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a b s t r a c t

Grain size has a strong effect on the pseudoelastic properties of shape-memory alloys. Different grain
sizes and several related phenomena are studied. This involves the dependence of the transformation
and retransformation stresses on grain size and on the amount of transformed material. A pronounced
drop of transformation stresses on cycling is observed, until an asymptotic behavior is reached. This is
related to the creation of defects (dislocations and dislocation arrays) and microplates of martensite,
which are the defects necessary to allow the grains to accommodate due to the shape change imposed
by the martensitic transformation. The asymptotic hysteresis is related to the internal work for the grains
to accommodate each other once the necessary defects were created. The asymptotic hysteresis
increases linearly as the grain size decreases. A simple model shows that the slope is related to the
(d/e) ratio, where d is the average grain size and e is the width of the specimen. This effect arises from
the presence of the free surfaces that release the plastic work for grain accommodation.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

One of the targets of research concerning shape-memory alloys
is the development of devices to dissipate energy coming from
different events, such as earthquakes [1–6]. The most relevant
property to be used here is pseudoelasticity, which is found in
some systems that exhibit martensitic transformations [7,8]. These
solid–solid phase transitions take place between a metastable struc-
ture usually called “austenite”, regardless of the type of system
considered, and another metastable structure usually named “mar-
tensite”, which has a lower symmetry than the austenitic structure.
Even though the martensitic structure can be thermally or mechani-
cally induced, the critical transformation temperatures usually
given to characterize the material, i.e., Ms, Mf, As and Af, refer to
thermally induced transformations [9,10]. The first two tempera-
tures indicate the start and the end of the transformation, and the

last two indicate the start and the end of the retransformation from
martensite to austenite. If the martensitic transition is mechanically
induced, a critical applied stress to start the transition at a given
temperature can usually be determined, although several possibi-
lities arise depending on the system and its microstructure [11].
Two different situations should be considered: (a) martensite is
mechanically induced after loading the material but retransforma-
tion does not take place after unloading and (b) austenite is
recovered if the material is unloaded. In the second case, hysteresis
is usually exhibited in the force-elongation diagram and this is the
origin of a strong research effort aiming to use the dissipation
of energy associated to the mentioned mechanical hysteresis [4].
The formation of martensite under applied stress followed by the
retransformation to austenite at a lower applied stress is called
pseudoelastic effect or pseudoelasticity [12].

Among the systems with pseudoelasticity, Cu-base alloys have
been extensively analyzed, especially CuZnAl [10,13–16] and
CuAlNi [17–20], and, to a lesser extent, CuAlBe [21–26].

There is a strong relationship between the microstructure of a
shape-memory alloy and its pseudoelastic properties [27]. Ther-
momechanical processing determines the final microstructure of
the alloy (grain size and morphology, texture, precipitates, etc.)
and has, therefore, a direct impact on its pseudoelastic properties
[28]. Grain size is one of the most important microstructural
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parameters which play a role in the mechanical properties of shape-
memory alloys, and it is directly related to the spatial distribution of
grain boundaries [29]. Grain size has a critical influence on the
morphology of stress–strain curves, the amount of pseudoelastic
hysteresis and whether a constant stress transformation plateau
will exist or not [30]. Single crystals can be thought of as an extreme
case where grain boundaries are absent. In polycrystals, the limit
cases are very large and very small (nanostructured) grain sizes.
Compared with materials with nanostructured grains, samples with
very large grain sizes are expected to have mechanical properties
more closely related to their single crystal counterparts. In case
austenite–martensite transitions are analyzed, the hysteresis of a
given phase transformation is usually smaller in single crystals than
in polycrystalline samples. However, martensite to martensite
transitions with wide hysteresis are clearly observed in Cu based
single crystals, depending on the composition and orientation of
the tensile axis [8,10,31]. This has been recently shown for CuZnAl
single crystals, where the introduction of nanoprecipitates improves
the mechanical properties of the 6R martensite [32]. Consequently,
the mechanical behavior of the 18R-6R martensite to martensite
transition becomes competitive due to its wide hysteresis and good
stability during at least 1000 cycles at high frequency [33]. How-
ever, if the austenite to martensite transformation is considered, the
polycrystalline material usually presents wider hysteresis than the
single crystal, which is more attractive if dissipative devices are
considered.

To obtain optimum pseudoelastic properties in NiTi alloys, for
instance, grain size must be kept very small, and new processing
routes to refine grain size are being studied [34,35]. Texture may
also be an important variable and, in some Fe-base alloys, good
pseudoelasticity only occurs for specific textures, such as in the
alloy invented by Tanaka et al. [36]. Precipitates may also be used
to optimize mechanical properties, changing transformation stres-
ses and improving shape recovery [32,37–39].

In the last few years, some studies have been carried out to
improve the comprehension of the mechanical behavior of CuAlBe
alloys [22]. Several martensitic transformations have been studied
in single crystals [25,40–43] and, recently, a phase transformation
diagram has been proposed [21]. In polycrystals, the relationship
between grain size and pseudoelastic properties has been pre-
sented [29,44–47]. However, no results on the evolution of the
microstructure with cycling have been published. The purpose of
this work is to determine the irreversible mechanisms taking place
during mechanical pseudoelastic cycling, for a deformation level
high enough to obtain noticeable dissipation in each cycle but,
at the same time, low enough to avoid early fracture or large
irreversible deformation. Different grain sizes are considered and a
comparative analysis is performed to evaluate the role grain
boundaries play in the mechanical evolution. Results after tensile
cycling, at constant temperature and at frequencies still far below
the ones present in natural events (like earthquakes) are shown.
The effect of grain size can be well shown. Additionally, thermally
induced transformations are determined and critical transforma-
tion temperatures are obtained for different grain sizes, in order to
evaluate the contribution of mechanical interactions with grain
boundaries after pseudoelastic cycling. Finally, a model is pre-
sented to enable the comprehension of the asymptotic behavior
after cycling.

2. Experimental methods

The nominal composition of the alloys used is Cu–23.35 at%
Al–2.96 at% Be, (Cu–11.8 wt% Al, 0.5 wt% Be). The nominal trans-
formation temperatures are Ms¼255 K, Mf¼226 K, As¼253 K and
Af¼275 K. The alloys were furnished by Trefimetaux, France, and

delivered as wires of different diameters. Most of the samples used
in the present work were obtained from 3.4-mm diameter wires.
The transformation temperatures of the material as received,
determined by electrical resistivity measurements, are: Ms¼237 K,
Mf¼211 K, As¼235 K and Af¼252 K, with a grain size of 89 μm,
determined by the method detailed below. Samples were
machined to a gauge length of 30 mm and a diameter close to
2.5 mm in the central part.

Several grain sizes were obtained by the following thermal
treatment: a time interval t in a tubular resistive furnace set at
1123 K followed by a quench in water at 298 K. For t periods shorter
than 2 min, the temperature of the samples did not reach 1123 K.
However, after 1.1 min, temperature had already reached 1073 K
and the treatment mentioned above was suitable to control grain
size. After this, all samples were kept at 323 K for one week, unless
otherwise specified, and quenched in water at 298 K. All samples
were mechanically polished with sandpaper and then electropol-
ished in a solution of 15% Nitric Acid in Methanol under a voltage of
9 V. Grain size was determined by optical microscopy with the
linear intercept method, as described in ASTM E112-12, and
mechanical tests were performed in an Instron 5567 electromecha-
nical machine inside a temperature chamber. An MTS 632.13F-20
extensometer with 10-mm gage length, attached to the central
portion of the specimen, was used to measure deformation.
A thermocouple was fixed to one of the grips, close to the sample
head, to check the stability of the test temperature. When specifi-
cally stated, a thermocouple was spot welded on the tensile sample.

In order to determine the test parameters for this work, sample
B (Table 1) was submitted to several tensile cycles. The maximum
deformation was increased at each cycle. The main point which we
detected here is how the permanent deformation increases
after each cycle, up to 3% for a maximum applied deformation
equal to 7%. Taking this result into consideration, a maximum
deformation close to 4% was selected for the cycling tests so as to
have sufficiently high mechanical reversibility in each cycle, as
explained below. The samples were pseudoelastically cycled under
a tensile load at a selected temperature (303 K, unless specifically
stated), between a fixed minimum load in the austenitic range and
a strain limit of 4.3% deformation, corresponding to a partial
martensitic transformation. This deformation will be named εmax.
All cycles were performed at a crosshead speed equal to 0.1 mm/
min, slow enough so we can disregard thermal effects due to the
change of enthalpy of the transformation. The samples used are
listed in Table 1.

In order to distinguish those changes of the martensitic transi-
tion temperatures which can be observed in thermally induced
transitions from those which are clearly originated by mechanical
interactions, several samples were submitted to the same thermal
treatments as the mechanical samples; then, the martensitic trans-
formation temperatures were determined by electrical resistivity

Table 1
Samples used to study the pseudoelastic behavior.

Sample t (s) d (μm) d/e ss
N¼1 (MPa)

A 10 93 0.039 210.7
B 240 313 0.110 152.8
G 3060 703 0.253 118.4
F 960 347 0.124 128.0
D 480 313 0.110 129.5
E 240 291 0.103 143.9
J 120 178 0.07 175.7
H 10 93 0.038 210.0

Sample B was deformed up to increasing deformation values. Samples A and G to H
were cycled up to εmax¼4.3%. Interval t indicates time at 1023 K, d¼grain size and e
indicates the width of the sample.
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measurements. Samples used for this purpose are included in
Table 2. Two letters are used to name the samples, being R the
second one. Samples GR, FR, and HR are used to measure the
martensitic transformation temperatures for different grain sizes.
Samples IR and KR are used to determine variations in martensitic
transformation temperatures after a small number of thermally
induced cycles.

Finally, some samples were chosen for observation by trans-
mission electron microscopy to analyze the presence of disloca-
tions and/or retained martensite after cycling. A Philips CM200
Ultratwin transmission electron microscope, operating at 200 kV,
was used.

3. Experimental results

The mechanical evolution at T¼303 K for sample G (the largest
grain size used in the present manuscript) is presented in Fig. 1.
Fig. 1a shows the s–ε curves obtained for cycles 1 and 74. The
main features which characterize the pseudoelastic cycle are
shown in this figure, i.e., the critical stress to induce the β-18R
transformation, the slope during the pseudoelastic transition, the
hysteresis and, finally, the retained deformation after unloading.
The effect of cycling is also noticeable after a rather low number of
cycles. Two main features are observed here: hysteresis clearly
decreases during cycling; the final stress, which is also the
maximum stress of each cycle, remains nearly constant if the
maximum deformation is kept at a fixed value and permanent
deformation is retained in the sample, even though a closed loop
with complete mechanical reversibility is obtained after several

cycles. This permanent deformation is either the result of plastic
deformation, incomplete retransformation of martensite – as some
martensite might remain retained even after the load has been
completely removed – or a combination of both phenomena. It is,
thus, necessary to use a powerful materials characterization
tool, such as TEM, to accurately determine which mechanisms
are responsible for the permanent deformation observed. During
cycling, a decrease in the critical stress to start the martensitic
transformation (ss) is observed, leading to an increase in the
pseudoelastic slope which is observed while the maximum stress
remains constant. Two direct consequences arise from the
observed evolution during pseudoelastic cycling: a “softening” in
the mechanical behavior and a pronounced decrease in hysteresis.
Several points should be addressed here before we present
and analyze further experimental results. On the one hand, the
critical stress to transform to martensite depends on the transfor-
mation strain, increasing from the start of the martensitic trans-
formation and reaching its maximum value at the maximum
transformation strain. Additionally, the critical stress to start the
transformation for cycle number 1 (ss

N¼1) can be determined quite
precisely, whereas the start of the transition becomes less defined
as the number of cycles increases. We should also notice that the
stress to transform decreases during cycling, leading to an absence
of pseudoelasticity for part of the sample. This is well observed in
Fig. 1a, which shows cycle 74 starting at ε equal to approximately
0.6%. This is a consequence of the permanent deformation which
remains at the end of each cycle and accumulates during several
cycles. In order to distinguish the permanent deformation retained
in one cycle from the accumulated retained deformation, the
former term will be named εrpc (retained deformation per cycle)
and the latter term εard (accumulated retained deformation).

It is necessary to measure several parameters during the whole
stage of cycling in order to follow the mechanical evolution of the
material. A well-defined, conventional deformation amount εd is
then selected, which results from:

εd ¼ ðεmax�1:5%Þ:
where εd and εmax are measured in %.

For this arbitrarily selected deformation, it is possible to obtain
the critical stresses to transform and retransform during the whole
stage of cycling (see Fig. 1a). The critical stresses obtained for this
deformation will be named str(εd) and sret(εd). Considering as a
first approach that the sequence of transformation does not
change during cycling, str(εd) and sret(εd) can be assigned to the
same volume of material in the sample during the whole cycling
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Fig. 1. Mechanical evolution for sample G (the largest grain size used in the present work). Tensile tests were performed at T¼303 K, crosshead speed¼0.1 mm/min and an
extensometer with Lo¼10 mm was used to obtain deformation. (a) Cycles 1(dot line) and 74 (solid line) are plotted. The selected deformation εd at which transformation
stresses are obtained is also marked with a straight dash line; (b) transformation stresses str(εd) and sret(εd) obtained at εd are shown for several cycles. The hysteresis Δs(εd)
obtained at the same deformation is also plotted. The total decrease in str(εd) and sret(εd) is indicated.

Table 2
Samples measured by the electrical resistivity method.

Sample t (s) d (μm)

GR 3060 703
FR 960 347
HR 10 93
IR 60 124
KR 60 124

Samples GR, FR, and HR are used to measure the
martensitic transformation temperatures for different
grain sizes. Samples IR and KR are used to determine
variations in martensitic transformation temperatures
after a small number of thermally induced cycles.
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test, and this is the main advantage of selecting εd. It is reasonable
to consider that the transformation sequence does not change
during cycling, as the mechanical evolution of the samples during
tensile cycles results in decreased transformation stresses, leading
to a progressive “softening” of the material with each transforma-
tion. In this way, the first part of the sample which transforms in
cycle N should also transform first in cycle Nþ1, unless it is
retained as martensite, i.e., it does not retransform to austenite.
This hypothesis might be slightly affected by the presence of
retained deformation in each cycle. However the total amount
of retained deformation is rather small for the selected maximum
amount of deformation. Additionally, the selection of εd to
evaluate critical stresses to transform allows us to follow their
evolution during cycling up to the asymptotic state, because this
deformation corresponds to approximately half the transformation
strain of the closed asymptotic loop. An interesting point concern-
ing the evolution during cycling is observed in Fig. 1b, which
shows the critical stresses to transform and to retransform as well
as the hysteresis obtained at εd for several cycles. From this result,
it is clear that the critical stresses to transform and retransform do
decrease with the number of cycles, and this decrease is more
pronounced for the transformation than the retransformation
critical stresses. This asymmetric behavior between transforma-
tion and retransformation leads to a decrease in hysteresis with
the number of cycles (N). The hysteresis Δs is evaluated at εd and
is defined as:

ΔsðεdÞ ¼strðεdÞ�sretðεdÞ
Δs(εd) is also plotted for sample G in Fig. 1b.
Experiments similar to the ones mentioned above were per-

formed to assess the mechanical behavior during the pseudo-
elastic transformation and pseudoelastic cycling for samples with
different grain sizes. The maximum deformation and test tem-
perature were kept constant. An example of the effect of grain size
can be observed in Fig. 2 when compared with Fig. 1. Fig. 2 shows
s–ε curves corresponding to selected cycles for sample H, (the
smallest grain size used in this work).

Cycles 1 and 74 are plotted in Fig. 2a. Additionally, the
evolution of the critical stresses obtained at εd and corresponding
hysteresis are plotted in Fig. 2b. Interesting points can be men-
tioned here if the results shown in Fig. 2 are compared with those
of Fig. 1. On one hand, several significant changes are observed for
both the largest and smallest grain sizes, such as a decrease in
critical stresses and hysteresis during cycling. On the other hand,
some differences are also noticeable, such as an important

modification in the morphology of the curves in the beginning of
cycling, the amount of the decrease in critical stresses and also the
amount of accumulated retained deformation.

Although a difference in morphology between stress strain
curves for different grain sizes can be observed if Figs. 1a and 2a
are analyzed, Fig. 3 shows the first cycle for several samples with
different grain sizes, highlighting the effect of grain size on the
mechanical behavior. A rather systematic decrease in critical
stresses for the whole range of transformation, as well as in the
slope of the s–ε curves during transformation and in the hyster-
esis is well stated as grain size increases.

The change in pseudoelastic properties during cycling makes
it necessary to measure the effect of cycling on the retained
deformation per cycle (εrdc) and on the accumulated retained
deformation (εard). The first one shows the mechanical irreversi-
bility or lack of pseudoelasticity in each cycle, while the second
parameter gives information on the total amount of deformation
which does not revert after cycling. Fig. 4 shows the evolution of
both parameters for samples G and H (the largest and smallest
grain sizes in the present work).

From Fig. 4, we can notice that the behavior concerning
irreversible deformation is qualitatively similar for different grain
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Fig. 2. Mechanical evolution for sample H (the smallest grain size used in the present work). Tensile tests were performed at T¼303 K, crosshead speed¼0.1 mm/min and an
extensometer with Lo¼10 mm was used. (a) cycles 1 and 74 are plotted. The selected deformation εd at which transformation stresses are obtained is also marked with a
straight line; a horizontal line at s¼16 MPa emphasizes the retained deformation in the first cycle (b) transformation stresses str(εd) and sret(εd) obtained at εd are shown for
several cycles. The hysteresis Δs(εd) obtained at the same deformation is also plotted.
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Fig. 3. Effect of grain size on the stress–strain curves for cycle number 1. Results for
samples G (703 mm), E (291 mm) and H (93 mm) are shown. Parameters of the
samples are shown in Table 1 and grain size is also indicated in the figure for each
curve. Crosshead speed¼0.1 mm/min in all cases and test temperature¼303 K.
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sizes. About 25% of the initial transformation strain does not revert
after approximately 100 cycles and an asymptotic behavior is clearly
obtained, where the retained deformation per cycle decreases until it
becomes negligible.

An additional and interesting point concerns the asymmetric
behavior if transformation to martensite and retransformation
to austenite are considered. In order to focus on this matter,
Fig. 5 shows, in the same figure, the variation of stress and
strain parameters with the number of cycles for 3 different
grain sizes.

From Fig. 5, it can be noticed that not only is an asymmetric
behavior present if stress induced transformations and retransfor-
mations are compared at the first stress induced transformation,
particularly for smaller grain sizes as shown in Fig. 3, but also an
asymmetry is present during pseudoelastic cycling. In fact, the
smallest grain sizes show a stronger effect of cycling on critical
stresses and hysteresis. Moreover, the decrease in critical trans-
formation stresses is more pronounced than in critical retransfor-
mation stresses as the number of cycles N increases. This is clearly
noticed in Fig. 6 where only cycles 1 and 2 are shown for sample H
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Fig. 4. Evolution of retained deformation per cycle (εrdc) and accumulated retained deformation (εard) with pseudoelastic cycling for two samples, G (grain size¼703 μm )
and H (grain size¼93 μm). (a) εrdc for samples G and H, (b) εard for sample G and H.
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and D. The morphology of the curve during the austenite–
martensite transition is very different in cycles 2 and 1, whereas
changes during retransformation are not nearly as pronounced.

Fig. 4a also shows that the smallest grain size leads to nearly
closed loops after a smaller amount of cycles if compared with
samples with larger grain sizes. One can observe that partial
mechanical irreversibility is present from the first stress induced
transformation and that this irreversibility shows an evolution
during cycling. In fact, the first cycles show the most significant
changes, although an asymptotic behavior is reached after approxi-
mately 100 pseudoelastic cycles. An interesting point here is that
although cycles appear completely closed after N¼100 cycles, a
very small irreversible deformation is found in each cycle after a
higher number of cycles. However, this effect is extremely small,
only noticeable if an extensometer is used and we might consider
that irreversibility in each cycle becomes negligible for practical
purposes at a number of cycles greater than 100.

In order to have a deeper understanding of the origin of this
irreversibility, the microstructure of a sample before pseudoelastic
cycling is shown in Fig. 7 and the effect of cycling is shown in Fig. 8
for sample H (the smallest grain size analyzed). The photographs
were obtained by Transmission Electron Microscopy after 120
cycles. The images in Fig. 7 show grain boundaries in the austenitic
phase with a very small amount of dislocations or even no
dislocations at all.

A remarkably different microstructure is obtained after cycling.
Attention was paid to the microstructure both close to grain
boundaries and in the interior of the grains. Two features are
clearly observed. Fig. 8a shows dense arrays of dislocations on one
side of a grain boundary while retained martensite is clearly
observed on the other side. Fig. 8b presents dislocations on both
sides of a small angle grain boundary with a few plates of retained

martensite. Martensitic variants correspond to the 18R structure.
Two additional photographs presented in Fig. 8c and d show
dislocation tangles and retained martensite quite far from grain
boundaries. No significant crystallographic texture was observed
in the studied specimen.

The critical stresses to start the transformation increase as the
grain size decreases, as observed in Fig. 3. However, it is known
that critical transformation temperatures can also be affected by
grain size. It is then convenient to know if critical transformation
temperatures do change with grain size in the range considered
in the present manuscript and if this change might explain the
measured effect on the critical stresses for transformation. For this
purpose, several samples were submitted to the same thermal
treatments as the tensile samples and the corresponding ther-
mally induced transformations were determined by electrical
resistivity measurements. Fig. 9 shows the curves obtained for
samples GR, FR and HR (see Table 2).

As curves in Fig. 9 indicate, a decrease inMs is observed as grain
size decreases. In fact, the change in Ms reaches 10 K for the range
of grain sizes used here. In order to determine the corresponding
change in ss which should be expected according to the measured
change in critical transformation temperatures, information on
the Clausius–Clapeyron relationship is required. In fact, the rela-
tionship was determined for CuAlBe polycrystals with the same
composition and a value equal to 2.2 MPa was reported for dss/dT
[48]. An interesting point to mention here is that the Clausius–
Clapeyron relationship obtained from polycrystalline materials
results from some kind of average behavior, as thoroughly dis-
cussed in the literature [49]. This is understandable since the
critical stress to induce martensite depends on the orientation
of the structure. Additionally, the way in which the effect of

Fig. 7. Microstructure close to grain boundaries in a sample that was not submitted
to cycling.

Fig. 8. TEM photographs taken from sample H after 120 pseudoelastic cycles. (a) Mainly dislocations are observed in the grain on the left side. Martensite plates together
with dislocations appear in the grain on the right. (b) Low angle grain boundary showing dislocations and martensite plate. (c) Dislocations arrays inside a grain.
(d) Martensite microplates inside a grain.
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(93 mm). Grain size for each sample is shown in each case.
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temperature is determined might be affected by the effect of
cycling, because if the same sample is used to obtain the effect of
temperature on critical stresses, the marked decrease in these
values due to the first stage of cycling would clearly affect the
result. The effect of pseudoelastic cycling might be avoided either
by using a different sample for each test at a different temperature
or by the measurement of critical stresses at several test tempera-
tures after an asymptotic stage is reached, i.e., after cycling. In fact,
the second method was performed here for sample G and dss/
dT¼2.1 MPa/k was obtained. Using this result, a change of 20 MPa
in ss

N¼1 might be expected, if this variation were originated in the
Ms change, while a change of 85 MPa was obtained between
sample G and sample H to start the transformation (see Fig. 3).
From these results, it is clear that the effect of grain size on the
tensile induced transformation cannot be obtained merely from
the information provided by thermally induced transitions and
that the interaction between austenite–martensite interphases
and grain boundaries is strongly a mechanical effect. An additional
interesting result which focuses on the differences between
thermal and mechanical effects can be obtained if the martensitic
transformation is thermally obtained during several consecutive
cycles. This experiment has been performed for two additional
samples, named IR and KR, which were only prepared for
resistivity measurements and which were both thermally treated
for t¼60 s (see Table 2). A complete overlap was obtained for the
first 5 thermally induced cycles, indicating that critical transfor-
mation temperatures are reasonably stable for a thermally induced
transformation, while critical tensile stresses to transform are
strongly affected if the transition is repeatedly induced.

Concerning the mechanical interaction between austenite–
martensite interfaces and grain boundaries, it has been reported
that critical stresses to induce martensite do follow a Hall–Petch
relationship [29]. Critical stresses to induce martensite obtained
for cycle 1 at 0.02% deformation were plotted in Fig. 10 vs. (d/e)�0.5

and a reasonably linear fit can be obtained with a slope equal to
32.6 MPa.

Finally, hysteresis plays a significant role if energy dissipation is
to be considered. However, hysteresis, defined as the difference
between the critical stresses to transform and retransform, changes
with the amount of transformed material, i.e. deformation. Con-
sidering this fact, it is more convenient to quantify the area
enclosed by the pseudoelastic cycle as the significant parameter
associated to the dissipated energy during a complete mechanical
reversible austenite–martensite transformation and the following

retransformation. However, it must be kept in mind that the
mentioned enclosed area of the pseudoelastic cycle shows an
evolution during cycling. We consider here that, during the first
stage of cycling, a significant part of the mechanical work is used to
create defects whereas, at the asymptotic stage, the enclosed area
describes the dissipated energy which, in each cycle, is required to
accommodate the shape change during transformation and retrans-
formation. The enclosed area in the pseudoelastic cycle at the
asymptotic stage (named H) is then the main parameter associated
to dissipative phenomena in these alloys. The corresponding values
have been obtained for several samples and plotted vs. d/e in Fig. 11.
It should be mentioned here that the plotted values have been
corrected taking into consideration the actual fraction of the
material that transforms. In this way, H measures the dissipated
energy per volume unit of the transformed part of the material.

A linear fit was performed with the results shown in Fig. 11,
leading to the following relationship:

H¼ ð2:770:2Þ 1�ð0:870:4Þd
e

� �
MJ
m3 ð1Þ

4. Discussion

The obtained results show that grain size clearly affects pseu-
doelastic properties as well as the mechanical evolution during
pseudoelastic cycling. As shown, several parameters have to be
used to characterize the pseudoelastic behavior: the critical stress
to start the transformation, the slope of the stress–strain curve at
the pseudoelastic stage and the mechanical hysteresis. Addition-
ally, in case pseudoelasticity is not complete, information on the
retained deformation after unloading the sample is also required.
All these parameters change during cycling and some of them are
not constant for an individual selected pseudoelastic cycle. An
example of this last point is the increase of the critical stress to
transform as the pseudoelastic deformation increases, a behavior
intrinsically related to the positive slope of the stress strain curve
at the phase transition stage. In order to analyze the obtained
results, we will first consider some crystallographic aspects of
the martensitic transition taking place in each individual grain.

Assuming for simplicity a cubic shaped grain as in Fig. 12a, the
habit plane of the martensitic transformation passes along the
horizontal diagonal of the cube, with the normal parallel to the y
axis. The macroscopic shear direction is along the horizontal x axis.
Let us assume now that the grain transforms freely to martensite
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Fig. 10. Critical stress to start the martensitic transformation for cycle 1 (ss
N¼1),

plotted vs. (d/e)�1/2. A linear fit is also plotted indicating a Hall–Petch behavior in
this material.

0.00 0.05 0.10 0.15 0.20 0.25
1

2

3

4

5

H
 (M

J/
m

3 )

d/e

Fig. 11. Area enclosed in the pseudoelastic cycle at the asymptotic stage of cycling
vs. (d/e) for several samples. A linear fit is also plotted.
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following the indicated habit plane and shear direction; the shape
of the grain will change into the parallelepiped drawn in Fig. 12b in
thicker lines. There will be no changes in the direction perpendi-
cular to the paper. Fig. 12c shows the shape the grain would have
in case it could completely transform to martensite. In fact,
neighboring grains will impede this possibility and regions O
and E will be under compressive and tensile stresses, respectively.
The amount of shear deformation can be calculated using the WLR
crystallographic theory [50]. The shear deformation depends on
the orthorhombic deformation of the basal plane, which is defined
by a parameter ψ [50]. The parameter ψ is also linearly related to
the martensite transformation Ms [51]. For the present case we
obtain a macroscopic shear deformation s¼ 0:2. Using this shear
deformation in Fig. 12b, we obtain that the grain is narrowed by
about 10% and elongated by about 10% upon transformation (See
Fig. 12b and c). Very low volume change is involved in this
transformation. The contribution of the grains to the elongation
of the specimen will depend on the Schmid factor. Not all grains
will transform the same amount, i.e., for a fixed amount of
deformation of the sample, those grains having a larger Schmid
factor will transform a smaller amount. When the grains are
embedded in the material they need to accommodate themselves
according to the shape change of each one. There are regions void
of material and regions where material overlaps, as shown in
Fig. 12b and c. Since the amount of deformation is very large
(about 10%), plastic deformation in addition to elastic stresses are
to be considered. Therefore, plastic movements of material are
necessary to compensate for this mismatch.

A problem of this kind has been treated by Roqueta et al. [38],
in CuZnAl single crystals, while studying the hysteresis increase of
the stress induced martensitic transformation, when small non
transforming precipitates are absorbed by the martensite. In their
problem, the work done by moving material from the overlapped
areas to the empty ones, using elementary concepts of plasticity,
successfully explained the asymptotic hysteresis width as a func-
tion of precipitate size. This internal plastic work was proportional
to the precipitate volume. It was spent to accommodate each
precipitate to the local surroundings. Defects like dislocations or
second variants of martensite microplates are necessary to per-
form this internal work, they are created in the first stage of the
mechanical cycling, leading to a pronounced decrease of the
transformation stresses on cycling.

However, in the present case, little or no material can be
removed from the overlapping areas to the empty ones (Indicated
as O and E, respectively, in Fig. 12c), otherwise no elongation of the
specimen would take place. This means that the changes of the
grain shapes have to be arranged in another complex way, which is
very difficult to calculate in detail. We will then consider some
aspects related to the first stage of cycling where strong changes
are observed in the main parameters which characterize the

transformation and suggest a phenomenological treatment to
describe the effect of grain size on the asymptotic hysteresis of
the pseudoelastic cycling.

One of the noticeable features detected in all samples concerns
a strong evolution during pseudoelastic cycling which leads to a
significant decrease in hysteresis and in the stresses to transform.
Additionally, the amount of required deformation directly influ-
ences the retained deformation on cycling, affecting the reversi-
bility of the transformation. As stated above, an intermediate
maximum deformation (approx. 4.3%) was selected in order to
have reasonable energy dissipation in each cycle with a rather
small (but not negligible) retained deformation. In fact, reported
results indicate that retained deformation increases noticeably if
the maximum deformation is larger than 2.0% [29], in agreement
with our observations.

Plotted stress strain curves corresponding to cycle 1 for differ-
ent grain sizes show several interesting facts. On the one hand, the
critical stress to start the transformation is larger for smaller grain
sizes. The pseudoelastic slope and hysteresis is also larger for
smaller grain sizes. In fact, reported results show that ss increases
as the grain size decreases [29]. Additionally, the same authors
suggested a linear fit of ss as a function of (d/e)�1/2 (Hall–Petch
relationship), where the critical stresses were obtained at the
second pseudoelastic cycle, since first cycles were considered
anomalous. In the present work we do consider the critical stress
already since cycle number 1, as the mechanical behavior shows
no artifacts, mainly because an extensometer has been used. It is
interesting to notice that the linear fit obtained for the relationship
between ss and (d/e)�1/2 in the present work gives a slope still
larger than the reported value (32.6 MPa was obtained in this
work, whereas 24.6 MPa was reported [29]). This difference can be
understood if the effect of cycling is taken into account. It can be
observed from Figs.1 and 2 that the effect of cycling on the critical
stresses to transform is noticeably stronger at the very beginning
of cycling, i.e., a decrease in the critical stresses to transform is
observed in cycle N if compared with cycle N�1, but the
mentioned decrease shows its maximum value between cycles
1 and 2 and diminishes with N as shown in Figs.1 and 2b.The
decrease of ss with N is also affected by grain size, being stronger
for smaller grains. The effect of grain size on the critical stress to
transform will change then, according to which cycle is considered
for the measurement. This seems to be reasonable since con-
straints are larger for smaller grain sizes, which leads to a stronger
effect during the first pseudoelastic cycles for smaller grain sizes.

In the same way as precipitates lead to an asymmetric behavior
between transformation and retransformation after pseudoelastic
cycling [39], a similar result was obtained here, since a strong
evolution is observed during the transformation to martensite
in the first cycles, whereas the retransformation is only slightly
affected. It is clear then that the main creation of defects
(martensite microplates and dislocations) required to accommo-
date the shape change, occurs while martensite is being formed.
During the retransformation, the same defects would be used (at
least partially) to recover the initial shape on unloading. This will
lead to a mechanical irreversibility which was detected during
each cycle although the retained deformation in each cycle
decreases as N increases. Two kinds of defects can explain this
result, as it was undoubtedly observed by transmission electron
microscopy: the creation of dislocations and the formation of
secondary martensitic plates which do not retransform after
unloading. Cycled samples observed by TEM have shown that
grain boundaries concentrate both dislocations and retained
martensite although dislocations and martensitic plates have also
been observed far from grain boundaries. This can be understood
considering that martensitic plates, when nucleated at grain
boundaries due to the stress accumulation, will grow within the

Fig. 12. Geometry of the transformation for a particular case. (a) A cubic grain with
the normal of the habit plane along the y axis and the macroscopic shear
deformation along the x axis. (b) Shape change after transformation with
g¼ 1:1045d, h¼ 0:9055d, α¼ 5:191 and δ¼ 88:81. (c) Schematic representation to
see more clearly the empty (E) and overlapping (O) areas.
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grains. The intersection of martensitic plates far from grain
boundaries will also provide stresses high enough to form dis-
location arrays which are, in fact, observed (see Fig. 8c).

5. The asymptotic hysteresis

As mentioned above, a nearly asymptotic reproducible behavior is
reached after approx. 100 cycles. This happens once all the necessary
defects for the accommodation of the grains were created. Hereafter,
the accommodation of the grains proceeds by movement of material
using such defects during transformation, and the same defects are
used when coming back during load removal.

The slope of the asymptotic hysteresis cycles depends on the
grain size. It can be observed in Figs. 1 and 2 that, in the asymptotic
behavior, the transformation starts at the very beginning of the
loading processes. This means that internal stresses and martensite
nuclei remain in the cycled specimen in such a way that transfor-
mation can start at a very small applied stress. However, increasing
applied stresses are necessary for the transformation to proceed.
Disregarding the hysteresis for the moment, we can consider that
elastic energy is increasingly stored in the material as the transfor-
mation of the specimen advances. The slope of the cycle would be
determined by at least two contributions. (a) It would be related to
the storage of elastic energy as the transformation proceeds. This
energy will be released on unloading, giving a reversible path of
the transformation (disregarding the hysteresis for a moment). It
could be, in principle, evaluated as proposed in [27], for example,
provided that a detailed knowledge of the microstructure at each
level of the transformation is available. (b) In addition to the pure
elastic energy, other phenomena may contribute to the slope of the
transformation–retransformation cycles. The dislocations existing
and formed during cycling are pure dislocations in the β phase
(their Burgers vectors have translation symmetry in this structure).
However, when these dislocations are absorbed by a growing
martensite plate, the Burgers vector of many of them may lose its
translation symmetry in the martensitic phase. A stacking fault will
be trailed by the β/martensite interface for each of this kind of
dislocations being absorbed by the growing martensite [52–54].
Thus, a growing plate would require an increasing applied stress to
advance any further.

On the other hand, the hysteresis obtained at the asymptotic
stage plays a significant role if applications are to be considered. It
is the smallest obtained hysteresis, although still significant if
dissipation of energy is considered. Below, we propose a mechan-
ism to understand the effect of grain size on the hysteresis in this
stage. As mentioned above, critical stresses change with the
deformation of the sample. In this sense, it is more convenient
to use the area inside the pseudoelastic cycle as the significant
parameter to evaluate the dissipation of energy.

Let us assume, following the results of Roqueta et al. [38], that
the plastic work to accommodate each grain is proportional to its
respective volume. Furthermore, the plastic work will be averaged
over all grains. Then, the total plastic work, after a given elonga-
tion of the specimen, due to Ng grains accommodation, can be
written as

WT ¼ 〈C〉VgNg�WFS ð2Þ
where 〈C〉 is the average plastic work to accommodate the shape
change of an inner grain, per grain volume, which thus becomes
independent of the grain size. The value of 〈C〉 depends on several
factors, such as: the mechanisms of plastic deformation and their
corresponding yield stresses, the size, shape and crystallographic
orientation of the grains, etc. [38]. Vg is the average volume of the
grains, which, for simplicity, are all considered equal, with a cubic
shape as shown in Figs. 12 and 13. In Fig. 13, a specimen with a

square cross section is used as an approximation of the cylindrical
specimens used in the experiments. WFS in (2) represents the
amount of accommodation work that is not produced by the grains
that are at the edges of the specimen. These grains have one or
two free surfaces and no work will be performed when moving
materials against the empty space. In particular cases, for some
grains, depending on the crystallographic orientation, the free
surface will not go into deformation (this is the case of those two
surfaces being parallel to the page in Fig. 12a). However, for
random crystallographic orientations, all faces of a cubic inner
grain may be submitted to some degree of deformation. As a first
approximation, we will formally assign, on the average, ð1=6Þ〈C〉Vg

of the plastic work to each face of the cubic grains. Thus, the total
amount of work that is not produced for the grains with free
surfaces becomes:

WFS ¼
1
6
〈C〉VgNFS ð3Þ

where NFS is the total number of grain free surfaces in Fig. 13.
Finally, the total plastic work to accommodate the shape

change of Ng grains with NFS free surfaces becomes

WT ¼ 〈C〉VgNg�1
6
〈C〉VgNFS ¼ 〈C〉Vg Ng�1

6
NFS

� �
ð4Þ

From Fig. 13, we obtain
The volume of the grains as:Vg ¼ d3.
The number of grains as:

Ng ¼
e2L

d3
¼ VT

d3
ð5Þ

The total transformed volume as: VT ¼ e2L
The number of free surfaces as: NFS ¼ 4ðeL=d2Þ
Inserting in (4) the expressions given in (5), we obtain:

wT ¼
WT

VT
¼ 〈C〉 1�2

3
d
e

� �
ð6Þ

Expression (6) gives the total work for grain accommodation,
per volume unit of the transformed material. The same amount
of work would be delivered during the retransformation, as the
grains have to come back to their initial shape in the parent phase.
Thus in a closed hysteresis cycle, in a ðs; εÞplot, the total irrever-
sible work, per volume unit, that accounts for the enclosed
hysteresis area will be:

Hchc ¼ 2wT ¼ 2〈C〉 1�2
3
d
e

� �
ð7Þ

Fig. 13. View of the specimen with cubic grains of size d, length L and thickness e,
to show the amount of grain free surfaces.
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This work is finally delivered as heat.
Comparing (1) and (7) we obtain that 〈C〉¼ ð1=2Þð2:77

0:2ÞðMJ=m3Þ. From here, the coefficient (2/3) of the variable (d/e)
in (7) shows a good agreement, within the experimental scatter,
with the experimental coefficient ð0:870:4Þ of the same variable
given in (1).

6. Conclusions

1. The effect of grain size and mechanical cycling on transforma-
tion stresses and hysteresis has been studied.

2. An important difference in the morphology of the stress–strain
curves is observed in the first cycles between the largest and
smallest grain sizes; this difference decreases as the number of
cycles increases.

3. An asymptotic behavior is found after about 100 of cycles. The
microstructure of the specimen in the asymptotic regime has
been observed by transmission electron microscopy, showing
the presence of dislocations and martensite microplates at the
grain interfaces and also inside the grains.

4. At the asymptotic stage of cycling, it is found that the total
hysteresis, per volume unit of the transformed material,
depends on the (d/e) ratio.

5. A simple model explains the observed relationship between the
enclosed area at the asymptotic stage and (d/e).
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