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a b s t r a c t

Early stages of coherent precipitation have been studied in several Fe-Mn-Al-Ni samples aged at 200 �C
for different time intervals in order to analyze the effect of nanoprecipitation on the phase stability
during thermally induced martensitic transformations. The a-g0 martensitic transformation was studied
by means of dilatometry measurements. Transmission electron microscopy (TEM) observations were
performed in order to characterize the microstructure of the samples. The size and volume fraction of
nanoprecipitates were evaluated for the as-quenched material and samples aged for 10, 20 and 180 min.
Considering these data and additional high resolution TEM results reported in the literature a
phenomenological model is presented that enables understanding the effects of B2 precipitates on the
relative phase stability between austenite and martensite, and their influence on the observed pseu-
doelasticity of this metallic system. With this model, the changes of the measured transformation
temperatures can be predicted with considerable accuracy.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Pseudoelasticity is a characteristic property of several shape
memory alloys (SMAs) [1]. The potential applications of this
property granted a sustained interest for its study. The pseudoe-
lastic behavior of SMAs is related to a thermoelastic martensitic
transformation between a high temperature (austenite) phase and
a low temperature (martensite) phase. Pseudoelasticity has been
widely studied in two alloy systems, i.e. Cu-based and Ni-Ti alloys.
Cu-based systems show extremely good properties particularly
when single crystals are considered. However polycrystalline alloys
show reversibility problems and/or brittleness. Ni-Ti poly-
crystalline alloys are considered as very good candidates for tech-
nological applications, mainly due to their biocompatibility [2].
However this material cannot be cold rolled to obtain deformations
larger than 30%, and is considerably expensive for technological
devices.

During the last 5 years new pseudoelastic systems have been
found. Two Fe-based systems, i.e., Fe-Ni-Co-Al-Ta and Fe-Mn-Al-Ni
have been developed and attracted much attention due to their
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excellent pseudoelastic properties, lower relative cost and better
deformability [3e6]. Research on pseudoelastic systems has
strongly increased due to these new systems and their potential
applications.

Concerning the development of Fe-Mn-Al-Ni pseudoelastic al-
loys, a significant result was reported by Ando et al. [7]. They
analyzed the ternary alloy Fe49Mn36Al15 (at.%) finding that an un-
usual non-thermoelastic martensitic transformation takes place in
this system between a disordered high temperature bcc austenite
(a) and a fcc martensite (g0). The subsequent addition of Ni to the
alloy system gives place to the precipitation of an ordered bcc
structure (B2 order) in the matrix after ageing at 200 �C. The
presence of these ordered and coherent precipitates is related to a
change in the character of the martensitic transition, which be-
comes thermoelastic. This phenomenon has been observed in the
Fe43.5Mn34Al15Ni7.5 (at.%) alloy containing Ni-rich nanoprecipitates,
where martensitic variants form under applied stress and disap-
pear in a reversible way [4]. The related pseudoelastic effect allows
the reversible recovery of deformations up to 6% at room temper-
ature. In addition, the thermally induced martensitic trans-
formation temperature (Ms) is strongly affected by the presence of
precipitates [4].

In fact, Fe-Mn-Al-Ni and Fe-Ni-Co-based alloys show several
features in common. In all cases, nanometric precipitates coherent
with the austenite play a significant role on the thermoelastic
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Table 1
Name of the studied samples and their corresponding ageing treatments.
Samples T10, T20 and T3h are kept 30 min at 1200 �C, water quenched at room
temperature and further aged at 200 �C during 10, 20 and 180 min respectively.

Sample Thermal Treatment

WQ 30 min at 1200 �C and water quenched
T10 200 �C � 10 min
T20 200 �C � 20 min
T3h 200 �C � 3 h

P. La Roca et al. / Journal of Alloys and Compounds 708 (2017) 422e427 423
character of the transformation. Additionally, precipitation causes a
strong shift of the Ms temperatures and increases the pseudoelastic
window, i.e., the temperature range where the pseudoelastic
behavior occurs. However, it should be taken into account that
evolution of precipitates is linked to a change in chemical compo-
sition and a change of transformable volume fraction [8]. It is
currently accepted that themain role of precipitates in the Fe-Ni-Co
system is to harden the involved structures, decreasing micro-
plasticity which, in turn, increases the reversibility of the
martensitic transformation [3,9,10,11].

Fe-Mn-Al-Ni pseudoelastic alloys show two additional inter-
esting properties: a) the critical stress to induce themartensite has
a weak temperature dependence (around 0.53 Mpa/�C according
to Ref. [4]), thus increasing the effective pseudoelastic effect
temperature range; b) there is a strong difference in magnetic
properties between austenite and martensite, which enables using
magnetization measurements for sensing reversible deformations
[12].

It is noticed that good superelastic properties are found in Fe-
Mn-Al-Ni alloys if bamboo microstructure is used, i.e., the grain
size is larger than cross-section of the sample [4,5,13]. Recently,
Omori et al. have shown that this type of microstructure is obtained
after thermal cycling between 1200 �C and temperatures in the
range 600 up 1000 �C, i.e. cycling between temperatures where the
bcc and fcc phases are stable [14].

In the last few years, two research groups have published results
concerning two significant aspects: on one hand research per-
formed on single crystalline materials increased the understanding
on the effect of nanoprecipitates on the pseudoelastic effect
[8,15e16]. On the other hand, considerable effort was devoted to
the development of polycrystalline materials showing a large
reversible deformation. Improvements in this area have been ob-
tained by applying different processing methods and thermal
treatments [13,16e19]. Tseng et al. compared the compressive and
tensile behaviors of Fe43.5Mn34Al15Ni7.5 single crystalline samples
oriented parallel to [100]bcc. They found that the samples stressed
in compression transformed into two martensite variants, obtain-
ing in this way a larger reversibility if compared with the tensile
stressed samples where a single martensite variant was induced
[15]. These authors also analyzed the evolution of precipitation
after thermal ageing at 200 �C, indicating that after 3 h the distri-
bution and size of B2 precipitates optimize the pseudoelastic cycle
leading to a large reversibility [8]. Recently, Vollmer et al. reported
that, in a polycrystalline sample of Fe43.5Mn34Al15Ni7.5, small cracks
developed in the grain boundaries of the a phase after quenching.
The formation of cracks could be prevented by decreasing the
cooling rate due to the formation of g phase zones in grain
boundaries [17].

As it was already mentioned, the microstructure plays a signif-
icant role in the generation of pseudoelasticity in Fe-Mn-Al-Ni al-
loys [8,13]. In fact, it is necessary to introduce Ni-rich precipitates in
order to obtain the pseudoelastic behavior in this system. The
presence of precipitates appears to distort the stress induced
martensite [20]. However, this issue has not yet been completely
clarified. One of the goals of the present manuscript is to address
this point.

The reported effect of the presence of nanoprecipitates on the
Ms temperatures indicates that precipitation strongly alters the
relative stability of the involved phases aswe previouslymentioned
in Ref. [21]. Another goal of this manuscript is to add to the un-
derstanding of the effect of precipitation on the thermally induced
martensitic transition in the Fe-Mn-Al-Ni system. The first stages
associated to the formation of precipitates are considered and a
phenomenological model taking into account their influence on the
martensitic transition is presented.
2. Experimental procedure

A button weighting 15 g of the Fe43.5Mn34Al15Ni7.5 alloy was arc
melted under Ar atmosphere. Thematerial was thermally treated at
1000 �C for 48 h enclosed in a quartz tube under Ar atmosphere in
order to homogenize the alloy composition. Afterwards, it was
water quenched by breaking up the capsule. The alloy was then hot
rolled at 1000 �C decreasing its thickness down to 1.5 mm (z80%
reduction). Dilatometry samples (10 � 3 � 3 mm3) were cut,
thermally treated for 30 min at 1200 �C and water quenched at
room temperature in order to retain the bcc structure (a) in a
metastable state. Quenching was performed as fast as possible,
leading to a negligible amount of gamma phase at the grain
boundaries [17]. The obtained grain sizes ranged from 500 to
900 mm. These samples were subjected to further ageing treat-
ments at 200 �C for different time intervals. Dilatometry mea-
surements were performed on the samples down to liquid nitrogen
temperature. A home-made dilatometer was used where a Hot-
tinger WIE linear variable differential transformer (LVDT) is con-
nected to the sample via a quartz tube. A thermocouple welded on
the surface of the samples was used to measure the temperature
during the measurements. Samples designation and the corre-
sponding thermal treatments are presented in Table 1. Thin foils for
TEM analysis were prepared by mechanical grinding and subse-
quent double jet electropolishing in a solution of 5:95 perchloric
acid in acetic acid at 10 �C and 40 V of applied voltage. A Philips
CM200 electron microscope was used to observe the microstruc-
ture and to measure the density and size of precipitates after the
different thermal treatments. In order to determine the size dis-
tribution of precipitates, a large amount of dark field images was
used for each simple. The diameter of the precipitates was precisely
measured for each image. This allowed to perform a statistical
analysis. In fact, in a previous report, curves showing the size dis-
tribution for the as-cast condition and for samples after 3 h of
thermal ageing at 200 �C were reported [21]. The same procedure
was used for samples T10 and T20. In this way the average size of
the nanoprecipitates was determined with the corresponding
standard deviation. After the analysis of images at very thin areas
and in very thick ones, the density of precipitates was determined
for each sample. The obtained data were afterwards re-calculated
taking the value obtained by Tseng et al. for a sample of the same
nominal composition aged at 200 �C for 3 h as a reference (volume
fraction 34.3%). This value was used as a reference since it was
obtained by using Atom Probe which is a highly precise technique
[16]. A correction factor was obtained in this way, which enabled to
correct the obtained densities for all the other samples.
3. Results and discussion

In a previous work [21], electrical resistivity measurements
were performed in samples with similar thermal treatments con-
ditions. It was shown that martensitic transformation temperatures
were difficult to determine from electrical resistivity curves due to
the strong effect of the magnetic ordering of the bcc phase and the



Fig. 2. Dark field TEM image of T3h sample. The diffraction spots used for the images
are indicated by arrows in the corresponding inset. Zone axis [011]bcc.
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antiferromagnetic ordering of the fcc [22]. In Ref. [21] it was re-
ported that as the ageing time at 200 �C increases, the measured
hysteresis in the electric resistivity vs. temperature curve de-
creases. Such behavior must be ascribed to a reduction in the
amount of thermally-induced martensite and is a consequence of a
downward shift of the martensitic transformation temperatures
related to the formation and growth of coherent precipitates [4,20].
This shift of transformation temperatures, particularly if Ms is
considered, can be clearly observed in Fig. 1 where dilatometry
results are shown for several samples. It can be noticed in this
figure that dilatometry does not allow to detect the magnetic
ordering transitions. Fig. 1 shows the effect of ageing treatments on
the martensitic transformation temperature leading to the
following values: Ms is �6 �C for sample WQ (water quenched) and
decreases for aged samples leading to �21 �C and �96 �C for
samples T10 and T20, respectively. In the case of T3h, Ms could not
be detected after cooling down to liquid nitrogen temperature. This
decrease in Ms as the ageing time at 200 �C increases implies a
stabilization of the austenitewhich can be related to the effect of B2
nanoprecipitates on the transformation [4,8]. For the longest ageing
time studied (3 h) the martensitic transition has been completely
inhibited. Due to this fact, it is particularly interesting to focus the
attention on the early stages of precipitation, where themartensitic
transition is still clearly detected.

In order to analyze the effect of the thermal treatments on the
microstructure, several samples with different thermal treatments
were observed by means of TEM. A quantitative analysis of the size
and density of precipitates was performed by using the obtained
TEM images. As an example, a dark field image corresponding to
T3h sample is shown in Fig. 2. Images obtained for samples aged for
shorter times at 200 �C can be observed in Ref. [21]. The spot used
to obtain this image is identified by an arrow in the corresponding
inset of figure. As we reported in Ref. [21], the first noticeable
feature is that precipitates are already present in the WQ sample.
This finding indicates that precipitates are either introduced during
the ageing at 1200 �C or during quenching. In order to assess this
aspect, different quenching treatments were performed by either
varying the samples thickness or the type of quenching (i.e.,
directly in water or by placing the sample inside a Fe holder). In all
cases, similar precipitates were observed. Comparable results were
obtained by Tseng et al. in samples quenched from 1200 �C [8]. No
b-Mn precipitates were observed, as it was the reported case of
samples where the bcc structure was obtained after quenching
with low cooling rates [23].

A systematic analysis involving all samples allowed following
the evolution of precipitation after different time intervals at
Fig. 1. Dilatometry measurements vs. temperature for alloys WQ, T10, T20 and T3h.
200 �C. Additionally, the volume fraction Fv and average distance
between particles r has been obtained considering spherical pre-
cipitates with diameter d. The obtained Fv data, treated as described
in Section 2, and measured Ms values are shown in Table 2.

As ageing at 200 �C proceeds, the average size of precipitates
increases and the average distance between precipitates decreases.
After 3 h, precipitates are about 50% bigger and 50% closer than
those found in the WQ condition. These changes lead to an
increased volume fraction which becomes 40 times larger for
sample T3h if compared with the initial condition (WQ sample).
Recently, similar results were obtained by Tseng et al. [8] by using
Atom Probe techniques. Precipitate sizes reported by these authors
are slightly smaller than those reported here, although the differ-
ences may be explained by uncertainties in the different experi-
mental techniques.

Considering the microstructural parameters described in
Table 2, it is clear that a diffusive mechanism takes place during
ageing at 200 �C, which affects the B2 precipitates. The micro-
structural changes related with the nanoprecipitates distribution
and size evolution affect the relative phase stability and the ther-
moelastic character of the stress-induced martensitic trans-
formation [4,8]. In order to achieve a thermoelastic behavior the
phase transformation has to meet two requirements. First, the
involved structures (austenite and martensite) should have a
group-subgroup symmetry relationship, so-called G-subG relation,
in order to undergo a martensitic transformation without the need
of introducing irreversible changes (such as plastic glide) [24,25].
Second, the volume change between both phases should be small
enough to allow the involved deformations to be elastically
accommodated. The reported volume change associated to the a-g0

martensitic transition in Fe-Mn-Al alloys is �0,374% [7] which re-
sults in a favorable condition in relation to this second requirement.
Considering the first requirement, a high density of precipitates,
Table 2
Measured mean precipitate sizes (d), precipitate volume fractions (Fv), average
distance between precipitates (r) and Ms temperatures obtained by dilatometry
measurements after different ageing times at 200 �C.

Sample d [nm] Fv [%] r [nm] Ms [�C]

WQ 8 ± 2 0.78 33 �6 ± 5
T10 8 ± 3 1.06 29 �21 ± 5
T20 9 ± 3 3.64 22 �96 ± 5
T3h 12 ± 2 34.3 (Ref. [8]) 15 e
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like that determined here after ageing at 200 �C (Table 2) might
play a significant role on suppressing irreversible deformation
mechanisms. In fact, it has been widely accepted that coherent
nanoprecipitates strongly favor hardening in the Fe-Ni-Co system
leading to thermoelasticity [3,10,11]. Similar effects of nano-
precipitates were reported for other SMA systems [26].

Fig. 3a shows a TEM micrograph obtained from sample WQ in a
region where austenite and martensite phases coexist. The B2
precipitates are present in both phases. The martensitic structure
presents several zones with a strong elastic contrast due to the
accommodation of precipitates. No distortion is observed around
precipitates in the bcc phase but Fig. 3b shows an enlarged viewof a
martensite zone where the distorted areas extend about 20 nm
around precipitates. These observations can be well explained
considering results reported by Omori et al. [20]. These authors
have shown that in Fe-Mn-Al-Ni alloys, B2 nanoprecipitates are
coherent with both structures, austenite and martensite, and that
they get sheared during the martensitic transformation. The
distortion is elastically accommodated, and the inclination angle is
about 4e5� (i.e., the diameter tilt of a precipitate which is consid-
ered to be spherical in the parent phase) [20]. Another interesting
result is the absence of a well defined habit plane (Fig. 3a), which
seems to be a consequence of the lattice distortion around the
precipitates. This observation is in agreement with the findings
reported in Ref. [20] where the coherence of precipitates and
martensite was clearly shown in images obtained by HRTEM. The
observed situation is schematically represented in Fig. 3c.

When the martensitic transformation takes place, the elastic
energy required for distorting the precipitates and the martensite
plays the role of a resistance to the transformation due to the elastic
energy barrier that must be overcome to enable the transition. An
additional amount of driving force will thus be required for
compensating the mentioned resistance to the transformation, an
effect that produces a shift of Ms to lower temperatures. If the
density and size of precipitates increases by thermal ageing at
200 �C, and provided that they remain coherent, the accumulated
Fig. 3. Transmission electron images obtained for sample WQ: a) Bright field TEM
micrograph showing an austenite (a) e martensite (g0) interface and b)Zoom of a), the
martensite phase and coherent precipitates within this phase are elastically distorted.
c) Schematic distortion of the B2 coherent precipitate when the martensitic trans-
formation takes place.
elastic energy will also increase when the material undergoes a
martensitic transformation. As a consequence, a further decrease of
Ms will result from the ageing stage leading, on cooling, to a smaller
transformed volume as it was revealed by the dilatometry mea-
surements. Based on these concepts, a model will be presented in
order to estimate the energy barrier introduced by the precipitates
when they are distorted during themartensitic transformation, and
to establish a relationship between the microstructural changes
introduced by the thermal treatments at 200 �C and the observed
shifts in Ms.

Eq. (1) shows the energy balance taking place during the a-g0

transformation:

a/g0 :
���DGa/g0 ��� ¼ DGres þ Ep (1)

DGa/g0
is the value of the required chemical driving force to start

the a-g0 transformation, DGres accounts for all inherent contribu-
tions to the resistance to the transformation and EP is the elastic
energy contribution added by the presence of coherent pre-
cipitates, i.e., it accounts for the elastic distortion energy of pre-
cipitates and martensite. EP will change with the volume fraction of
precipitation and, being a stored elastic energy, it will contribute to
the retransformation as a back-stress, favoring the thermoelastic
character of the transformation.

Considering that the entropy change between austenite and
martensite (DSa/g0

) does not significantly change with tempera-
ture in the analyzed temperature range, the total Gibbs energy
difference can be approximated by

��DGa/g0 �� ¼ DSa/g0 ðT � T0Þ,
where T0 is the temperature at which the chemical Gibbs energies
of the austenite and martensite phases are equal and T the tem-
perature at which the driving force is evaluated [27].

Eq. (1) can now be applied to materials treated during different
ageing times, where temperature is selected as the start of the
martensitic transformation (Ms). Examples are shown for WQ and
T3h samples in Eqs. (2) and (3).

a/g0ðWQÞ : DSa/g0�
MWQ

s � T0
�
¼ DGres þ EpWQ (2)

a/g0ðT3hÞ : DSa/g0�
MT3h

s � T0
�
¼ DGres þ EpT3h (3)

EpWC and EpT3h correspond to the stored elastic energy in samples
WQ and after 3 h ageing at 200 �C, respectively. By subtracting Eq.
(2) to Eqs. (3) and (4) is obtained.DSa/g0 can be considered as being
independent of temperature based on the linear relationship be-
tween the critical stresses to transform from a to g0 over the
analyzed temperature range [4]. According to Omori et al.,
DSa/g0 ¼ �5.84 � 104 J/m3 K. Then:

DMs ¼ MT3h
s �MWC

s ¼
�
EpT3h � EpWC

�.
DSa/g0

(4)

This equation estimates the shift in Ms temperature, which is
required to get an increase of the driving force which is needed to
overcome the elastic energy Ep stored due to the presence of
nanoprecipitates. The expression is consistent with similar analyses
reported in the literature [27e29].

Finally, in order to obtain the shift in Ms, it is required to esti-
mate the contribution of precipitates to the elastic energy (Ep),
which will depend on the parameters presented in Table 2. It
should be mentioned that two contributions to the elastic energy
are to be taken into account: the stored energy in the nano-
precipitates and the energy which is stored in the martensite phase
where the precipitates are distributed. However, the second term
can be neglected as a first approximation since the martensite can
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form nanotwins to relax the stored elastic energy as it has been
reported in Ref. [20]. Due to this fact, only the elastic energy per
unit volume related to the distortion of the precipitates will be
taken into account [20]. We consider an isotropic spherical pre-
cipitate which is deformed by a shear strain q equal to 4�

(69.8 mrad) as it was reported in Ref. [20]. The associated elastic
energy per unit volume [30] is shown in Eq. (5) and depends on the
volume fraction of precipitation Fv.

Epðd; rÞ ¼ E
4ð1þ wÞ:q

2
:Fvðd; rÞ (5)

E and y in Eq. (5) are the elastic modulus and Poisson coefficient,
considered as 200 GPa and 0.25, respectively. These values were
obtained from the work by Zhang et al. [31]. These authors deter-
mined the elastic constants of ordered BCC structures in Fe-Mn-Al
alloys, i.e. composition and structure quite similar to that found in
the present precipitates [8]. In fact reported results indicate that
both elastic constants show values in the ranges (168 < E < 256)
MPa and 0.236 < y < 0.265, depending on the alloy composition
[31]. Values of Fv are obtained from Table 2. The experimental and
calculated values of DMs for samples used in the present manu-
script are shown in Table 3.

As it can be seen from Eq. (5) the increase in Fv, resulting from
longer ageing times at 200 �C, leads to an increase on the contri-
bution of precipitates to the elastic energy. It is noticeable the good
agreement which can be observed comparing the measured shifts
in Ms determined by dilatometry measurements and those ob-
tained by the simplifiedmodel which leads to Eq. (4). An interesting
point arises if the shift of Ms for sample T3h is considered. The
obtained value applying Eq. (5) reaches �1034 �C which has no
physical meaning and only indicates that there is no Ms for this
condition. Dilatometry measurements are consistent with this
finding (Fig. 1). Furthermore, reports where liquid Helium tem-
perature was reached lead to the same result [4,8]. When consid-
ering the stress inducedmartensite, the situation is different. In fact
Omori et al. reported a Claussius-Clapeyron relationship where
vs
vT ¼ 0:53 Mpa=�C, being s the critical stress to induce the a-g0

transformation [4]. Using this value and the obtained shift in Ms for
T3h sample (compared to WQ sample), a critical transformation
stress of 500 MPa can be estimated for a tensile test at room tem-
perature, which shows a reasonable agreement with values re-
ported for polycrystalline samples in several papers [17,18].

It is noticed that this model quantifies only the precipitate
elastic energy contribution to the energy barrier, but other possible
factors such as the change in composition of the matrix due to the
presence of precipitates might affect the Ms [8]. However, further
experiments are necessary to quantify the effect of the later
contribution. On the other hand, the presence of an elastic contri-
bution due to the distorted precipitates embedded in martensite is
clearly visible (Fig. 3aeb).

There is another relevant point to consider concerning the
contribution of the accumulated elastic energy on the Ms shift. The
strong effect of nanoprecipitates on Ms is a consequence of the
small entropy change between the austenite and martensite
Table 3
Measured mean precipitate size (d), precipitate volume fraction (Fv), measured DMs

and calculated DMs temperatures obtained by Ec. 4.

Sample Fv [%] d [nm] DMs [�C] exp. DMs [�C] model

WQ 0.78 8 ± 2 0 0
T10 1.06 8 ± 3 �15 �9
T20 3.64 9 ± 3 �90 �88
T3h 34.3 12 ± 2 e �1034
structures. In fact, the small magnitude of the entropy change gives
rise to two relevant properties of this a-g0 martensitic trans-
formation: a slight dependence of the critical stress to transform as
a function of temperature and a strong effect of any reversible
energy contribution on the Ms temperature. Moreover, if the elastic
energy contribution is overcome by an applied stress, this energy
termwill favor the retransformation making it possible to have the
pseudoelastic effect. An additional effect of the precipitates on the
hardness of the involved structures will also contribute to the
pseudoelastic effect decreasing the probability of activating irre-
versible microstructural mechanisms [8].

4. Conclusions

Several points can be emphasized as conclusions of the present
manuscript. The first one concerns the presence of precipitates
already in the WQ samples. These precipitates form in austenite
keeping a high degree of coherency with this structure. Additional
thermal treatments at 200 �C enable diffusive mechanisms which
lead to an increase of size and density of precipitates. These values,
as well as volume fraction of precipitates, have been determined for
several ageing times at 200 �C. The precipitation evolution pro-
duces a strong shift of Ms to lower temperatures, leading to a
decrease in the amount of thermally-induced martensite and
finally to a complete inhibition of the transformation. Observations
performed by TEM enabled to detect strong elastic deformation
contrast around precipitates in the martensitic structure. The pre-
cipitates, although distorted, keep coherency with the martensite.
Using the obtained data concerning size of precipitates and volume
fraction, the elastic energy contribution of precipitates was esti-
mated by a phenomenological model. This model allows estimating
the shift in Ms associated to different ageing times at 200 �C in
comparison with the WQ sample. The results indicate that the
model can be considered as a good approximation to explain the
suppression of the thermally-induced martensitic transition in
specimens aged for 3 h at 200 �C, a thermal treatment that enables
the alloy to achieve excellent pseudoelastic properties [4,5,8]. In
fact the elastic distortion of precipitates once they are in
martensite, might play the main role in the retransformation
driving force, originating the pseudoelastic behavior.
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