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a  b  s  t  r  a  c  t

The  18R  ↔  6R  martensite–martensite  transformation  in Cu-based  alloys  exhibits  large  hysteresis,  large
pseudoelastic  strain  and  weak  transformation  stress  dependence  on  temperature.  However,  concomitant
plastic  deformation  taking  place  in the  6R phase  inhibits  the  use  of  these  properties  for  applications.  A
novel  approach  to minimizing  or even  suppressing  6R  plastic  deformation  during  the  18R–6R  transforma-
tion  in  CuZnAl  shape-memory  alloy  single  crystals  with  electronic  concentration  e/a  =  1.48  is presented.
The  method  is based  on  a thermal  treatment  that  introduces  nanoprecipitates  in the  alloy.  Results  sug-
gest  that  the  role  of  CuZnAl  shape-memory  alloys  in  engineering  should  be reconsidered,  as  many  energy
damping  applications  could  benefit  from  the  huge  hysteresis  associated  with  the  18R–6R  transformation,
once  the 6R  plastic  deformation  is  suppressed.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The potential application of shape-memory alloys (SMA) in
damping devices for civil structures, like buildings and bridges,
to smooth out the oscillations produced by earthquakes, winds,
etc., has been a subject of increasing interest in recent years. The
pseudoelastic effect and the hysteresis cycle associated to the
martensitic transformation in SMA  are used to dissipate the energy
of the oscillations [1–9].

Several relevant parameters are to be considered in this kind
of applications. Firstly, the hysteresis width associated to the
pseudoelastic cycle. The wider the hysteresis, the larger the dis-
sipated energy will be in each cycle, providing for a more efficient
damping device. Secondly, the critical stresses to induce the pseu-
doelastic effect depend on the working temperature, through the
Clausius–Clapeyron equation [10]. A strong variation of these
stresses with temperature will change the stiffness and the res-
onance frequencies of structures. As a result, the performance of
damping devices would also be ambient-temperature dependent.
In addition, other important parameters to take into account are:
the evolution of the pseudoelastic cycles during cycling, the num-
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ber of cycles until fracture, the evolution of the material itself due
to atom diffusion effects, with time and temperatures, etc.

So far, NiTi-based alloys have been the most extensively stud-
ied materials, using the B2 ↔ B19′ martensitic transformation as
a pseudoelastic mechanism. The average hysteresis width in the
first pseudoelastic pull–pull cycle ranges from about 200 MPa to
about 400 MPa, depending on several factors, namely: specimen
preparation method, crystallographic texture, wire diameter or
specimen size, working temperature, amount of elongation, defor-
mation velocity, etc. [5,11–15]. Ni–Ti wires textured along the
[1 1 1]�2 direction can undergo about 9% pseudoelastic strain [15].
However, the pseudoelastic behavior degrades rapidly in the first
cycles towards an asymptotic behavior. The final reasonably steady
state is reached after a few hundred cycles. The average hystere-
sis width drops to a value which is roughly (or sometimes less
than) one half of its initial value. In addition, non-recoverable
strain accumulates in the material during cycling, reducing the
length of the pseudoelastic deformation by an amount that could
reach up to about 4% of the initial useful length [7–16], depend-
ing on the several aforementioned factors. Both effects, i.e., the
reduction in hysteresis width and the reduction in pseudoelastic
strain, will result in a strong reduction in damping capacity during
cycling.

Another important aspect to be taken into account for the use
of SMA  in damping devices is related to the temperature depen-
dence of transformation stresses (�). In NiTi alloys, transformation
stresses depend strongly on the working temperature [9,14,15]. The
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most acceptable value given for the B2 ↔ B19′ martensitic trans-
formation is d�/dT = 6.3 MPa/K [14].

On the other hand, some interesting studies have also been
carried out in CuAlBe alloys as applied to damping devices. The
� ↔ 18R transformation in polycrystalline CuAlBe alloys has been
chosen for damping prototypes of applications for civil structures,
such as family houses [7,8,17]. The average hysteresis width in the
tensile pseudoelastic behavior of CuAlBe polycrystalline materials
ranges from about 20 to 150 MPa, depending on grain size, amount
of pseudoelastic deformation, previous thermal treatments, defor-
mation velocity, etc. The pseudoelastic behavior in CuAlBe degrades
rapidly in the first cycles towards an asymptotic behavior, sim-
ilarly to NiTi alloys. The final reasonably steady state is reached
after about a hundred cycles. The hysteresis width reduces to a
value which is roughly (or sometimes less than) half of its initial
value. The pseudoelastic strain in the first cycle can be about 6.5%.
However, this recoverable deformation is reduced by cycling by
an amount which depends on the several factors aforementioned
[7,8,14,18,19]. The best value for the relation between transforma-
tion stresses and working temperature is d�/dT = 2.2 MPa/K [14],
which is much lower than the value for NiTi given above. Very little
attention has been paid to the damping capacity in other Cu-based
alloys, such as CuAlNi [20,21] or CuAlMn [22], and ferrous alloys
such as FeMn-based alloys [23].

In this report, we consider the 18R ↔ 6R martensite-to-
martensite transformation in CuZnAl alloys. These alloys, depend-
ing on their composition, can undergo several martensitic trans-
formations between metastable phases, which are induced either
by temperature changes or by mechanical stresses [10,24–26].
In alloys with electronic concentration e/a = 1.48 and � ↔ 18R
martensitic transformation temperature Ms close to 273 K, when a
single crystal is strained in tension at temperatures above Ms, two
martensitic transformations can be observed. First, the metastable
� phase, usually called austenite, transforms into the 18R marten-
sitic phase. This transformation can be reversed, with relatively
small hysteresis. However, if the sample is further strained, the
18R phase could transform into the 6R martensite, depending on
the orientation of the tensile axis. The 6R martensite has an FCT-
type structure [10]. This phase transition shows stress hysteresis
of about 150 MPa  [25,27],  whereas the deformation associated to
a complete 18R–6R transformation is about 10% for a completely
transformed material. A noticeable fact which makes this transi-
tion extremely interesting for applications is that, starting from
the � phase, a reversible deformation of up to approximately 20%
can be obtained if a complete �–18R–6R transition is produced. In
order to induce the 18R–6R transformation, the tensile axis must
be within about 22◦ from the [1 0 0]� direction, otherwise the 18R
phase undergoes brittle fracture without a noticeable yield point;
occasionally, 2H martensite might be observed after fracture [28].

An important additional detail of this work is based on the fact
that the 18R ↔ 6R transformation and retransformation stresses
(�) show weak temperature dependence. In [10,29–32],  several
reported values for the variation of the critical resolved shear stress
with temperature d�/dT are mentioned, ranging from −0.12 to
−0.15 MPa/K. Considering the possible tensile orientations, d�/dT
might reach an absolute value (as it is always a negative depen-
dence) of up to 0.42 MPa/K. These values are considerably less than
those found in the B2 ↔ B19′ transformation in NiTi (6.3 MPa/K)
and also less than those found in the � ↔ 18R transformation in
polycrystalline CuAlBe alloys (about 2.2 MPa/K), given above. The
slightly negative d�/dT observed in the 18R–6R transformation
gives the CuZnAl system unique and completely new functionality
compared to conventional SMAs, as 10% pseudoelastic strain can
be obtained with a stress plateau that is expected to stay almost
constant in a wide range of temperatures. Therefore, the use of the
18R ↔ 6R transformation in damping devices or other applications

integrated into mechanical structures would be more advanta-
geous, as ambient temperature changes would cause variations in
structure stiffness and resonant frequencies which are smaller than
those obtained with other alloys. In addition, it should be remarked
that the hysteresis associated with the 18R ↔ 6R transformation in
CuZnAl single crystals is greater than the hysteresis observed in
polycrystalline CuAlBe and comparable to the asymptotic behavior
of NiTi alloys after cycling. Moreover, the 18R ↔ 6R transformation
is able to recover more than 10% strain, which is somewhat greater
than the recoverable � ↔ 18R strain in Cu-based alloys and the
B2 ↔ B19′ strain in Ni–Ti alloys.

Previous studies [30,33] show, nevertheless, that the 6R phase
in Cu–Zn–Al single crystals suffers plastic deformation while
it is being formed. This fact renders the mechanical behavior
irreversible, creating difficulties for possible engineering imple-
mentations of this transformation. Cuniberti and Romero studied
the 18R–6R transformation in Cu–Zn–Al single crystals with elec-
tronic concentration e/a = 1.48 and 1.41 and found, by trace analysis,
that the 6R slip systems are {1 1 1}FCT[1 1 0]FCT [33]. These authors
also reported a slip system whose plane is parallel to the basal plane
of the 6R martensite, with a slip direction parallel to [0 1 0]18R,
although the corresponding Schmid factor is very small. The
[0 1 0]18R is inherited from the [0 1 0]� after the �–18R transition.
As the 18R–6R transformation was  associated with 6R plastic defor-
mation, the yield stress of the 6R martensite was  assumed to be less
than or equal to the 18R–6R transformation stress.

Although both � ↔ 18R and 18R ↔ 6R martensitic transfor-
mations can be easily reverted by removing the load, 6R plastic
deformation cannot be reverted. Studies in Cu–Al–Ni shape-
memory alloys have shown that, without precipitation treatments,
it is possible to induce the 6R phase in adequately oriented sin-
gle crystals, without permanent deformation after removing the
load. Particularly, it was reported that it is possible to avoid plas-
tic deformation for Ni contents higher than 4 wt.%, whilst plastic
deformation of the 6R structure takes place during the 18R–6R tran-
sition for lower contents of Ni [34,35]. However, Cu–Al–Ni alloys are
more brittle and difficult to manufacture [36]. As a result, Cu–Zn–Al
alloys can be better choices for certain engineering applications,
providing that 6R plastic deformation is controlled.

So, one of the keys to successfully implement the 18R ↔ 6R
transformation in engineering applications and profit from its
huge hysteresis, large pseudoelastic strain and weak dependence
of transformation stresses on working temperature is to isolate
this transformation from the plastic deformation of the 6R phase.
There are two  theoretically possible ways to achieve it: either by
increasing the 6R yield stress and/or by reducing the 18R ↔ 6R
transformation stress. This study is focused on the former.

The objective of this work is to increase the 6R plastic yield stress
by introducing nanoprecipitates into the alloy. This might isolate
the 18R ↔ 6R martensitic transformation from the plastic deforma-
tion of the 6R phase, allowing for either 18R ↔ 6R or (�–18R–6R)
complete mechanical cycles, with little or no plastic deformation.
As no information is available on the interaction between the
18R–6R transformation and precipitates, this approach applies the
knowledge obtained from the reported results of the interaction
between nanoprecipitates and the �–18R phase transformation to
the 18R–6R transformation. The effect of introducing � precipitates
on the transformation has been thoroughly analyzed [37–41].  The
nanoprecipitates change the chemical composition of the matrix,
which in turn changes the equilibrium temperatures between the
phases involved and the stress associated with the transformation
at a given temperature [41]; however, this is a minor effect for small
precipitates. Moreover, nanoprecipitates are expected to interfere
with dislocations, disturbing their movement and increasing the
yield stresses of all alloy phases [38,42,43].  An interaction between
transformation fronts and precipitates might also have an effect
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Fig. 1. Tensile axis orientation of the crystals used (× corresponds to crystal 1 and
+  to crystals 2 and 3).

on the hysteresis and transformation stresses, as reported for the
�–18R transition [39,40,44].

The present work is focused on the interaction between �
phase nanoprecipitates, the 18R–6R martensitic transition and the
movement of dislocations in the 6R structure. Nanoprecipitates
are introduced in the � phase by convenient thermal treatments
[44]. � phase single crystals with preferred axis orientations are
used so that the 6R structure may  be induced by tensile stress.
The microstructure of the introduced nanoprecipitates is assessed
by transmission electron microscopy and the interaction between
precipitates and dislocations is analyzed in terms of the Orowan
mechanism.

2. Experimental procedure

Several Cu–14.78 at%Zn–16.61 at%Al cylindrical single crystals
were grown by using the Bridgman method, all with electronic
concentration e/a = 1.48 and nominal 18R martensitic transforma-
tion temperature Ms = 273 K. The 18R–6R transformation stress and
strain are strongly orientation-dependent, so attention must be
paid to the orientation of the crystals used. The minimum 18R–6R
transformation stress and its maximum strain are observed when
crystals are strained along the [0 0 1]BCC direction, which optimizes
mechanical properties. However, if the axis is too close to [0 0 1]BCC,
several martensite variants can nucleate, complicating the study of
the 18R–6R transformation. In order to minimize the 18R–6R trans-
formation stress and maximize the transformation strain, while
avoiding the nucleation of different martensite variants, the ori-
entation chosen for this study is close to, but not exactly, [1 0 0]BCC.

Crystal 1 was chosen from a group of crystals grown at random
(no seed was used). On the other hand, Crystals 2 and 3 were grown
from the same seed, so they have the same crystallographic orien-
tation, as shown in Fig. 1. Even though a very small difference in
orientation between crystals 2 and 3 might be expected due to the
growth method, no measurable difference was detected. Therefore,
crystals 2 and 3 are considered to have exactly the same orienta-
tion for the purposes of this work. The difference in orientation
between crystals 2, 3 and crystal 1 is about 2◦. Both orientations
chosen maximize the Schmid factor of the 18R–6R transformation,
thus minimizing the applied load and reducing the probability of
6R plastic deformation during the transformation or immediately
after it.

Cylindrical tensile samples (gage length = 15 mm and diam-
eter = 2.5 mm)  were spark machined and then submitted to

Table 1
Samples used, with their respective thermal treatments. All samples were submitted
to  1-h homogenization at 1103 K and either (a) TT1: air cooled to 796 K and quenched
in  water at 293 K (precipitation treatment), or (b) TT2: quenched in water at 293 K
(no precipitates are introduced).

Sample Heat treatment Precipitates Crystal Crosshead speed
(mm/min)

A TT1 Yes 1 0.1
B TT2 No 1 0.1
C TT1 Yes 2 0.3
D TT1 Yes 2 0.3
E TT2 No 2 0.3
F TT1 Yes 3 0.3

homogenization at 1103 K in a tubular furnace for 1 h. After
homogenization, samples A, C, D and F were air cooled to 796 K
and quenched in water at 293 K (thermal treatment TT1). This
thermal treatment introduces a dense distribution of � nanoprecip-
itates, coherent with the � matrix [44,45]. Samples B and E were
immediately quenched from 1103 K in water at 293 K, so that no
precipitates are formed (Thermal treatment TT2). The temperature
of the samples was monitored with a K-type thermocouple welded
to the sample.

After heat treating, all samples were mechanically polished with
600-grit sandpaper and then they were electrochemically polished
in a solution of 15% nitric acid in methanol at room temperature, at
10 V.

All samples were tested with an Instron 5567 Machine (or
Instron 1123, updated to model 5567). All curves were obtained
with an Instron 2620-602 extensometer, unless specifically men-
tioned. The �-phase initial length is taken as the zero-strain
reference in all curves unless otherwise stated.

Latent heat is released – or absorbed – during the transfor-
mation or retransformation. Consequently, significant heating –
or cooling – of the specimen may  take place, depending on the
deformation velocity. Hence, crosshead speed was selected so that
thermal effects are negligible. To check it, tensile tests were per-
formed at different crosshead speeds. For crosshead speeds equal
to or lower than 0.3 mm/min, the �–18R hysteresis remains con-
stant within experimental uncertainties. Thus, a crosshead speed
equal to 0.3 mm/min  (3.33 × 10−5 s−1 in the beginning of the test)
was  chosen for most of the tensile tests (see Table 1).

In order to isolate the 18R–6R transformation from the �–18R
transformation, samples E and F were completely transformed to
18R by tensile stress, at 303 K. Then, under constant load, the tem-
perature was  reduced to 253 K, which is below the austenitic start
temperature As. The load was  released after cooling and no 18R–�
retransformation was observed. The sample was then an 18R single
crystal and, as the temperature was  kept at 253 K, it was  possible
to cycle through the 18R–6R transformation without going through
the �–18R transformation.

In order to study the microstructure of sample D and calculate
its precipitate density, a slice was  cut from a region which was
not submitted to tensile stresses, perpendicular to the sample axis.
The slice was  thinned with sandpaper to 0.3 �m and double-jet pol-
ished in a Tenupol 3 machine. The electrolyte used was a solution of
500 ml  distilled water, 250 ml  ethyl alcohol, 250 ml  orthophospho-
ric acid, 50 ml  propyl alcohol and 5 g urea. The precipitates were
analyzed with a Philips CM200 Ultratwin transmission electron
microscope, operating at 200 kV.

3. Results

In order to analyze the effects of � precipitates on the 18R–6R
transformations, information on two aspects is required: how the
critical stress to obtain the 6R martensite is affected and the effect
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Fig. 2. Stress–strain curves for samples A (with precipitates) and B (free of precipi-
tates). The test temperature is 333 K. The martensitic transformations are indicated.
Sample A (with precipitates) returns to its original length, whereas sample B (with-
out precipitates) remains longer after the load is removed.

of precipitates on the critical stress to plastically deform the 6R
phase. The results of the first point are shown in Fig. 2, where
stress–strain curves are presented for samples A and B (with and
without precipitates, respectively), tested at 333 K. Sample B was
submitted to the same mechanical cycle as sample A, in order to
compare the effect of precipitates in the mechanical behavior of
samples which are virtually identical, except for the presence of
precipitates. This figure clearly shows the following features: (a)
no retained deformation is found in sample A, while permanent
deformation is observed in sample B, (b) the critical applied stress
to obtain 6R martensite, �18R–6R, is higher in sample A (a difference
of about 20 MPa  is measured between the samples) and c) the mor-
phology of the retransformation curve is clearly different for the
samples, showing a pronounced slope during part of the retrans-
formation curve in sample B, and a less pronounced effect in the
sample with precipitates.

It is interesting to observe here that, although the critical stress
to induce the 18R–6R transformation (�18R–6R) increases after the
introduction of precipitates, no plastic deformation is detected in
the material. In order to understand this point, it is necessary to
determine the effect of precipitates on the plastic deformation of
the 6R structure (6R�pd). It is clear from experiments performed in
samples without precipitates that plastic deformation takes place
during the transformation. As Cuniberti et al. reported the applied
transformation stress is the maximum possible value for the plas-
tic deformation of this martensite in samples without precipitates
[33].

Sample A was then tested at a lower temperature (303 K). In
this case, the � ↔ 18R transformation and retransformation take
place at lower stresses, whilst the 18R ↔ 6R transformation stresses
change very little. Therefore, both transformations are clearly sep-
arated, as shown in Fig. 3. It can be seen that, at the end of the cycle,
sample A returns to the same length as before the test, showing no
permanent deformation. After the 6R → 18R path (see the arrow in
Fig. 3) the sample is slightly larger than after the �–18R transforma-
tion. This fact is tentatively attributed to thin 6R lamellae retained
in the 18R martensite, as very thin traces parallel to the common
basal plane can be observed in the 18R martensite.

Fig. 4 shows two examples of samples with precipitates which
are strained beyond the end of the 18R ↔ 6R transition. Defor-
mation is obtained in sample C from the measured crosshead
displacement (Fig. 4a), whereas an extensometer is used with
sample D (Fig. 4b), until the onset of 6R plastic behavior. The exten-
someter was then removed and the sample was strained until

Fig. 3. Stress–strain curve, sample A, with precipitates, the test temperature is
303 K. The transformations are shown with arrows and the difference between the
length of the sample before 18R–6R transformation and after 6R–18R retransforma-
tion is highlighted by the box.

fracture, at 29% strain. Both samples belong to the same single
crystal, but were tested at different temperatures.

The curves presented in Fig. 4 clearly show the elastic behav-
ior of the 6R structure, which has not been detected in samples
without precipitates and, for the first time, a yield stress for the
onset of plasticity in this structure can be measured. The values
of �18R–6R obtained are 254 and 251 MPa  for test temperatures
of 303 and 333 K, respectively (stress values were obtained at
a strain corresponding to 50% of complete 18R–6R transforma-
tion). This slight change fits well with reported data for samples
free of precipitates, which show a small negative slope of �18R–6R

vs. temperature. The values obtained for 6R�pd are 295 and
290 MPa  for 303 and 333 K respectively. Considering that �18R–6R

is the upper limit of 6R�pd in samples free of precipitation, the
presence of precipitates increases the plastic yield stress by at
least 6R�pd − �18R–6R = 40 MPa  at T = 333 K; an increase by approx-
imately the same value is obtained from tests with the same
samples at T = 303 K. The temperature range is too narrow for us
to obtain accurate information on the influence of this parameter
on the yield stress of 6R. However, the values obtained are close
enough to suggest a slight temperature dependence of this critical
stress.

An additional experiment at this stage is presented in Fig. 5:
�–18R–6R full cycles with increasing amounts of maximum strain
were performed with sample C. No plastic deformation is observed.
An interesting point here is that, although the decrease in �18R–6R

is noticeable, its consequence to the hysteresis is a reduction of
about 9%, an important behavior if potential uses for this trans-
formation are considered. In addition, it should be remarked that
pseudoelastic cycles with a total recoverable strain of more than
20% (see also Fig. 4b) are obtained, which may be of interest for
some applications.

As mentioned above, � precipitates do have an influence on the
critical stresses to transform from � to 18R and to induce retrans-
formation. A further experiment to decrease a possible overlap
of �–18R transformations in the effects reported herein was per-
formed. Single crystals of 18R martensite were obtained by tensile
stressing the � phase. These crystals were then cooled down to
253 K under constant load. When the load is removed at this tem-
perature, the specimen remains in the 18R structure, which permits
18R ↔ 6R cycling from null applied stress. Samples E (free of precip-
itates) and F (with precipitates) were used (details are available in
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Fig. 4. Stress–strain curves for samples C and D (both with precipitates). Complete 18R–6R transitions are obtained. Elastic and plastic deformation of the 6R phase is
observed. (a) Sample C, test temperature 303 K, no extensometer was  used here, and (b) sample D, test temperature 333 K, an extensometer was used up to 24% strain, which
is  after the start of the 6R plastic deformation (21.7% strain).

Fig. 5. �–ε cycles for sample C, with increasingly higher 6R transformation fraction.
The load was  completely removed after each cycle, Texp = 303 K.

the Experimental Procedure section). Thus, only one �–18R trans-
formation was induced in each sample. Further cycling between
18R and 6R was  performed. The deformation was  increased by
0.5% in each cycle. Results are shown in Fig. 6, where the follow-
ing features can be clearly observed: (a) the retained deformation
increases with cycles in sample E, whereas no retained deforma-
tion is observed in sample F; (b) no variation in �18R–6R is detected
during the cycles performed in sample E while, in sample F, a
decrease in this critical stress – about 10 MPa  – is observed during
the transformation between the first and the second cycles. No fur-
ther significant reduction in stress is observed in subsequent cycles.
At variance with Fig. 2, almost no difference in the 18R–6R trans-
formation stresses between samples E and F is observed in Fig. 6.
However, since these specimens belong to different single crystals,
small changes in composition might blur the small difference in the
stresses observed in Fig. 2.

Sample D was observed in TEM in two-beam condition (Fig. 7).
The foil thickness was determined using convergent beam elec-
tron diffraction, as shown in the inset in Fig. 7, following the usual
procedure [46].

The precipitate density, averaged at three different points, is � =
(7 ± 3) × 10−7 nm−3. The average precipitate radius is r = (11 ±
2) nm.
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Fig. 6. 18R–6R stress–strain cycles at 253 K. The 18R single crystals were obtained by tensile straining the � phase at room temperature and then cooling to 253 K under
constant  load. Sample E (left), without precipitates, permanent deformation increases in each cycle. Sample F (right), with precipitates, the sample always returns to its initial
length,  without residual deformation.
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Fig. 7. Sample D was  observed by TEM in the � phase, under two-beam conditions
and zone axis close to [1 0 0]� . Dark zones correspond to the elastic stress field
around precipitates. The convergent beam diffraction pattern used to calculate the
thickness of the sample is seen on the top right.

The � phase precipitates are coherent with the � matrix. The
line of no contrast perpendicular to 004 diffracting vector can be
observed in Fig. 7. The � phase is an intermetallic compound which
is harder than the � matrix and the martensites. Thus the pre-
cipitates remain undeformable upon transformation and become
incoherent when embedded in the 18R martensitic phase, due to
the change of the crystalline structure and the associated shape
change of the � matrix [39]. The same behavior is expected for the
precipitates in the 6R phase.

Hence, we shall consider that the Orowan mechanism will be
the predominant mechanism in the hardening of the 6R phase due
to the presence of the small � phase precipitates.

The increase in the resolved plastic yield stress of the 6R marten-
site was calculated according to the expression given in [47] that
takes into account the various interactions in the Orowan mecha-
nism:

�� = 0.9
[ln(8rs/b)]3/2

[ln(L/b)]1/2

(
K

b(L − 2rs)

)
(1)

where rs is the mean radius of a circular section of the precipitate in
any plane and is given in (3),  b is the modulus of the Burgers vector,
L is the center to center square lattice spacing, given in (4),  and K is
the prelogarithmic line tension factor for an initially straight edge
dislocation in a given anisotropic material. Since the elastic con-
stants of the 6R phase are unknown, we shall consider the isotropic
approximation as a first evaluation of the stress hardening. Hence
the term K is written as:

K = �b2

4�(1 − 	)
(2)

where 	 is the Poisson ratio of the material and � is its shear mod-
ulus. rs is defined from the average precipitate radius r as:

rs =
(
�

4

)
r (3)

and

L = r
(

2�
3f

)1/2
(4)

where f is the volume fraction of precipitates, which can be readily
calculated if the shape of precipitates is approximated by spheres:

f = �
(

4
3
�r3

)
(5)

The value of the Burgers vector b can be obtained from the lattice
parameters of the 6R structure reported by Saule et al. [48] and
considering the measured activated slip systems in this phase [33].
A value of b = 0.262 nm is obtained.

The elastic constants of the 6R martensite in CuZnAl alloys are
not known. However, as a first evaluation, we can make use of the
elastic constants of the 18R martensite in this alloy. In order to use
the isotropic approximation we could consider the C18R

44 = 54 GPa
obtained by Rodriguez et al. [49]. This elastic constant corresponds
to a shear deformation on the basal plane along the [0 1 0]18R direc-
tion, which is a close packed direction. Since the 6R structure
inherits the same basal plane, we could assume that the given elas-
tic constant would not change significantly. On  the other hand, we
can notice that the elastic constants of a Cu–15 at%Zn, solid solu-
tion with an FCC structure, are �CuZn = 44 GPa  and 	CuZn = 0.308
for the shear modulus and the Poisson ratio respectively [50].
For � Cu–10 at%Al the elastic constants are �CuAl = 46 GPa  and
	CuAl = 0.325 [50]. As a first approximation we  shall take an average
value for the shear modulus (including C18R

44 ) in (2) as � = 48 GPa
and 	 = 0.316 for the Poisson ratio. This gives:

�� = (28 ± 11) MPa  (6)

According to the orientation of the tensile axis used in the
present work, a Schmid factor of �SF = 0.4 is obtained for the nor-
mally activated slip systems in the 6R phase, leading to an increase
in the applied yield stress of

��  = 
�

�SF
= (70 ± 30) MPa  (7)

This value agrees with the curves in Fig. 4 and allows us to make
an estimation of the 6R yield stress without precipitates in sample
E: 235 MPa, which is lower than the 18R–6R transformation stress
and explains why  sample E in Fig. 6 (left) suffers plastic deformation
during the 18R–6R transformation, whilst sample F in Fig. 6 (right)
is free of plastic deformation.

4. Discussion

Precipitates increase the transformation stress and also the
hysteresis associated with the �–18R transformation. Moreover,
previous studies show that mechanical cycling has an important
effect in the hysteresis and transformation stresses in Cu–Zn–Al
alloys with nanoprecipitates [39,41]. The magnitude of these effects
depends on the size and density of precipitates.

In the present manuscript, a distribution of small-size �-type
precipitates was introduced and it is shown that these precipitates
do have a significant effect on the plastic deformation of the 6R
phase. A relevant point to be considered is that previous studies
and additional experiments performed in this study show that, in
samples without precipitates, the 6R martensite deforms plastically
while it is being formed [30,33] This fact clearly shows that the crit-
ical stress to plastically deform the 6R martensite is lower than the
applied stress to obtain this structure, making it difficult to con-
sider potential applications of the 18R–6R phase transformation.
The present manuscript presents, for the first time, results which
show that a thermal treatment which introduces �-type precipi-
tates affects, in a different way, the critical stress to induce the 6R
martensite and the yield stress to deform this structure plastically.
Thus, a complete, reversible cycle is possible, either starting from
the � phase and resulting in approximately 20% recoverable defor-
mation or starting from the 18R structure and resulting in about
10% recoverable deformation.

As Fig. 2 shows, the applied critical stress to induce the 18R–6R
transition in a sample with � precipitates, i.e., �18R–6R, increased
its value by 20 MPa  at T = 333 K if compared with the material free
of precipitates. It has been shown that � precipitates, depending
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on their size, have higher Zn or Al content than the � matrix, lead-
ing to a decrease in the electronic concentration of the austenitic
structure [41]. According to this and the reported effect of the com-
position on the equilibrium critical stress, a decrease in the critical
stress to obtain 6R should be observed as a consequence of the vari-
ation in chemical composition of the matrix [25,27]. It can then be
deduced that the increase in �18R–6R comes from the interaction
between the transformation front and the precipitates introduced.

A stronger effect is found if the yield stress of the 6R marten-
site is considered. In order to analyze this point, it is extremely
useful to consider that the � phase, having an ordered BCC struc-
ture (L21 type), can be treated as an FCT structure from which
the 6R phase could be obtained by an expansion in the [0 0 1]BCC
direction and a contraction in the [1 0 0]BCC and [0 1 0]BCC direc-
tions. This FCT structure has its [0 0 1]FCT, [1 0 0]FCT and [0 1 0]FCT
directions parallel to [0 0 1]BCC, [1 1 0]BCC and [−1 1 0]BCC respec-
tively. A tetragonal distortion has been introduced as   = (c/a)FCT,
which can in fact be related to the basal plane cell parameters of
the martensitic structures, either 18R or 6R phase [27,33,48].  Little
information about the mechanical behavior of the 18R–6R transfor-
mation in Cu–Zn–Al alloys is available. One study [33] found that, in
Cu–Zn–Al single crystals without precipitates, the 18R–6R tensile-
induced transformation is accompanied by the plastic deformation
of the newly formed 6R phase. In fact, these authors found sev-
eral activated deformation systems while forming the 6R structure,
after testing samples of electronic concentration 1.48 and 1.41. For
the sake of comparison, we can consider their findings in samples
with e/a = 1.48, the same as the present study. They report slip lines
corresponding to {1 1 1}FCT planes and 〈1 1 0〉FCT direction, and also
traces parallel to the basal plane of 18R phase and [0 1 0]o direc-
tion, where the underscored ‘o’ indicates an orthorhombic index.
Assuming that the yield stress of the 6R phase has a maximum
value that coincides with the stress to induce the 6R phase, they
obtain, for e/a = 1.48, a critical resolved shear stress ≤114 MPa  for
slip in {1 1 1}FCT 〈1 1 0〉FCT glide system. This particular system was
considered because it has the maximum Schmid factor. Consider-
ing the orientation they show, the applied stress to transform to
6R in their test was obtained: 270 MPa, very close to the �18R–6R

obtained in samples of the present work, with similar tensile axis
orientation. The applied stress to plastically deform samples with
� precipitates here obtained reaches at least 290 MPa, sufficiently
high to separate transformation and plastic deformation phenom-
ena. Considering the results shown in Fig. 5, the yield stress to
deform 6R is higher than the critical stress to induce 6R phase by
approx. 40 MPa; in fact, the value also increased if compared with a
sample free of precipitates. The precipitates seem to be sufficiently
efficient to introduce a hardening effect in the 6R structure, without
significantly increasing the 18R–6R transformation stress.

First results on the early cycling stage through the 18R–6R tran-
sitions in samples with � precipitates show that the main change
takes place between the first and second cycles, with a decrease
in �18R–6R. Although microstructural changes are expected to be
responsible for this, it is interesting to consider that the corre-
sponding decrease in hysteresis is rather small, (approx. 10%), a
fact which encourages further focus on the strategy of introducing
� precipitates to obtain high damping applications.

The Orowan hardening given in expression (7) is consistent with
the hardening observed in our mechanical testing. However, due
to the various approximations used in its calculation, such value
should be regarded as a first estimate of the precipitation harden-
ing of the 6R martensite. In addition to the Orowan mechanisms,
other possible phenomena might contribute to the hardening. For
example, the small change in matrix composition due to the pre-
cipitation and the degree of atomic ordering which depends on the
thermal treatment could affect the glide of dislocations in the 6R
phase, compared with the precipitate-free phase. However, these

contributions are difficult to evaluate and will no be considered in
this work.

The 18R–6R transformation in Cu–Zn–Al should be studied
thoroughly before its implementation in engineering applications.
However, the possibility of inducing partial, or even total, 18R–6R
transformation in e/a = 1.48 Cu–Zn–Al single crystals, without plas-
tic deformation, leads to a wide new range of options.

5. Conclusions

Even though academic interest in CuZnAl shape-memory alloys
has decreased in recent years, much remains to be fully understood,
particularly the phenomena associated with the 18R ↔ 6R transfor-
mation. This study has shown that the 6R plastic yield stress can
be increased to about 40 MPa  above the 18R ↔ 6R transformation
stress by introducing small precipitates of the � phase. In this way,
we have managed to induce the 18R ↔ 6R and the full �–18R–6R
martensitic transformation cycles mechanically, with negligible
plastic strain, in single crystals of Cu–Zn–Al shape-memory alloys
with e/a = 1.48. We  have also been able to identify elastic behav-
ior in 6R, followed by plastic deformation, necking and fracture,
which suggest that the precipitation thermal treatment used is an
effective method to isolate the 18R ↔ 6R martensitic transforma-
tion from the plastic deformation of the 6R phase. The Orowan
mechanism was  used to estimate the precipitation hardening.
Using several approximations, a hardening of (70 ± 30) MPa  was
obtained, which is consistent with the observed hardening with
reference to the 18R ↔ 6R transformation stress.

These findings encourage to further investigate the 18R ↔ 6R
transformation for specific damping applications or other uses,
taking advantage of its good properties, such as large hysteresis
(about 150 MPa, applied stress), large recoverable pseudoelastic
strain (about 10%) and, particularly, a weak transformation stress
dependence on temperature (about −0.42 MPa/K, applied stress).
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