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This paper reports on the possibility to obtain Cu–Zn–Al films with 2H martensitic structure by fixing the
valence electron concentration per atom (e/a) �1.53. Films with thickness of �5 lm with micrometric
grains show martensitic transformation temperature and hysteresis values close to the ones found in
bulk samples. This result is different to the one found in Cu–Zn–Al thin films with 18R martensitic struc-
ture and similar microstructure, in which the hysteresis presents an increment (�10 times) compared to
bulk samples. This difference can be associated to the intrinsic nature of the 2H transformation which
requires more undercooling to produce the nucleation of the martensitic phase. The driving force for
the burst-type martensitic transformation decreases the influence of the microstructure in the
transformation.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Shape memory alloys (SMA) are materials with two outstanding
properties: shape memory and pseudo elasticity, which arise due a
martensitic transformation [1]. The martensitic transformation can
be induced and reversed by cooling and heating (giving rise to the
shape memory effect), or by applying and withdrawing mechanical
stress (giving rise to the pseudo elastic effect). These properties
appear as particularly advantageous in the development of micro-
electromechanical systems (MEMS) [2,3]. The technological appli-
cations are based on the possibility of modifying properties such
as shape, stiffness or natural frequency in response to temperature
or stress, or to an external magnetic field [4–6]. The development
of micro and nanometric systems based in SMA requires an under-
standing of the response of these properties when the dimension-
ality is reduced. Many studies and reports which discuss the
influence of the microstructure and the dimensionality have been
performed in Ni–Ti [7–9], and more recently, the performance of
other SMA has been evaluated [4,5,10,11]. For example, studies
in Cu–Al–Ni nanopillars [10,11] show that the super elastic behav-
ior is higher than that reported in Ni–Ti nanopillars [12] of similar
diameter. This fact indicates that depending on SMA different
functionalities can be obtained. In this way, Cu-based SMA
have some particular characteristics such as the stabilization of
different structures which show a wide range of martensitic start
transformation temperatures (Ms) and different hysteresis widths
[13,14]. At high temperature the b phase structure in Cu–Zn–Al al-
loys adopts a bcc structure. During the cooling process and
depending on the composition, a cubic B2 or a cubic L21 structure
could be adopted. The lattice parameter of the cubic L21 super-
structure cell doubles the lattice parameter of the corresponding
bcc structure. The transformation austenite (b phase ? 18R mar-
tensite (1.46 < e/a < 1.52) in bulk is associated with a small temper-
ature hysteresis �5 K, whereas the hysteresis for the b ? 2H
martensite transformation (1.52 < e/a < 1.532) is considerably
higher �20–30 K [15,16]. In the latter case, the b ?2H transforma-
tion is a consequence of nucleation difficulties which result from
an abrupt or burst-type martensitic transformation.

The resulting properties in SMA thin films are usually affected
by the microstructure. A high density of grain boundaries and
the finite size of grains could induce transformation strains and
interfaces which hinder the transformation, and change both the
thermal stability of the martensite and its transformation path.
For instance, the properties of Ni-Ti thin films were shown to
strongly depend on metallurgical factors and preparation condi-
tions [17–19]. Grain boundaries as well as surface degradation
[20] play an important role in Ni–Ti films sub micrometric samples.
Recently, we have been able to tune the Ms in Cu–Zn–Al films with
b ? 18R martensitic transformation [21]. However, the films pre-
sented a transformation hysteresis of 35–50 K, which is larger than
the typical value found in bulk samples (�5 K). This difference
could be associated with the fact that grain boundaries can act as
obstacles that hinder the transformation by impeding the lateral
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expansion of thin martensite plates due to the constraints imposed
by the presence of adjacent sub micrometric grains [22]. Although
low dimensional systems show a good performance related to the
mechanical response, their temperature-driven martensitic phase
transformation can be affected due to the increasing role of the
surface/volume ratio [9,23]. Even though many studies about the
influence of the microstructure have been performed in the Ni–Ti
system, its influence on the response of other SMA remains
unexplored in depth. As the Cu–Zn–Al system presents more than
one martensitic structure, it allows to investigate the response of
different martensitic structures in samples grown by the same
method (similar microstructure). Although several investigations
on this ternary system with 2H martensite have been published
[14–16], no study has been performed in films with micrometric
grain size.

This work reports the presence of b ? 2H martensitic transfor-
mation in polycrystalline Cu–Zn–Al films with thickness t � 5 lm.
The grain size of the films obtained depends on the chemical
concentration of the alloy, with averages between 1 and 4 lm. It
has been noticed that the Ms and hysteresis in pure b films are sim-
ilar to those found in bulk (in contraposition to the b ? 18R
martensitic transformation). In the same way, the hysteresis is
incremented due to the presence of c-phase precipitates. This
confirms that in samples with similar microstructure the type of
martensitic structure plays an important role in the features of
the resulting transformation.
(a)

(b)

Fig. 1. Resistance vs. temperature in the reference R1 and in the films F1 and F2.
The method for defining the parameters of the martensitic transformation was
included. The hysteresis is measured as DT. On cooling, the transformation
temperature is set to start at Ms and to go to completion at Mf. On heating, the
retransformation is set to start at the As temperature and finish at Af. The resistance
was rescaled for a clearer presentation.
2. Experimental

Binary precursor films were grown from targets with nominal composition
Cu–23.40 at.% Al (film precursor: P1) and Cu–25.44 at.% Al (film precursor: P2) by
DC magnetron sputtering on Si (100) without intentional heating of the substrate,
under 10 mTorr of argon, and a power of 50 W. Samples were grown without inten-
tional heating to avoid chemical reactions between the silicon substrate and the
aluminum of the precursor film, which complicate the peeling off of the films from
the substrates. The pre-vacuum in the sputtering chamber was 1 � 10�6 Torr. The
targets (diameter: 38 mm, height: 4 mm) were prepared with pure metals melted
in an encapsulated quartz tube under argon atmosphere. During the deposition,
the substrate was located above the target at 70 mm. Deposition sputtering rate
was estimated from cross section scanning electron microscope images (not
shown), showing a growth rate of �50 nm/min.

After growth, the Cu–Al films were easily peeled off from the substrates and
encapsulated in quartz tubes under an argon atmosphere (diameter: 8 mm,
length � 50 mm) inside a tantalum envelope, together with a Cu–Zn–Al bulk refer-
ence (�1 gr.) for reactive annealing. During the thermal annealing, a vapor atmo-
sphere of Zn is created by the Cu–Zn–Al reference sample. The Cu–Al film
absorbs Zn atoms until equilibrium with vapor of Zn is established. Thus, the Cu–
Al film copies the Zn chemical concentration of the reference alloy, which in this
case the Al/Cu ratio is the same as in the precursor film [21]. The annealing temper-
ature is selected to obtain Zn diffusion and the corresponding b equilibrium phase
during the same process. It is worth mentioning that Zn evaporation in Cu–Zn–Al
samples in argon atmosphere become important over 973 K, due to a very thin
Al2O3 protective layer on the surface [24]. These bulk references were prepared con-
sidering a valence electron concentration (e/a) = 1.53 to obtain the 2H martensite
[15]. The nominal chemical composition of the references were Cu–11.66 at.%
Zn–20.67 at.% Al (R1) and Cu–4.51 at.% Zn–24.24 at.% Al (R2) aiming at values of
martensitic transformation temperature (Ms) estimated at 175 K and 315 K, respec-
tively. The values of Ms were estimated considering Ms [K] = (301–798 (CZn + 1.03
CAl))/(0.51(e/a)–0.58)–15 (where Ci is the atomic fraction of the i element, and
(15) in the last term is half the hysteresis) [25]. This equation considers the changes
of the enthalpy and entropy between the austenite and 2H martensite phases
[15,16]. The Al to Cu ratio proportion is the same within the pairs (P1, R1) and
(P2, R2). These pairs were heated from room temperature to 1123 K at 5 K/min, an-
nealed during one hour, and finally quenched in iced water. The whole process
(opening the furnace, breaking the quartz ampoule and introducing the sample into
water) is performed in less than 5 s. The ternary films obtained were called F1 and
F2 for the pairs (P1, R1) and (P2, R2), respectively. The annealing temperature of
1123 K was selected to obtain the b phase, according to the stability range in the
ternary Cu–Zn–Al phase diagram [26]. The structure of the films was studied by
transmission electron microscopy (TEM) with a Philips CM200UT microscope
operating at 200 kV. TEM specimens were prepared using standard ion milling
techniques in a Gatan PIP system. The films were characterized by X-ray diffraction
(XRD) in a Philips PW 1710 diffractometer using Cu Ka radiation, steps of 0.02� and
1 s acquisition time. The martensitic transformation was characterized by electrical
transport using conventional four-probe geometry in a vacuum cooling machine
with a temperature rate (cool down and warming up) of 1 K/min.
3. Results and discussion

Fig. 1 shows resistance vs. temperature for both films studied
and for R1. The parameters of the martensitic transformation are
summarized in Table 1. It has been noticed that the Ms � 140 K
in film F1 is slightly lower than in reference R1 (Ms � 150 K),
although the hysteresis of the transformation (DT � 30 K) is nearly
the same. Film F2 shows a value of Ms � 290 K which is again
lower than the experimental value obtained for reference R2
(Ms � 320 K). This difference in Ms can be attributed to small
changes in the chemical concentration of the Cu–Al sputtered film,
which directly affect the absolute Ms value, i.e., changes of 0.1 at.%
in the Al concentration of the binary film are enough to shift 5–7 K
the Ms of the final Cu–Zn–Al film (see equation for Ms estimation in
experimental section). In addition, in film F2 the hysteresis is
larger (DT � 42 K) than the one present in reference R2 (DT �
20 K). This could be related to the presence of nanometric c-phase
precipitates (see TEM results below), since it has been reported
that the hysteresis becomes wider with the presence of small pre-
cipitates [27]. On the other hand, the reference R2 was annealed at
high temperature (1273 K) in order to avoid c-phase precipitates
and the hysteresis was considerably reduced.

Fig. 2a shows an X-ray diffraction pattern of film F1 at room
temperature where only peaks corresponding to the b phase are
present and indicate that the sample is polycrystalline. The peaks



Table 1
Measured transformation temperatures in the reference samples and in the films
obtained by reactive annealing. The transformation temperatures are defined as
indicated in Fig. 1. AS: start of the retransformation to austenite, AF: end of the
retransformation to austenite, MS: start of the martensitic transformation tempera-
ture, MF: end of the martensitic transformation temperature. The hysteresis (DT) of
the martensitic transformation was also included for each sample.

Sample Ms (K) Mf (K) As (K) Af (K) DT (K)

Reference R1 150 135 170 180 30
Film F1 140 120 150 170 30
Reference R2a 320 295 315 340 20
Film F2 290 265 305 330 42

a Ref. [2] was annealed at 1273 K in order to avoid c-phase precipitates.

(a)

(b)

Fig. 2. (a) X-ray diffraction pattern at room temperature in a Cu–Zn–Al (F1) film
obtained by reactive thermal annealing. The peaks were indexed according to the
L21 structure. (b) X-ray diffraction pattern at room temperature in a Cu–Zn–Al (F2)
film obtained by reactive thermal annealing. The peaks were indexed according to
the L21 structure and to the 2H martensitic structure.

Fig. 3. TEM results in film F1. (a) Bright field image of the microstructure. (b) [110]
electron diffraction pattern of the L21 structure corresponding to the b phase. SM
refers to surface martensite reflection.
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were indexed according to the cubic L21 structure. Even though
superlattice faint reflections corresponding to 200 and 111 type
cannot be observed, their presence is confirmed by the TEM results
described below. In film F2 the martensitic transformation starts at
290 K (Table 1) and, therefore, coexistence between b and 2H mar-
tensite can be observed at room temperature. Fig. 2b shows an X-
ray diffraction pattern of film F2 at room temperature were b and
2H martensite peaks can be observed [28].

TEM results in film F1 are shown in Fig. 3. The microstructure of
the b phase and an electron diffraction pattern corresponding to
one grain oriented along the [110]L21 zone axis are shown in
Fig. 3(a and b), respectively. From this orientation, superlattice
002 and 111 type reflections can be observed, together with addi-
tional reflections corresponding to surface martensite (SM) [29].
This surface martensite can be attributed to either poor zinc or
poor aluminum surface composition as a consequence of different
ion etching during the TEM sample preparation. TEM results in film
F2 can be observed in Fig. 4. The microstructure of the film in aus-
tenite at room temperature is shown in Fig. 4(a and b) shows the
[001] electron diffraction pattern of the L21 structure of the aus-
tenite with additional reflections corresponding to a c-phase pre-
cipitate [30]. These precipitates have a typical size of about
100 nm and they affect the Ms value and features associated with
the martensitic transformation, such as hysteresis and mechanical
response. The precipitation of c-phase could have been originated
during the heating to 1123 K as the film precursor P2 has a higher
Al content, and passes through a c and b two-phase stability field.
Such precipitates eventually would not dissolve during the anneal-
ing in the b stability region. Initially, it would be possible to avoid
the presence of precipitates, either by annealing for longer periods
of time or by increasing the annealing temperature [30]. However,
degradation of the thin film due to evaporation/oxidation will oc-
cur. Nevertheless, as it has been discussed in Ref. [27], the presence
of precipitates may have interesting effects on the martensitic
transformation. Fig. 4(c and d) correspond to film F2 in martensite
and show a TEM image of the microstructure and an electron dif-
fraction pattern of the twinned 2H martensite along the [210]2H

orientation, respectively. To ensure the presence of martensite at
RT, as expected from electrical transport data presented in Fig. 1,
film F2 was cooled down to liquid nitrogen before thinning for
TEM. Average grain size was measured from several TEM images
and different results were obtained in each sample, being
(3 ± 1) lm in film F1 and (1.3 ± 0.9) lm in film F2. An inhomoge-
neous distribution of the grain size between films was shown. This
is probably related to the film growth process.

The results presented here and in previous studies in Cu–Zn
[31]and Cu–Zn–Al [21] films show that the features of the transfor-
mation depend on both the type of martensitic structure and on



Fig. 4. Film F2. (a) After heating, the film is mainly in the b phase with the L21

structure. Antiphase boundaries can be observed in some grains. (b) [100] Electron
diffraction pattern of the b phase with additional reflections corresponding to a
c-phase precipitate (inset). (c) After cooling, the film is in 2H martensite. Twinned
variants can be observed. (d) Electron diffraction pattern of the twinned 2H
martensite from a [210]2H orientation.
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the microstructure of the films. Cu–Zn–Al films with b ? 18R
transformation and with average grain size�1 lm present a higher
hysteresis (35–50 K) compared to bulk samples (�5 K) [21],
whereas films with b ? 2H transformation and similar microstruc-
ture present hysteresis similar to those found in bulk reference
samples.

The differences in the hysteresis of the transformation induced
by temperature in different bulk martensitic systems have been
discussed by Ahlers in Ref. [32]. The martensitic transformation
can be decomposed into three steps: the nucleation, the lateral
expansion of thin martensite plates at constant thickness, and their
thickening. The nucleation usually occurs at crystalline defects
such as dislocations [33]. The habit plane is propagated by mini-
mizing the elastic deformation around the tip. Once a thin mar-
tensite plate is created, it often thickens by the movement of the
interfaces. The large hysteresis in Cu–Zn–Al films with b ? 18R
martensitic transformation should be understood by considering
the influence of the microstructure in the progression of the trans-
formation, which induces internal stresses and reduces the local
temperature of coexistence among the two phases. A considerable
overcooling or overheating around T0 = (Af�Ms)/2, which is mani-
fested as a large hysteresis, should be induced in order to produce
the transformation and retransformation in comparison with bulk
samples with larger grain size. The stress field produced by small
grains in the transformation path is evident considering the high
mechanical performance of sub micrometric free Cu–Ni–Al nanopi-
lars [10]. The smaller influence of micrometric grains in the b ? 2H
transformation of Cu–Zn–Al films is related with the intrinsic fea-
tures of temperature-driven martensitic phase transformation. The
mechanism of formation of 2H martensite is different than those
found in 9R or 18R martensite [32]. The transformation starts with
the formation of a nucleus of the untwinned 2H martensite, which
creates stresses in the surrounding matrix. These stresses can only
be released when the necessary driving force is available to relax
the stresses (after cooling) by activating a twin shear in the already
formed 2H martensite. In this case, the overcooling required to
produce the nucleation of the 2H martensitic structure reduces
the influence of the microstructure on the temperature driven
transformation, in comparison to the one found in films with 18R
martensite transformation.

Another feature associated with the b ? 2H transformation is
the absence or difficulty to obtain the double-shape-memory ef-
fect, which is related with the capacity to memorize two different
geometries in the austenitic and martensitic phases after undergo-
ing a specific thermo mechanical treatment (‘‘training treatment’’).
Although films with b ? 18R transformation present large hyster-
esis, it is possible to train them by inducing the same deformation
in different thermal cycles [21]. However, the same type of training
is hard to perform in films with the b ? 2H transformation, despite
the similarity in the transformation path with bulk samples. This
fact has been discussed in Ref. [34] by considering the nucleation
difficulties in bulk SMA with large hysteresis. It is important to
mention that double shape memory effect in samples with 2H
structure can be improved by the inclusion of nano precipitates
[27]. The modification of the microstructure could enhance the
performance of these films for technological applications based
on tunable martensitic transformation and double-shape-memory
effect.
4. Conclusions

In summary, it has been demonstrated that it is possible to pro-
duce SMA Cu–Zn–Al films with b ? 2H martensitic transformation
by fixing e/a � 1.53. The transformation temperature and the
hysteresis associated to the transformation in the films are close



N. Haberkorn et al. / Journal of Alloys and Compounds 591 (2014) 263–267 267
to those found in bulk samples. This study shows that these fea-
tures (in b ? 2H transformation) are less sensitive to the micro-
structure compared to the b ? 18R transformation. This fact has
been associated with the intrinsic nature of the transformation
that needs substantial undercooling to produce the nucleation of
the martensitic phase. The necessary driving force for the burst-
type martensitic transformation is not sensitive to the stress field
produced by small grains.
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