Sci. Eng. A 2006, 438–440, 787–790. [CrossRef]
57. Recarte, V.; Hurtado, I.; Herreros, J.; Nó, M.L.; San Juan, J. Precipitation of the stable phases in Cu-Al-Ni shape memory alloys.

Scr. Mater. 1996, 34, 255–260. [CrossRef]
58. Freund, L.B.; Suresh, S. Thin Film Materials. Stress, Defect Formation and Surface Evolution; Cambridge University Press: Cambridge,

UK, 2003.
59. Rodriguez-Aseguinolaza, J.; Ruiz-Larrea, I.; Nó, M.L.; López-Echarri, A.; San Juan, J. Temperature memory effect in Cu-Al-Ni

shape memory alloys studied by adiabatic calorimetry. Acta Mater. 2008, 56, 3711–3722. [CrossRef]
60. Ruiz-Larrea, I.; López-Echarri, A.; Gómez-Cortés, J.F.; Nó, M.L.; Brown, D.W.; Balogh, L.; Breczewski, T.; San Juan, J. Strain

relaxation in Cu-Al-Ni shape memory alloys studied by in situ neutron diffraction experiments. J. Appl. Phys. 2019, 125, 082536.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.matchar.2018.03.025
https://doi.org/10.3390/coatings9050308
https://doi.org/10.1088/2053-1591/ab2fbf
https://doi.org/10.1016/j.matlet.2019.126569
https://doi.org/10.1038/nnano.2017.91
https://doi.org/10.1557/jmr.2011.291
https://doi.org/10.1016/j.actamat.2018.12.043
https://doi.org/10.1016/j.jallcom.2022.167307
https://doi.org/10.1016/j.pmatsci.2004.10.001
https://doi.org/10.1007/s40830-017-0122-3
https://doi.org/10.1016/j.jmrt.2020.07.002
https://doi.org/10.1007/BF02671930
https://doi.org/10.1016/j.actamat.2011.09.054
https://doi.org/10.1002/adfm.201103019
https://doi.org/10.1016/j.actamat.2013.06.003
https://doi.org/10.1016/j.msea.2006.01.105
https://doi.org/10.1016/1359-6462(95)00493-9
https://doi.org/10.1016/j.actamat.2008.04.010
https://doi.org/10.1063/1.5049216

	Introduction 
	Materials and Methods 
	Synthesis 
	Microstructural Characterization and In Situ Heating TEM 

	Results and Discussion 
	Thin Film Characterization 
	In Situ TEM Heating Experiment 

	Conclusions 
	References

