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a b s t r a c t

Mechanical damping applications could benefit from the large hysteresis, large pseudoelastic strain and
the fact that the transformation stresses of the 18R↔6R martensite–martensite transformation depend
very little on temperature in Cu-based alloys. This work presents the 18R↔6R mechanical cycling
behavior of CuZnAl shape-memory alloy single crystals with electronic concentration e/a¼1.48. A fine
distribution of gamma phase nanoprecipitates is introduced to prevent plastic deformation of the 6R
phase. Results show that, although significant 6R stabilization is observed at very low frequencies (below
10−2 Hz), it is possible to obtain more than 1000 stable pseudoelastic cycles with only minor changes in
transformation stresses and hysteresis width at frequencies above 10−1 Hz. A more pronounced decrease
in transformation stresses is observed after 1000 cycles. Nevertheless, the decrease in hysteresis is small
up to 2000 cycles. Reported and present results indicate that pair interchange of atoms can explain the
stabilization of 6R under quasistatic experimental conditions. However, at higher frequencies of cycling,
stabilization of this martensite shows additional features, leading to a dynamic stabilization with slight
effects on the mechanical behavior at the required frequency and number of cycles. On the whole, the
behavior of this transformation is unique and very promising.

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

The 6R phase in Cu-base shape-memory alloys (SMA) can be
mechanically induced by applying a tensile stress to the 18R
martensite, which in turn can be induced in the same way from
the austenitic β phase, i.e., the metastable ordered structure
resulting from the rapid cooling of the bcc high temperature
phase, in which the type of order depends on the alloy composi-
tion [1–6]. These martensitic stress induced transformations are
characterized by a mechanical hysteresis which is suitable for
damping applications [7–16].

Several studies have been carried out for many years to analyze
the significant parameters that characterize the stress induced
transformations. NiTi and CuAlBe have been considered as inter-
esting options for this type of applications. Most reported studies
have focused their attention on the austenite–martensite transi-
tion, i.e., B2–B19′ in NiTi [11,17–22] the DO3-18R in CuAlBe [13,23–
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Centro Atomico Bariloche
8400), 8400 S.C.de Bariloche,
2944 445290.
stro Bubani),
. Sade),
25] or the L21-18R [26] in CuZnAl alloys embedded in glass fiber
composites.

In CuZnAl it was shown that, by applying a tensile stress, two
sequential reversible martensitic transformations β–18R and 18R–
6R can produce more than 20% strain as pseudoelasticity
[1,2,5,27,28]. Moreover, the mechanical cycle can be restricted to
the 18R↔6R transformation showing two major differences from
the β↔18R pseudoelastic cycles:

(i) The transformation–retransformation stresses show a weak
dependence on temperature; ds/dT in 18R↔6Rtransformation
might reach up to −0.42 MPa/K, depending on the crystal orienta-
tion [1,29–31]. On the other hand, a value of ds=dT≥2 MPa=Kis
obtained for the β↔18R transition in Cu-based SMA [21]. This
advantage becomes even more evident when compared with the
value of ds=dT ¼ 6:3 MPa=K in NiTi alloys [21]. This is a very
important property regarding applications where the surrounding
temperature can change several tens of degrees.

ii) The larger hysteresis in the 18R↔6R transformation cycle,
with a recoverable strain of about 10%, can also be an important
advantage for some applications, i.e. damping devices for civil
structures, such as buildings and bridges, to smooth out the
oscillations produced by earthquakes, winds, etc.; it has been a
subject of increasing interest in the last decades [5,32,33].

Recently, huge superelasticity has been reported in Fe-base
alloys [34,35]. A highly textured Fe-base superelastic alloy, with
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composition Fe-28.85Ni-17.59Co-5.45Al-7.94Ta-0.0095B (wt%)
containing ordered Ni–Al bcc precipitates was presented by Tanaka
et al. In a single cycle, the hysteresis of these alloys is greater than
in the 18R–6R transformation in CuZnAl single crystals, which
makes them potential candidates for seismic damping. However,
shape recovery is not complete, and it is also important to assess
the mechanical behavior of these textured alloys under cycling
conditions. Some results concerning the cyclic behavior of a single
crystal of an alloy very similar to the one invented by Tanaka et al.
have been recently published by Krooss et al. [36], up to 100
cycles. In these Fe-base single crystals, hysteresis is considerably
smaller than in the textured alloy and is comparable to the one
observed in 18R–6R transformation in CuZnAl single crystals.
Other interesting Fe-base alloy was reported by Omori et al. This
alloy with composition Fe-34Mn-15Al-7.5Ni (wt%) shows pseu-
doelasticity in the temperature range from 223 K to 423 K, and a
slight temperature dependence of the critical stress to obtain the
martensitic transformation, in fact close to the one obtained for
the 18R–6R transformation in Cu based alloys. These new Fe-base
superelastic alloys are very promising for earthquake damping, but
more studies are required for a thorough assessment of dynamic
behavior under earthquake conditions.

One of the associated difficulties to consider the 18R–6R
martensitic transformation in CuZnAl alloys is the reported plastic
deformation of the 6R martensite, which happens at approxi-
mately the same stress level at which the martensite–martensite
transformation takes place [37]. A first approach to solve this
problem was presented in [38]. It was found that nanoprecipitates,
due to precipitation hardening, can greatly improve the mechan-
ical behavior of adequately-oriented CuZnAl single crystals. The
plastic deformation of the 6R phase is minimized or completely
suppressed. A new alternative can then be considered, taking into
account the fact that the 18R–6R phase transition in Cu-based
alloys shows certain features which are advantageous for potential
applications, such as wide hysteresis and very weak dependence of
the transformation stresses on temperature.

Another fact to be considered for applications of the 18R–6R
transition in Cu-based shape-memory alloys is the martensitic
stabilization effect. The stabilization of martensite is usually
described as the increase in critical transformation temperatures
or, equivalently, the decrease in critical stresses if the transition is
mechanically induced [39–46].

It is clear that stabilization might affect any device using a
shape memory alloy in case it is not controlled or well considered
in the lifespan of an application. Very briefly, explanations on the
martensitic stabilization might be classified in two different types:
those which consider changes in atomic configuration of the
martensite after aging and those which justify shifts in critical
temperatures or stresses as a consequence of pinning phenomena
[40,47–49]. Indeed, a large amount of results has been reported in
the last decades concerning the effect of aging in the martensitic
structure. Different phenomena have been considered; stabiliza-
tion of martensite and the rubber-like effect are probably the main
focus of these studies. An interesting and general approach to the
problem was presented by Otsuka and Ren [50,51]. The proposition
of these authors, named SC-SRO (from Symmetry Conforming-Short
Range Order), mainly considers that, at the equilibrium stage, the
probability of finding a second point defect around a first one
possesses the same symmetry as the crystal symmetry. In this way,
if a martensitic transition takes place and diffusion is allowed in the
martensitic structure, an evolution of the short range order will take
place to reach a stable atomic configuration which conforms to the
symmetry of the martensite. This model allows of the comprehen-
sion of stabilization phenomena both in equilibrium martensitic
structures and in non-equilibrium ones. The same authors consider
that CuZnAl alloys constitute an example of martensitic transitions
which lead to a non-equilibrium martensite, which can lower its
free energy by a significant contribution of long range order
evolution in addition to their suggested mechanism. Particularly,
the stabilization of 18R martensite in CuZnAl has been analyzed in
depth by Abu Arab and Ahlers [42]. These authors explain the
observed stabilization in stress induced martensitic single crystals
by a pair interchange between Cu and Zn atoms which in fact
decreases the free energy of the martensite, leading to a more stable
structure. This mechanism, which requires diffusion to be activated
and uses the available data of pair interchange energies, clearly
explains the observed effects in this system. Additionally, an
increase in the degree of disorder during aging in martensite has
been experimentally measured in CuZnAl alloys by Hashiguchi
et al., using a four circle diffractometer [52]. Due to the mentioned
facts, taking into consideration that martensite in these alloys is not
an equilibrium phase when it is thermally or stress induced, and
considering the excellent agreement between experimental results
concerning either kinetics or amount of stabilization and the model
of Cu–Zn pair interchange, in the present manuscript we will
consider the mechanism suggested by Abu Arab et al. as the main
contribution to the stabilization effect.

As the present work focuses on the 18R–6R stress induced
transformation, it is necessary to analyze the effect of 6R stabiliza-
tion on the mechanical behavior associated with this transition. As
a start point, similar considerations can be performed to analyze
aging phenomena in 18R and 6R martensite. On one hand, neither
the 18R nor the 6R martensite is a stable phase when it is induced,
and an evolution of the free energy of the 6R structure is expected
to take place if diffusion is allowed. On the other hand, the
crystalline structure is sufficiently different if both martensites
are compared. Only a reduced amount of works considering the
stabilization of 6R have been published and some outputs will be
briefly commented below.

Saule et al. [32,53,54] studied the stabilization of martensitic
phases in CuZnAl alloys and found out that 6R stabilization is
faster than 18R stabilization under static conditions. The main
difference between the stabilization of 18R and 6R martensites
arises from the higher symmetry of the 6R structure, which is
close to an fcc structure if order is disregarded. This difference
makes the interchange of Cu and Zn atoms possible on additional
planes with the same symmetry of the basal plane [32,55]. This is
potentially troublesome if one intends to avoid 6R stabilization
altogether, as the time spent in 6R should be minimized.

However, it should be noted that most of the reported results on
stabilization of martensite were obtained under experimental con-
ditions far from the required ones at seismic events. Just as an
example, most of the results obtained by Abu Arab and Ahlers [42]
and by Saule et al. [32,53,54] were obtained by tensile inducing
transitions to obtain either an 18R single crystal or a 6R single crystal
and letting the martensite age under stress, at constant temperature,
for different times. The amount of stabilization in these martensitic
single crystals has been determined mainly by measuring the
decrease in the critical stress to obtain the retransformation to
austenite, in the former transition, or to 18R, in the latter one.

A previous study [56] has found that the kinetics of dynamic
18R martensite stabilization observed under mechanical β–18R
cycling in CuZnAl alloys cannot be satisfactorily described by static
stabilization models. Several physical phenomena are involved in
the dynamic stabilization of martensite during transformation–
retransformation cycling, making it considerably more complex
than static stabilization [56–58]. As an example, we can mention
that pseudoelastic cycling between the L21 austenitic phase and
the 18R structure at temperatures higher than room temperature
can be well explained by considering just two phenomena: the
stabilization of martensite and the recovery of the order of the
austenitic structure [56]. Yawny et al. reported that the kinetics of
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both diffusive phenomena measured under quasistatic conditions
do not satisfactorily explain the evolution of the mechanical
behavior of the material [56]. This has led to the interesting fact
that 18R martensite stabilization kinetics is increased during
pseudoelastic cycling at frequencies far from quasistatic condi-
tions. Therefore, one should not expect the dynamic stabilization
kinetics of 6R martensite to match static stabilization and one of
the aims of the present manuscript is to improve the comprehen-
sion of this matter.

Finally, it should be noticed that seismic events or even other
damping phenomena usually require good performance of the
material concerning cycling. Moreover, according to specific
requirements, particular frequencies should be considered. In
order to establish whether the 18R↔6R pseudoelastic cycle in
CuZnAl SMA would be useful for various applications such as in
actuators, robotics, damping devices, etc., more knowledge of the
behavior of this transformation under different mechanical cycling
conditions is required.

This work focuses on the mechanical behavior of the
18R↔6Rtransformation in CuZnAl single crystals with nanopreci-
pitates, submitted to mechanical cycling, with particular regards to
seismic engineering applications. Different frequencies are con-
sidered and the effect of 6R martensite stabilization is analyzed.
Table 1
Samples and frequencies used. Samples A, B, C and D were submitted to
pseudoelastic cycling at the stated frequency. Samples E and F were used to
determine the quasistatic stabilization of the 6R martensite. Details in the text.

Sample Crystal Frequency (Hz)

A 1 1.9�10−2

B 2 0.147
C 3 1.0
D 4 8.35�10−2

E 5 Quasistatic stab
F 5 Quasistatic stab
2. Experimental procedure

Several Cu-14.78 at%Zn–16.61 at%Al (Cu-16.743Zn-7.762Al in wt
%) cylindrical single crystals were grown by using the Bridgman
method, all with electronic concentration e/a¼1.48 and nominal
18R martensitic transformation temperature Ms¼273 K. The alloy
composition was chosen so as to optimize both the manufacturing
process and the β–18R martensitic transformation temperature:
the electronic concentration of 1.48 corresponds to the maximum
stability of the austenitic (β) phase and, at this e/a value, it is
considerably simpler to manufacture single crystals without aus-
tenite decomposition. The Ms temperature of the alloy was chosen
so as to allow for a wide range of working temperatures in seismic
devices: above Ms, both the β–18R and the 18R–6R transformations
can be potentially employed in a damping device. At temperatures
below Ms, the 18R–6R transformation can be used.

A seed was used so that all crystals have the same orientation
(Fig. 1). The orientation chosen maximizes the Schmid factor of the
18R–6R transformation, minimizing the transformation stress. This
is done in order to prevent plastic deformation of the 6R phase. A
discussion on the effects of the orientation on the 18R–6R
transformation can be found in [38].
Fig. 1. (a) Orientation of the tensile axis of the crystals used; (b) refere
Cylindrical single crystals, with a diameter of approximately
4.7 mm were produced. Samples were then obtained by mechani-
cally machining the single crystals to 2.5 mm diameter. After
machining, samples were submitted to a precipitation thermal
treatment which consists in keeping samples at 1103 K for 30 min,
followed by air cooling to 803 K and quenching in water at 278 K.
This thermal treatment, called step-quenching, has been studied in
previous works [59,60] and is known to produce a uniform
distribution of γ phase nanoprecipitates in the alloy during the
water quenching phase. The γ phase is a hard intermetallic
compound. The precipitate density, averaged at three different
points, is ρ¼(773)�10−7 nm−3. The average precipitate radius is
r¼(1172) nm. The precipitates are coherent with the β matrix
[38]. The precipitates formed by quenching are out-of-equilibrium
phases observed in the equilibrium phase diagram. However, it has
been shown by Lovey et al. [61], that these small precipitates
correspond to Cu5Zn8 γ−brass type precipitates belonging to the
I43mspace group, having a cubic structure with 52 atoms in the
unit cell, as determined much earlier by Bradley and Gregory [62].

After the thermal treatment, samples were ground with 600
grit sandpaper and polished electrochemically with a solution of
15% nitric acid in methanol. Further details on specimen prepara-
tion can be found in [38]. The tensile orientation of the crystals
used is given in Fig. 1, together with a complete β–18R–6R
reference cycle which was obtained for a sample with the same
composition and tensile axis as those samples mentioned in
Table 1.

Several tensile samples were prepared and cycled at different
frequencies.

At frequencies below 0.2 Hz, an Instron 5567 Machine (or
Instron 1123, updated to model 5567) was used to test samples.
At 1 Hz, a MTS 810 machine was used. Some curves were obtained
with an Instron 2620-602 extensometer and others with cross-
head displacement, the specific method used to measure strain is
nce β–18R–6R stress–strain cycle. T¼303 K; v¼0.3 mm/min.
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described individually for each curve. The strain obtained from
extensometer data will be named εe and the strain obtained from
crosshead movement data will be named εc. The β-phase initial
length is taken as the zero-strain reference in all curves unless
otherwise stated.

Different crosshead speeds were used in order to assess the
effects of the different stabilization constants of the 18R and 6R
martensites. The maximum frequency used is 1 Hz, which is the
same order of magnitude of earthquake oscillation frequencies [16].

During cycling at a constant frequency, it is possible to quantify
the shift in critical transformation stresses for a given strain ε as
the difference in transformation stress between the reference
cycle, srðεÞ, and the nth cycle, snðεÞ, i.e. Δs¼ srðεÞ−snðεÞ. This
method can be used to describe the stress shift caused by 6R
martensite stabilization and is valid either for the 18R–6R trans-
formation or the 6R–18R retransformation; a supra index will be
used when necessary. The second 18R–6R transformation is used
in the present work as the reference transformation from which
sr(ε) is determined, since the first transformation in some cases
shows artifacts which make it more difficult to accurately deter-
mine stress data. However, when necessary, variations of the
critical stress from the first 18R–6R transformation will be speci-
fically stated. A positive Δs will then describe a decrease in the
critical stress to obtain the 6R by tensile loading the sample, or
the 18R martensite during unloading. In order to take into account
the contribution of the elastic deformation, the variation of the
stresses corresponding to a fixed amount of transformation is
measured as the intersection of a straight line parallel to the 18R
elastic range of the stress–strain curve and the curve at the
transformation stage.

Additional experiments have been performed to get some
insight on the quasistatic behavior of the 6R stabilization effect
at a concentration of vacancies close to or somewhat smaller than
the concentration used for dynamic tests. In these quasistatic
experiments, partial 18R–6R transformations were obtained and
the strain (amount of 6R formed) was kept fixed for selected time
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intervals at different percentages of 18R–6R transformation and
finally retransformed to 18R. From the shift of the transformation
stresses as compared to the original values, it was possible to
determine the stabilization kinetics of 6R martensite, as performed
by Saule et al. [32,53] for the same martensite and by Abu Arab
and Ahlers for the 18R martensite [42].
3. Experimental results

3.1. Behavior under mechanical cycling at different frequencies and
temperatures

The dynamic (cyclic) behavior of the material was first deter-
mined by low-speed cycling at 303 K. In this test the sample
undergoes only one β–18R transformation. The 18R phase is
further strained and the sample is mechanically cycled through
the 18R–6R transformation at 303 K, see the first cycle in Fig. 2a.
The 18R–6R transformation starts with a yield point at around
292 MPa, as shown in Fig. 2a. A partial 18R–6R transformation was
induced (42%) between ε0 and εmax as indicated in Fig. 2a and b. On
unloading in Fig. 2a the specimen retransforms from 6R to 18R
until the stress drops to a value equal to the 18R–β retransforma-
tion stress. This incomplete retransformation was reported in [38]
and was tentatively attributed to thin 6R lamellae retained in the
18R martensite. The start point for further cycling is shown as
point A in the curve (Fig. 2a). The crosshead speed used up to point
A is 0.3 mm/min. After reaching point A, the crosshead speed was
increased to 2.052 mm/min and cycling started at 1.9�10−2 Hz. In
the beginning of the cycling experiment, the whole 18R–6R cycle
lies at stresses above the β–18R transformation stress as is clearly
observed in Fig. 2a. The 18R–6R transformation and retransforma-
tion stresses drop in each cycle, and the slope of the transforma-
tion stress increases. After a certain number of cycles, the 6R–18R
retransformation stress in part of the sample drops to a value
below the 18R–β retransformation stress. This part of the sample
εc(%)
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Fig. 3. (a) First load application (with extensometer), (crosshead speed¼0.3 mm/min), (b) cycling at 0.147 Hz (crosshead speed¼15 mm/min).
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remains in 6R and no longer retransforms to 18R in each cycle, as
18R–β retransformation starts to take place elsewhere in the
sample, limiting further stress drops. This phenomenon can be
observed in Fig. 2b.

The 18R–6R transformation stress for several different strain
values was measured in each cycle. The elasticity of the system has
been considered and corrected in the measurement process. The
variation of the transformation stresses Δs for the 18R–6R transi-
tion, as defined in Section 2, was determined and plotted as a
function of the number of cycles (Fig. 2c) and as a function of the
accumulated time interval the corresponding portion of the
sample spends in 6R. Different portions of the sample are
identified by the amount of 18R–6R transformation given in %
(see arrows P1 to P4 in Fig. 2b). Some small differences in the
stabilization vs. time curves are observed in Fig. 2d. for the various
transformed regions of the sample. The reasons of such differences
are not clear yet, they could be related to small changes in the
sequences of the thin 6R plates as the 18R–6R transformation
proceeds.

A sample from the same crystal was then submitted to cycling
at a higher frequency (0.147 Hz, up to about 36% of 6R formation),
at a test temperature of 300 K. Results are shown in Fig. 3. The first
transformation curve obtained at a crosshead speed equal to
0.3 mm/min is presented in Fig. 3a. ‘A’ marks the point where
cycling started. Crosshead speed is increased to 15 mm/min
(frequency¼0.147 Hz) after this point is reached and then kept
constant during the cycling stage. The interesting point here is that
the observed change in the critical transformation stresses is
smaller and the rate at which these stresses drop with the number
of cycles is remarkably slower at this frequency. In fact, it is
possible to reach 1000 cycles with relatively little difference in
18R–6R transformation and retransformation stresses, see Fig. 3b.

An important point in the low and intermediate frequency
experiments presented in Figs. 2 and 3 is that the stress to
transform to 6R decreases with the number of cycles and the drop
is always greater when measured at lower deformations, i.e., to the
left of the cycling curve, leading to a positive slope of the s–ε
transformation curve. This can be well explained if the 6R
stabilization plays a significant role during cycling. If the transfor-
mation sequence is assumed to be the same in every cycle, zones
that correspond to lower deformation values – to the left of the
curve – remain in 6R for a longer fraction of the cycle than zones
that correspond to higher deformation values, i.e., to the right of
the curve. As more time is spent in 6R, more stabilization is
observed and the stress drop is more pronounced. This is well
observed in both described tests (see Figs. 2 and 3), the plots
indicate higher stress drops for smaller amounts of transformed
material after the same number of cycles. The inhomogeneous
stabilization supports the hypothesis that the sequence of
transformation is constant and repeats in each cycle, as regions
of the sample that underwent more stabilization will transform at
lower critical stresses in subsequent cycles.

In spite of the mentioned shift in the transformation stresses,
hysteresis variation amplitude is kept below 3 MPa at 0.147 Hz. In
other words, the sample was able to maintain a huge 120 MPa
hysteresis for 1000 cycles, within72% stress variation. This
behavior is unique and might be successfully used in damping
applications.

At 0.147 Hz the behavior of the material improves dramatically
when compared to 1.9�10−2 Hz. However, this frequency is still
considerably lower than the main frequency experienced in
seismic applications (about 1 Hz) [16]. To evaluate the behavior
of the material in conditions close to real-life, a fresh sample with
the same crystallographic orientation was submitted to cycling at
1 Hz on a MTS servo-hydraulic machine. The results are presented
in Fig. 4.

At 1 Hz the amount of stabilization up to about 1000 cycles is
lower than at 0.147 Hz. However, the difference in stabilization is
not proportional to the difference in frequency. In order to check
for the effect of possible self-heating of the specimen due to the
work delivered in the hysteresis cycles, a thermocouple was added
to the specimen. An asymptotic temperature increase of 6 K in the
specimen was observed when cycling at 1 Hz. According to the
Clausius–Clapeyron equation for the 18R–6R transformation such
heating can produce a decrease of about 2.5 MPa in the transfor-
mation stresses, which remains very small compared with the
stabilization values measured in Fig. 4c. At lower frequencies,
sample heating is expected to be even smaller.

It can also be observed in Fig. 4b that after more than 2000
cycles at 1 Hz the curves degenerate significantly (see Section 4 for
details). In spite of this hysteresis decrease it can be emphasized
that the sample reached 5000 cycles without suffering fracture.

The behavior of the material up to about 1000 cycles at 1 Hz is
outstanding, which encourages further research into its possible
engineering uses.

It is well known from results in the literature [53,32] that 6R
stabilization is a diffusive effect and that diffusion in CuZnAl alloys
is already noticeable at room temperature. Thus, it is worth
analyzing the effect of 18R–6R cycling at conditions sufficiently
free from diffusion, as possible effects of the presence of pre-
cipitates might be visible. With this aim and in order to isolate the
18R–6R transformation from the β-18R transformation, a sample
was completely transformed to 18R by mechanical stress at 303 K
(see Fig. 5a), reaching a stress marked as point A in the curve. After
that, it was cooled to 243 K under tension. When the temperature
stabilized at 243 K, the load was removed but no retransformation
to β was observed, as the test temperature was below the
Austenite start temperature (As). The sample was then submitted



Fig. 4. Cycling test with sample C. (a) First load application. (b) Cycling at 294 K, 1 Hz. (c) Variation of 18R–6R transformation stress vs. number of cycles for different strain
values. (d) Variation of 18R–6R transformation stress vs. accumulated 6R time. Crosshead displacement was used to calculate ε in all curves.

Fig. 5. (a) First load application (with extensometer) at 303 K; 18R is formed and elastically strained up to point A. (b) Cycling curves at 8.35�10−2 Hz (crosshead), T¼243 K.
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to 1000 mechanical cycles. The stress–strain shows a very slight
variation after a few hundred cycles (see Fig. 5b). Considering that
no slope is observed in the transformation stage after cycling, it is
possible to ascertain that, if stabilization is minimized, the
mechanical behavior during 18R–6R cycling with precipitates is
strongly stable (see Fig. 5b).

Additional information can be obtained from the test shown in
Fig. 5 if the critical transformation stresses to transform to 6R and
retransform to 18R are obtained for different amounts of trans-
formed 6R. This has been done and the corresponding shifts in
these stresses, i.e. Δs¼sr−sn for the transformation and retrans-
formation stresses were also obtained. Results are briefly com-
mented: s18R–6R decreases slightly but rapidly during the first
cycles and a further decrease takes place at a slower rate. On the
other hand, retransformation stresses (s6R–18R) increase during the
first 40 cycles and then decrease during the rest of the cycling
stage. Both results suggest that the slight decrease in hysteresis
observed during the first stage of cycling can be attributed to the
precipitate effect and a slight effect of dynamic stabilization might
also be present after further cycling, although not strong enough
to induce an evident slope at the transformation stage during
cycling. On the whole, after 1000 cycles the hysteresis at this
temperature decreased less than 3%, which means that if stabiliza-
tion is minimized, very good mechanical stability can be obtained.

3.2. Study of quasistatic stabilization

Reported results on 6R stabilization under quasistatic condi-
tions, concerning both stress drop and kinetic aspects have been
reported for thermal treatments different from the one used here
to introduce precipitates. Additionally, the time interval between
the thermal treatment and the mechanical tests will also affect the
concentration of vacancies at the start of the dynamic tests [63,45].
In order to have a reference for stabilization kinetics under static
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conditions, at a concentration of vacancies close to the one used in
cycled samples in the present manuscript, a sample was prepared
to obtain partial information on the stabilization magnitude and
kinetics with the same thermal treatment used for all samples.
After the thermal treatment to introduce precipitates, the sample
was kept at room temperature (about 295 K) for 2 days and tensile
stressed at a low crosshead speed (0.3 mm/min), at a test tem-
perature equal to 303 K. An 18R–6R cycle was interrupted at three
different points so that different parts of the sample were kept in
6R for different time intervals (Fig. 6). The points where the cycle
was interrupted during the second transformation are shown with
arrows in Fig. 6, where only the 18R–6R part of the s–ε curve is
shown. The part of the sample that corresponds to the left of the
first point was kept in 6R for a total of 9.36�104 s. Between the
first and the second points, the sample was kept in 6R for
1.8�104 s. Between points two and three, the sample was kept
in 6R for 3.6�103 s. The part of the sample that corresponds to the
right of point 3 was kept in 6R for a very short time, less than 60 s.
After this differential stabilization treatment, the sample was
unloaded and submitted to two additional cycles. Results are seen
in Fig. 6b, where nearly no recovery of the critical stress to obtain
the 6R structure is visible.

The load was then completely removed from the sample, but
the part of the sample that underwent the strongest martensite
stabilization, i.e. the part that remained in 6R for the longest time,
did not retransform back to β. After 9.72�104 s, the sample was
submitted to a cycle (Fig. 7a). A significant slope is observed in the
18R–6R transformation stage, very similar to the slope observed
before removing the load. This result suggests that the recovery of
the 6R phase is not significant while the alloy is in the 18R phase.
After this cycle, the sample was then heated to 333 K without any
loads applied and thermally retransformed to β. After 1.08�104 s
Fig. 6. (a) 18R–6R cycles before (reference) and after 6R stabilization. Arrows separate reg
transformation stress (s6R–18R) vs. time in 6R (t6R). The time constant obtained is (3.27

Fig. 7. (a) β–18R–6R cycle after 9.72�104 s at zero load obtained for sample E at 303 K (p
observed); (b) β–18R–6R cycle after 1.08�104 s at 333 K (the sample had completely re
at 333 K, the sample was submitted to a new cycle (Fig. 7b). There
is a significant difference in the 18R–6R transformation slope,
which now basically occurs at constant stress. This result confirms
that both the 18R and the 6R martensite recover very quickly
when the alloy is in the β phase.

The results obtained in the aforementioned quasistatic experi-
ment strongly suggest that, after stabilization of 6R, no recovery of
the 18R–6R critical stresses is observed if the material remains in
the 18R martensite. In order to confirm this relevant point, an
additional experiment was performed after the same thermal
treatment and using the same time period before stressing the
sample. In this way the initial concentration of vacancies should be
close to the previous one. A reference β–18R−6R cycle, here named
cycle 1(N¼1), was performed at T¼303 K and, after a second
transformation up to 32% of 6R formation (point A marked at the
graph), the strain was kept constant during 1.73�105 s. The
sample was then unloaded down to point B (18R martensite). A
following 18R–6R cycle (B–A–B), N¼3, clearly showed stabilization
(see Fig. 8), the maximum amount of stabilization was equal to
48 MPa. Deformation was kept fixed at point B (18R martensite)
during 1.73�105 s and a further cycle, N¼4, was performed (B–A–B).
The obtained stress–strain curves corresponding to cycles 3 and 4, i.e.,
after stabilization in 6R at point A, and after keeping deformation
fixed at point B, respectively, show an almost exact overlap. This
result clearly shows that if the 6R martensite is stabilized, no
recovery to a previous condition is obtained if the material is kept
in 18R martensite. This result suggests that either the recovery
kinetics of the 6R phase while in 18R is extremely slow or that it
does not happen at all. In order to eliminate this ambiguity, further
experiments are needed. If recovery does happen after a long time
in 18R, it would have the potential to restore the original 18R–6R
cycle, which could be beneficial to seismic damping, as the original
ions of the sample submitted to different time intervals at 6R (see text); (b) 18R–6R
0.5)�104 s. Test temperature is 303 K.

art of the sample had not previously retransformed to β and little, if any, recovery is
transformed to β and full recovery is observed at the 18R–6R stage).



Fig. 8. β–18R–6R reference cycle (cycle 1) and 18R–6R cycles after stabilization.
T¼303 K, crosshead speed¼0.3 mm/min. Point A indicates the maximum strain
reached during cycles 1 and 2. In cycle 2, the strain was kept fixed at point A for
1.73�105 s and the sample was unloaded down to point B. A following cycle (N¼3)
shows the effects of stabilization. Point B shows the position where the 18R–6R
cycle was interrupted for another 1.73�105 s, keeping the sample in 18R. A final
cycle (N¼4) shows that the recovery of the 6R phase while the sample is in the 18R
phase is negligible, even after 1.73�105 s.
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18R–6R cycle might be restored between a major earthquake and
its aftershocks. However, even if recovery does not happen at all,
our results show that the material can be submitted to about 2000
cycles before 6R dynamic stabilization seriously compromises
damping capacity, in the frequency range expected during an
earthquake. This number of cycles is more than enough for a single
major earthquake and its fore and aftershocks.

In order to have an additional reference for stabilization
kinetics under static conditions, at a concentration of vacancies
smaller than the one used in cycled samples in the present
manuscript, a sample was prepared with the same thermal
treatment used for all samples. After the thermal treatment to
introduce precipitates, the sample was kept at room temperature
(about 295 K) for 6.05�105 s and strained at a low crosshead
speed (0.3 mm/min), at a test temperature equal to 303 K.
A reference cycle up to about 48% of full 6R transformation was
performed (Fig. 9a) and unloaded down to point A. A following
18R–6R cycle starting from point A was interrupted at approxi-
mately 21% of full 6R transformation (the arrow in Fig. 9b indicates
the interruption point). Only the 18R–6R cycles are shown in
Fig. 9b. After 9.0�104 s, the 18R–6R cycle was completed and
another 18R–6R cycle was performed in order to measure the
stabilization. After that, another 18R–6R cycle was started and
interrupted at exactly the same point (about 21% of full 6R
transformation) for an additional 2.376�105 s. The stabilized part
of the sample remained in 6R for a total of 3.276�105 s. An
18R–6R cycle was then performed to measure the accumulated
stabilization and the load was completely removed (Fig. 9c).
Critical stresses to obtain 6R (s18R−6R) are plotted as a function of
time in Fig. 9d.
4. Discussion

The results obtained indicate that 18R–6R cycling at low
frequencies leads to an inhomogeneous stress–strain behavior in
which the critical stresses to form 6R decrease a higher amount for
those regions of the sample which first transform to 6R. This
behavior can be understood if stabilization of 6R phase is con-
sidered. Several authors have analyzed different aspects of this
stabilization and we will briefly mention significant points of this
effect, mainly presented by Saule et al.[32,53,54]: (a) the critical
stress to form 6R is independent of previous stabilization of 18R,
(b) further stabilization of 6R can be obtained after 18R is fully
stabilized and (c) a correspondence between the fct tetragonality
and the amount of stabilization is found for 18R while the 6R
phase can be described as a nearly cubic phase with a small
tetragonality which is not affected by the stabilization of the
phase. Additionally, as it was considered in the introduction, it
has been accepted that diffusion in 18R martensite can be well
explained by the interchange between Cu and Zn atoms, which is
clearly a thermally activated effect, enhanced if the amount of
vacancies increases [2,55,45]. It has been explained that the 6R
structure, being a more symmetric structure if compared with 18R
martensite, has more planes useful for the atomic interchange,
which enables further stabilization of 6R even if the 18R marten-
site is previously stabilized up to its saturation [53]. For further
information, Fig. 1 in the paper by Saule et al. [32] nicely shows the
unit cell of a face centered tetragonal (f.c.t) martensite with the
sublattice sites I–IV inherited from the β phase. In that figure, a
type (1 1 1) basal plane is shown, as well as the Miller indexes
corresponding to the f.c.t cell and to the orthorhombic structure.
The main contribution to the stabilization of the martensite in
these alloys has been reported to be the disordering of Cu and Zn
atoms between sites corresponding to sublattices I, II and III, IV,
respectively. In fact, the interchange takes place between Cu and
Zn atoms which occupy neighbor sites which indeed belong to
neighboring (0 0 1) planes of the basic f.c.t. lattice [32].

The evolution of the stress–strain curves in Fig. 2 can be
rationalized if the 6R structure stabilizes while cycling, the
magnitude of stabilization being dependent on the time interval
each part of the sample remains in 6R. Moreover, Figs. 2 and 4d
indicate that the stabilization of each part of the sample, measured
as the absolute value of the decrease in the critical stress to
transform to 6R can be well described by a linear behavior as a
function of the time interval in which the considered material
volume spends in this structure. The main and significant point to
notice here is that one physical mechanism, i.e. 6R stabilization,
plays the most significant role in the mechanical evolution during
pseudoelastic cycling. The amount of 6R stabilization in quasistatic
experiments [53] depends on the temperature and on the initial
concentration of vacancies. In fact Saule et al. reported that after
step quenching at 573 K is was not possible to measure the
retransformation from 6R to 18R and maximum 6R stabilization
amounts close to 60 MPa (critical resolved shear stresses) were
obtained for samples step quenched at 473 K and tested after the
stabilization to saturation of 18R and for samples step quenched at
373 K and immediately transformed to 6R. The concentration of
vacancies is a relevant parameter in this type of experiment and
cannot be expected to be the same in samples cycled in the
present work and in those reported in the literature. Due to this
fact it is necessary to compare the amount of stabilization
obtained after cycling (for example in Fig. 2) and in the quasistatic
tests corresponding to a concentration of vacancies close to the
one used in dynamic tests (Figs. 6–8). In the experiment of Fig. 6
the strain was kept fixed at different amounts of transformed 6R,
leading to well defined time intervals at 6R of each part of the
sample, i.e., 3.6�103 s, 1.8�104 s, and 9.36�104 s, respectively. A
simple exponential fit gives a time constant equal to
3.270.5�104 s, and the stabilization amount reaches 30 MPa
after 9.36�104 s. An interesting point here is that during unload-
ing, a slope is obtained at the 6R–18R retransformation stage. This
behavior is somehow unexpected and at variance with similar
experiments performed for stabilization of the 18R structure,
where clear steps in the retransformation stress link the plateaus
of each part of the curve [42]. Although further research might be
necessary to better understand this result, preliminary in situ
observations have shown that the 6R–18R retransformation front



Fig. 9. (a) β–18R–6R reference cycle, (b)18R–6R cycles after stabilization, (c) load removal. All cycles were performed at 303 K and the crosshead speed used was 0.3 mm/min
and (d) transformation stress s18R–6R vs. time at 6R (t6R), from which a time constant (8.270.8)�104 s is obtained.
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has a considerable length, which leads to a retransformation stress
which shows contributions from neighbor regions stabilized dur-
ing different time intervals. This hypothesis is further supported
by the result of the quasistatic stabilization test performed after
keeping the sample a larger time in the β phase before transform-
ing to martensite (Fig. 9).

From the quasistatic experiments performed to evaluate the
stabilization amount and kinetics with a concentration of vacancies
close to the concentration at the start of the dynamic tests, it can be
observed that the stabilization magnitude reaches 30 MPa after
9.36�104 s and of course smaller values for shorter time intervals.
These values are considerably smaller than the stabilization magni-
tude which is obtained after cycling, at similar time intervals in 6R
(see Figs. 2 and 4d). This strong difference in stabilization kinetics
between quasistatic and dynamic experiments has also been found
after the analysis of pseudoelastic cycling between the β phase and
the 18R martensite [56]. In the latter case it was possible to predict
the mechanical behavior by considering an enhanced kinetics of 18R
stabilization under dynamic conditions if compared with static
stabilization. The origin of this enhanced kinetics was attributed to
the creation of point defects during cycling. The annihilation of
dislocations was the mechanism proposed. Although there is not
enough data concerning the microstructure evolution during 18R–6R
cycling, both martensitic structures differ mainly in the stacking fault
and the 6R structure is in fact a more symmetric phase, with a
tetragonality close to 1. This fact allows us to consider that the phase
is nearly cubic [54], and it is reasonable to accept the same
mechanism as the origin of an extra amount of vacancies during
cycling through the 18R–6R transition. Additionally, results concern-
ing the creation of vacancies during fatigue in Cu have been initially
reported by Polák [64] and experimental results obtained after β–18R
pseudoelastic cycling at low temperatures indicated that an extra
amount of vacancies are added to the initial amount [57,58]. More-
over, we have considered that the rapid movement of interfaces
during β–18R cycling enhances diffusional processes like the
stabilization of 18R martensite due to the difference in the concen-
tration of vacancies between β and 18R [65]. Although the movement
of interfaces is expected to have an effect on the vacancies present in
the material, cycling between 18R and 6R involves martensitic
structures which only differ in the stacking of basal planes, as the
distance between the first and second neighbor atoms is the same or
very similar in both structures. Then, a significant difference in the
concentration of vacancies between both martensites should not be
expected. Thus, the generation of vacancies seems to be the most
plausible mechanism to explain the strong increase in stabilization of
the 6R structure during dynamic tests in comparisonwith quasistatic
stabilization tests.

According to the present results, an interesting analogy is
observed if we consider both rapid pseudoelastic cycling between
austenite and 18R martensite and cycling between both marten-
sites, 18R and 6R. In both cases the stress-strain evolution can be
rationalized by taking into consideration a well-understood phy-
sical mechanism under quasistatic conditions, i.e., the stabilization
of 18R or 6R, respectively, although with different kinetics if slow
and rapid cycling are compared. However, one significant differ-
ence is to be noticed between both situations. It has been shown
that the prediction of the mechanical evolution during β–18R
cycling can be well explained by the presence of two physical
mechanisms, i.e. the stabilization of 18R martensite and the
recovery of the β phase to its original order [56]. Moreover,
diffusion in β is clearly easier than in 18R mainly due to the
difference in the concentration of vacancies. On the other hand, if
cycling between 18R and 6R is considered, the stabilization of 6R
modifies the critical resolved shear stresses involved, shifting the
whole cycle to smaller stresses. However, when the material is in
the 18R phase no such mechanism as the recovery of β is to be
expected, as commented below. This fact leads to relevant differ-
ences between the mechanical behavior in β–18R cycling and 18R–
6R cycling and also if cycling up to 6R formation is considered,
starting from β or from 18R.
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Concerning the role of 18R in the pseudoelastic 18R–6R cycling,
the quasistatic experiments shown in Figs. 6 and 8, also performed
with the same amount of vacancies as the dynamic tests of the
present manuscript, show that after the 6R stabilization of
different portions of the sample during selected time intervals, if
the sample is kept in the 18R phase, no change in the critical
stresses to obtain 6R are observed. This fact has been observed by
Saule et al. in quasistatic experiments for a different amount of
vacancies [53]: 18R stabilization does not affect the critical stresses
to obtain 6R but the stabilization of 6R also stabilizes the 18R
phase. This fact is understandable if the same type of atom pair
interchanges play the main role in both stabilization mechanisms
and the asymmetric influence is just a consequence of the fact that
6R has more planes available to perform the atomic interchanges
(including some planes at an angle relative to the basal plane), if
compared with the 18R structure.

It is clear from the results obtained here that the mechanical
evolution during 18R–6R cycling is mainly affected and explained
by the stabilization of the 6R structure. The stabilization is
enhanced by rapid cycling when the same time elapsed in 6R is
considered for a given region of the specimen. It is believed that
this rapid stabilization is related to the number of cycles, i.e. the
number of times the interface crosses the region under considera-
tion. Results reported in the literature, obtained from quasistatic
tests, show that saturation is usually obtained after stabilization in
the 6R martensite, although in some cases this effect is not
observed (see Fig. 3 in [53]). The stabilization curves obtained in
the present manuscript under dynamic conditions have not shown
the saturation phenomena in a clear way. The 6R stabilization
observed during dynamic tests might be an obstacle for applica-
tions. However, if the frequency of cycling is increased up to values
close to the reported frequencies in seismic events, the time
interval the material spends in 6R decreases noticeably, leading
to small variations in the stress–strain curves (see Fig. 4) during
the required working time, which is an extremely interesting
result.

As stabilization is a diffusive phenomenon, decreasing the
temperature should inhibit this mechanism, highlighting the effect
of precipitates on the mechanical behavior after cycling. The
results obtained in the present paper (Fig. 5) show that no
significant inhomogeneous stabilization is evident after cycling
at a temperature lower than room temperature (T¼273 K). The
obtained result also indicates that a slight homogeneous decrease
in the critical stresses to transform to 6R is in fact observed after
cycling. The stress to retransform to 18R slightly increases with the
number of cycles, leading to a decrease of the hysteresis of only 6%
after 1000 cycles at a frequency¼1 Hz. No doubt this result is
strongly indicative that if stabilization is minimized due to higher
frequencies, the stress–strain behavior is rather stable if nanopre-
cipitates are introduced.

It is convenient to emphasize that the main role that precipi-
tates play is the hardening of the 6R martensite, as already
demonstrated [38]. In this way, a higher amount of reversible
deformation is reached in each cycle. However, considering the
effect of 6R stabilization on the mechanical evolution, it is valid to
question if the introduced nanoprecipitates have an additional
consequence on the amount of stabilization. No reported results
analyze the effect of precipitates on the 6R stabilization. Never-
theless, an interesting result was reported by García et al. con-
cerning the effect of γ precipitates on the stabilization of 18R
martensite in CuZnAl alloys of composition very close to the one
used in the present work [66]. These authors found a slight
decrease in the amount of stabilization for samples where pre-
cipitates had been introduced. This inhibition of the stabilization
effect was attributed to a decrease in the amount of vacancies,
which might occur due to the structural vacancies present in the
precipitates and to dislocations formed around them, which act as
vacancy sinks. Further research is needed to verify if these
mechanisms are also valid when 6R stabilization is considered,
although it is reasonable to expect a similar effect if we consider
that vacancies play a significant role facilitating the pair inter-
change of Cu and Zn atoms both during 18R and 6R stabilization.

Finally, a question arises if potential applications using the 18R–
6R phase transition are to be taken into account: is it convenient to
consider 18R–6R cycling or might cycling from the β austenitic
phase give better results? One of the consequences of cycling
between 18R and 6R might be the overlap between the retrans-
formation stress s6R–18R and the critical stress s18R–β required to
retransform the non-transformed 18R, as it is observed in the last
cycles of Fig. 4b. This leads to a decrease in hysteresis. Present
results strongly indicate that if the required frequency is high
enough, the stabilization of 6R, in spite of playing the main role on
the mechanical evolution, does not have enough time to be a
deleterious contribution. However, if the required frequency were
not high enough (lower than about 10−2 Hz) to use only the 18R–
6R transformation, the full β–18R–6R cycle might be used instead,
which activates β ordering while the material is in the β phase,
contributing to a recentering mechanism of an application in
addition to doubling the obtained deformation as measured in
the material.
5. Conclusions

The effect of pseudoelastic cycling through the martensite to
martensite 18R–6R transition in CuZnAl single crystals with
nanoprecipitates has been described. Variations of the critical
stresses to transform and 18R–6R hysteresis have been mainly
explained by the effect of 6R stabilization. Recovery of the 18R
phase does not take place during 18R–6R cycling.

The stabilization phenomenon under dynamic conditions is
complex and cannot be easily described by existing models. Care
must be taken not to oversimplify dynamic martensite stabiliza-
tion, as the behavior under dynamic conditions might be very
different from static conditions, such as reported by Yawny et al.
[56] for β–18R cycling in CuZnAl SMA single crystals.

Even though material properties change as a function of the
time spent in martensite, the specific conditions found in a single
seismic event should not cause significant changes in mechanical
properties. This occurs for the following reasons: (1) The rate at
which material properties change is low enough for possible
seismic damping uses. Given the expected number of cycles in a
seismic event and the fundamental frequency of common civil
structures, the total amount of time the material is expected to
spend in martensite is relatively low. (2) The total number of
expected cycles in a seismic event, including aftershocks, should
not be higher than a few hundred cycles.

Compared to NiTi, second stage martensitic transformation in
CuZnAl has much greater hysteresis, which should result in
superior damping, leading to devices that are cheaper and have
superior performance.

Compared to newly invented Fe-base superelastic alloys, the
hysteresis of the second stage martensitic transformation in
CuZnAl single crystals is smaller than in the textured alloy [34]
but comparable to the single crystal [36], up to 100 cycles.
Dynamic stabilization seems to be faster in Fe-based single crystals
than in CuZnAl. Unfortunately, no information is available con-
cerning Fe-based single crystals for the number of cycles studied
in this work, i.e. up to 5000 cycles, so a complete comparison is
not possible. However, based on currently available information,
CuZnAl single crystals are easier to manufacture, have comparable
hysteresis and possibly slower dynamic stabilization than Fe-base
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single crystals. CuZnAl single crystals have, thus, a unique combi-
nation of characteristics, making it a very interesting candidate for
seismic damping.

From the present results, the mechanical behavior is outstand-
ing at or above 1.47�10−1 Hz, and it is possible to reach 2000
cycles with little stabilization. If stabilization is tolerated, the
material might be used up to 5000 cycles or more, with very little
temperature dependence. As real-life vibration frequencies are
usually above 1.47�10−1 Hz in seismic events, the material could
be successfully used in damping applications. The worst-case
scenario would be a reduction in hysteresis, even though the
number of cycles expected in anti-seismic applications is not
enough for significant 6R stabilization to happen. For seismic
damping in civil structures (frequencies around 1 Hz, 200 cycles),
the measured hysteresis loss is smaller than 3%. More research is
required, but the results show that the material studied has
outstanding properties for damping devices in civil structures.
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