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The thermal and microstructural evolution under ageing at temperatures up to 770 K has been studied
on several polycrystalline high-temperature Ni–Mn–Ga shape memory alloys, all of them with an excess
of Ni and higher e/a ratio as compared to the stoichiometric Ni2MnGa.

Alloys with a high content of Ni exhibit a relatively poor thermal stability, caused either by chemical
decomposition or by fast precipitation of Ni-rich phases, which can promote loosing most of the
transformation even after few cycles in the DSC. Two types of precipitates have been observed: lath-like
precipitates with compositions not very far from the ones of the matrix and ellipsoidal L12 (g0)
precipitates with chemical composition rather different to the matrix. On the other hand, Mn-rich alloys
with Ni close to 50 at% do not show precipitates even after 7 � 107 s (27 months) at 770 K then keeping
the martensitic transformation similar to non-aged samples. Therefore, the thermal stability of some
compositions of the Ni–Mn–Ga system is comparable to the most stable high-temperature shape
memory alloys. Some features of the thermal and microstructural evolution under ageing as well as
strategies to optimize these alloys are also discussed in terms of the Ni–Mn–Ga equilibrium phase
diagram.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

During many years, shape memory alloys have been widely
studied and used in many applications due to some of their
distinctive properties, as the shape memory effect, the super-
elasticity and, in some alloys, their biocompatibility. Recently there
has been an increasing interest of the industry to obtain shape
memory alloys working at high temperatures (over 400 K) for
potential applications in aerospace and automotive areas, among
others. As a result, several high-temperature shape memory alloys
(HTSMA) have been studied and developed in this direction. Even
though significant progress has been achieved using Cu-, Co- NiTi-,
NiAl- and Zr-based alloys, some of these still show drawbacks as
lack of thermal stability, high brittleness or high cost of their
components [1–4].

In the last decade, the large magnetic field-induced strains
observed in close to stoichiometric Ni2MnGa alloys [5] have
attracted the interest of the research community in the so-called
ferromagnetic shape memory alloys (FSMA). In particular, the Ni–
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Mn–Ga system has been widely studied due to its big magnetiza-
tion changes as a function of the deformation and the giant strains
induced by magnetic fields [6,7], properties especially promising
for the development of magnetic sensors and actuators. In addition,
this system also shows a large temperature range where the
martensitic transformation can occur and several Ni–Mn–Ga alloys
transforming at high temperature have been already studied [1,8–
15], some of them showing good shape memory and superelastic
properties [1,10,11] as well as a good stability under thermal cycling
[12]. However, to the best of authors’ knowledge, apart from the
preliminary works performed in a Ni57.5Mn17.5Ga25 alloy [13] and in
three Ni–Mn–Ga HTSMAs [14], the thermal stability of this system
has not been systematically studied. Therefore, the present work
aims at characterizing the MT evolution and microstructural
changes produced by ageing at intermediate temperatures in
several Ni-rich polycrystalline Ni–Mn–Ga alloys.
2. Experimental procedure

Several polycrystalline Ni–Mn–Ga alloys were prepared by
induction melting under argon atmosphere from high purity
elements (Ni: 99.99%, Mn: 99.99%, Ga: 99.99%). The nominal
tructural evolution under ageing of several high-temperature Ni–Mn–
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compositions of the alloys studied in this work are detailed in
Table 1.

Alloys P29, P28 and P9 were firstly chosen keeping, in each alloy,
one element not very far from the stoichiometric Ni2MnGa. After
the initial results, alloys A, B, C and D were selected making small
changes in compositions to the original P28, which exhibited the
best thermal stability at 770 K [14].

After an initial treatment consisting of annealing under vacuum
at 1170 K followed by water quenching, the samples were aged in
air at 670 or 770 K. The evolution of the MT characteristics was
monitored by differential scanning calorimetry (DSC, Setaram 92
and Perkin-Elmer DSC-7) at selected times during the ageing
treatment; after the DSC runs, ageing was resumed. The DSC peak
temperatures of the first martensitic transformations after the
initial quenching are detailed in Table 1 for each of the investigated
alloys. Thermal cycling in the DSC was normally performed at
5 K min�1 and always kept in the range between room temperature
and temperatures just over Af, specially for alloys P29 and A, as it
will be discussed below. Several samples were simultaneously
subjected to the same ageing series, but controlled by the DSC only
in few steps of the series, in order to reduce possible effects of
thermal cycling due to the DSC runs. Some samples for optical
microscopy observations were electrochemically polished in
a solution of 20% (vol.) perchloric acid and 80% ethanol at room
temperature. Similarly, samples for transmission electron micros-
copy (TEM) were cut in 3 mm discs, mechanically thinned and then
double-jet electrochemically polished in the same solution at room
temperature, w13 V and w0.15 A. TEM observations were per-
formed in a Hitachi H600 at 100 kV and in a JEOL-2011 high reso-
lution electron microscope at 200 kV equipped with an energy
dispersive X-ray (EDX) spectrometer.

3. Results and discussion

The studied alloys were classified in three groups as a function
of the thermal stability exhibited during the DSC experiments:
alloys showing poor, good and excellent thermal stability.

3.1. Alloys showing poor thermal stability: P29 and A

Alloys P29 and A show the worst results within the studied
compositions, as far as the thermal stability concerns. After water
quenching from 1170 K, two consecutive DSC runs performed at
5 K min�1 up to the Af temperature (820 K) on alloy P29 show
a strong decrease in the heat exchanged during the direct trans-
formation (from 14.5 to w11 J/g), indicating that a fast and severe
degradation of the transformation takes place in this alloy. This
deterioration is also inferred from the shape of the calorimetric
peak, as it becomes not only smaller, but broader and with its
maximum located at lower temperatures. Obviously, although the
Table 1
Nominal composition, e/a ratio and approximated peak temperatures measured by
DSC during the first direct and reverse transformations.

Alloy Nominal composition Nominal
e/a

1st Direct transf.
peak T/K

1st Reverse transf.
peak T/K

P29 Ni58.4Mn25.3Ga16.3 8.100 725a 790a

D Ni55.2Mn29.1Ga15.7 8.028 665 710
A Ni53.2Mn31.1Ga15.7 7.968 745a 795a

C Ni51.2Mn33.1Ga15.7 7.908 575 605
B Ni53.2Mn29.1Ga17.7 7.888 590 630
P28 Ni51.2Mn31.1Ga17.7 7.828 485 500
P9 Ni58.3Mn15.9Ga25.8 7.717 525 590

a These temperatures are extremely dependent on the heating rate, maximum
temperature and time spent in parent phase.
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degradation of the alloy P29 can be slightly minimized reducing the
time spent at temperatures above Af and/or increasing the heating
rate, this alloy exhibits a very poor thermal stability; once the
reverse transformation takes place, a rapidly degradation of the
parent phase occurs.

On the contrary, ageing in martensite does not modify the
thermal behavior observed in the subsequent retransformation as
compared to non-aged samples, even after 6 � 105 s at 670 K. The
absence of any noticeable changes in the thermograms indicates
not only that the decomposition resistance of alloy P29 on ageing in
martensite is very good but also that there is no occurrence of the
thermal martensite stabilization effect. At least, if there is any
stabilization, it is completely overridden by the microstructural
evolution taking place during the reverse transformation, as will be
shown hereafter, and eventual reordering processes. The absence of
this phenomenon can be attributed to the high-reduced martensite
transformation temperature of this alloy (ratio between Ms and
melting temperature), which is over 0.5, whereas the optimum
value to observe thermal martensitic stabilization seems to be
around 0.35. As an example, alloy P9, with a reduced trans-
formation temperature close to the optimum one, exhibits thermal
martensitic stabilization [15].

Optical micrographs show that the parent phase of as-quenched
alloy P29 is completely transformed into martensite (Fig. 1a),
exhibiting rather irregular and small variants as compared with the
other alloys analyzed in the present work. Black dots in Fig. 1a are
artifacts introduced by the polishing. All the Selected Area Electron
Diffraction Patterns (SAEDP) obtained for the martensitic phase of
this alloy, as well as for the rest of the alloys studied in this work,
can be indexed with the L10 non-modulated structure, normally
arranged in very fine micro-twins along {111}L10 planes; no
evidences of modulated martensites were detected in any alloy.
Fig. 1a also reveals the presence of relatively large precipitates in
the as-quenched alloy P29, some of them over 10 mm long. EDX
measurements of these precipitates give an average composition
around Ni65Mn24Ga11, whereas the experimental results for the
matrix are around Ni57Mn25Ga18. Therefore, the precipitates
analyzed are richer in Ni and poorer in Ga, maintaining a very
similar Mn content as compared to the matrix, which means that
the matrix approaches the stoichiometry decreasing its content in
Ni and increasing Ga. SAEDPs indicate that these precipitates nor-
mally exhibit a disordered fcc structure (g phase), similar to the
precipitates exhibited by other FSMA [16,17].

After two DSC runs at 5 K min�1 up to 800 K (just over Af), where
a severe degradation of the transformation is detected in the
calorimeter, no significant changes in the microstructure of the
samples are noticed neither by optical microscopy nor by TEM
observations. However, despite that the average chemical compo-
sition of the matrix measured by EDX is similar to the as-quenched
condition, a much higher dispersion of the data is observed. On the
contrary, the EDX measurements performed in the g grains give
very homogeneous composition without significant spreading of
the compositional data. Thus, it is clear that the short time spent in
the parent phase after two DSC runs up to temperatures close to Af

is enough to start the decomposition of the parent phase, but still
not sufficient to produce any massive precipitation of second
phases in the matrix. On the other hand, ageing in martensite at
670 K, as well as the DSC runs performed after the initial quenching,
promote the ordering of the precipitates from g to g0, as observed
by SAEDP (Fig. 1b), keeping the same morphology and chemical
composition as in as-quenched samples.

Alloy A shows similar transformation temperatures and thermal
behavior but slightly better thermal stability than alloy P29. Fig. 2a
shows the evolution of the transformation temperatures and the
average heat exchanged during direct and reverse transformations
tructural evolution under ageing of several high-temperature Ni–Mn–



Fig. 1. (a) Optical micrograph of the as-quenched alloy P29 showing relatively small and irregular variants of non-modulated martensite and g precipitates; (b) TEM image of alloy
P29 aged at 670 K for 30 h showing precipitates of the ordered g0 phase together with their SAEDP (inset in b).
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as a function of the number of cycles performed in the DSC from
525 to 825 K at 5 K min�1. The decrease in the transformation heat
of alloy A with the number of cycles is significant, although not so
important as for alloy P29 under the same parameters of the
experiment. It is worth to note that despite the thermograms
obtained are notably affected by the time spent at high tempera-
tures during the DSC runs, the MT peak temperature only
undergoes a moderate change to lower values (Fig. 2b).
Fig. 2. (a) Martensitic transformation peak temperatures and average heat exchanged
(Q) as a function of the number of cycles in alloy A; (b) Evolution of the thermograms
with cycling in alloy A.
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The parent phase of alloy A is completely transformed into L10

martensite normally arranged in relatively irregular and small
variants, as in the alloy P29. However, the as-quenched alloy A is
free of g precipitates. After 14 cycles in the DSC between 525 and
825 K at 5 K min�1, when the transformation has mostly vanished
(Fig. 2), the parent phase shows regions that have been completely
decomposed into lath-like precipitates, which often alternate with
the variants of the martensitic phase (Fig. 3). Indeed, due to this
special morphology of the lath-like precipitates, sometimes they
resemble just one of the variants in the self-accommodated
microstructure, producing regions with 3 apparent different vari-
ants (two from the real self-accommodated martensite together
with the lath-like precipitates). EDX experiments demonstrate that
one of these apparent variants has always a different chemical
composition as compared to the martensitic variants (the average
results being Ni57Mn27Ga16 and Ni54Mn30Ga16 for the precipitates
and the matrix, respectively). This confirms the presence of
Fig. 3. TEM micrograph of alloy A after 14 cycles in the DSC, showing lath-like
precipitates (P) alternated with martensitic variants.

tructural evolution under ageing of several high-temperature Ni–Mn–
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a second phase which has been produced during the DSC runs. The
lath-like precipitates not only change the chemical composition of
the matrix but also create internal stress fields, enough to promote
in many regions, the final direction of the martensitic needles to be
parallel to the precipitates. As a result of the special morphology
and distribution of these lath-like precipitates, together with the
absence of any other type of precipitates within the matrix, the
energy looses during the martensitic transformation are not
increased (i.e. the thermal hysteresis remains constant along the
entire ageing series).

3.2. Alloys showing good thermal stability: P9 and D

The time spent at temperatures above Af in alloys P9 and D is not
so critical for the thermal stability as in the previous alloys.
Therefore, ageing series in parent phase have been carried out in
alloy P9 (at 670 and 770 K) and alloy D (at 770 K). Fig. 4 shows the
evolution of the DSC peak temperature during the reverse trans-
formation and the transformation heat of both alloys as function of
the ageing time at 770 K. Data corresponding to as-quenched
samples, before ageing, are plotted on the y-axis. The values
obtained for alloy P9 remain rather stable up to w2� 104 s at 770 K
(Fig. 4), orw7 � 104 s at 670 K, and show an important decrease for
longer ageing times; the transformation being almost completely
degraded before 105 s at 770 K (Fig. 4) or around 2 � 105 s at 670 K.
On its turn, the martensitic transformation exhibited by alloy D
remains stable up to ageing times one order of magnitude higher
than those of alloy P9; it becomes rapidly degraded after w5�105 s
at 770 K. Before the final severe deterioration, the transformation
hysteresis of both alloys remains unchanged along the ageing
series, either at 670 or 770 K, indicating that during the first steps of
ageing the martensite do not come across new elements which
hinder the progress of the transformation.

The microstructure of as-quenched alloys P9 and D consists of
zones with big and regular variants of non-modulated martensite
together with regions showing smaller and more irregular
martensitic plates (Fig. 5a). In these alloys it can be easily observed
that the martensitic needles belonging to the same region are
normally self-accommodated in groups of two macro-twins along
{111}L10 planes. In addition, each plate of the macro-twins again
contains two different self-accommodated variants (internal
twins), again along {111}L10 planes, which can be few nanometers
wide (Fig. 5b). Therefore, at least 4 different crystallographic
orientations are involved in each self-accommodated zone. The
small and irregular size of the internal nano-twins is responsible for
Fig. 4. Evolution of the DSC peak temperatures of the reverse transformation (Tr) and
the averaged heat exchanged (Q) for alloys P9 and D aged at 770 K. Values on the y-axis
correspond to the as-quenched samples.

Please cite this article in press as: Santamarta R, et al., Thermal and micros
Ga alloys, Intermetallics (2010), doi:10.1016/j.intermet.2010.01.016
the streaking along the C111DL10 directions of the SAEDP (inset in
Fig. 5b).

As-quenched alloys P9 and D show a total absence of precipi-
tates, situation that keeps rather constant until ageing times below
w105 s at 670 K for alloy P9. At shorter ageing times, only a slightly
higher concentration of small precipitates and dislocations are
observed, often associated between them forming substructures
similar to low-angle grain boundaries. These defects do not
produce any significant calorimetric change. After 2.1�105 s ageing
at 670 K, lath-like precipitates have also been observed in alloy P9,
similar in morphology to the ones described in alloy A. Some of
these precipitates are big enough to be observed in optical micro-
graphs. Again, the formation of these lath-like precipitates is
associated to a rapid degradation of the transformation, as they
actuate as important pinning points inhibiting the growth of the
martensitic variants. Quantitative EDX measurements of the lath-
like precipitates in alloy P9 (Ni63Ga25Mn12) show that the Ga
content, which is the element closer to stoichiometry in this alloy,
remains practically constant as compared to the matrix
(Ni58Ga25Mn17), whereas changes in Ni and Mn content bring about
a final composition close to Ni5(Mn,Ga)3. As in alloy A, the matrix
tends to the stoichiometric composition, producing precipitates
with the exceeding elements. However, despite the morphology
and the development of the lath-like precipitates in alloy P9 seem
to be similar to the formation of Ni5Al3 precipitates in Ni–Al alloys
[18,19], the SAEDPs of the precipitates in the current alloy exhibit
some differences [14].

Samples of alloy P9 aged at 770 K show a different decompo-
sition route from those aged at 670 K, the former ageing temper-
ature leading to the formation of g0 phase, as confirmed by SAEDP.
After about 6 � 104 s at 770 K, in the last stage of the MT degra-
dation, a dense distribution of g0 precipitates can be clearly iden-
tified in several grains (Fig. 5c). Quantitative EDX measurements of
these precipitates exhibit a composition close to Ni70Ga25Mn5,
therefore following the same tendency as the lath-like precipitates
appearing after ageing at 670 K (i.e. increasing the Ni content and
decreasing Mn, whereas Ga remains constant). EDX experiments
carried out on the matrix give a chemical composition of
Ni58Ga25Mn17, identical to the one obtained in the series at 670 K.

Samples at the last steps of the 670 or 770 K ageing series show
very irregular and small martensitic macro-twins in optical
micrographs; there are no signs of the big and regular variants of
non-modulated martensite observed in some regions of the as-
quenched P9 alloy. Therefore, it seems obvious that the presence of
precipitates not only changes the chemical composition of the
matrix (i.e. the transformation temperatures), but also inhibits the
creation of big and regular needles as the ones of as-quenched
alloys.

Optical microscopy observations of alloy D show that the
microstructure is rather similar to alloy P9, as far as morphology
and size of the martensitic plates concerns, in both the as-quenched
and the degraded states. TEM experiments after about 5 � 105 s at
770 K reveal the formation of small and elongated g0 precipitates
along the grain boundaries, which extend to the rest of the grain
after w106 s at 770 K (Fig. 5d).

3.3. Alloys showing excellent thermal stability: P28, B and C

Finally, alloys P28, B and C aged in parent phase at 770 K show
the most stable behavior. The transformation temperatures (Fig. 6)
and heat exchanged for all three alloys are practically constant
along the entire time series being carried out (up to values around
4 � 107 s – 15 months – in alloys B and C or up to 7 � 107 s – 27
months – in alloy P28). Therefore, these three alloys exhibit an
excellent thermal stability, at the level of DSC results, comparable to
tructural evolution under ageing of several high-temperature Ni–Mn–



Fig. 5. (a) Optical micrograph of as-quenched alloy P9; (b) TEM image showing the nano-twins in the as-quenched alloy D; (c) TEM micrograph of alloy P9 after 6 � 104 s at 770 K;
(d) Bright field image of alloy D after 106 s at 770 K.
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the most stable high-temperature conventional shape memory
alloys transforming in the same range of temperatures [20–22].

The three alloys, in the as-quenched state, exhibit a micro-
structure consisting of big variants of non-modulated L10 twinned
Fig. 6. DSC peak temperatures of the direct transformation for alloys P28, B and C as
a function of ageing time at 770 K. Values on the y-axis correspond to the as-quenched
samples.
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martensite with almost a total absence of precipitates, very similar
to the most regular regions in alloys P9 and D. After ageing
2.2 � 106 s at 770 K the microstructures of these three alloys are
rather similar to the as-quenched one, apart from few small
precipitates that have appeared in some areas of the matrix, often
associated to dislocations (Fig. 7a). Some disperse dislocations can
be also observed under two-beam conditions but they are more
prominent after 3 � 107 s at 770 K (Fig. 7b), sometimes developing
low-angle grain boundaries similar to the ones formed in P9 after
ageing at 670 K. These low-angle grain boundaries are more
frequently observed in long-term aged samples, probably formed
by migration and rearrangement of preexistent dislocations. As in
the previous case, these defects do not produce any significant
calorimetric change. Therefore, from the point of view of both
thermal behavior and microstructure, these three alloys are within
the most stable high-temperature conventional shape memory
alloys [20–22].

It is worth to note that the alloys having poor stability (P29 and
A) exhibit more irregular martensitic variants distributions already
in the as-quenched condition, with areas containing very small
martensite plates. This could be due to precursor decomposition
processes occurring during quenching, which would introduce
difficulties to undergo a proper thermoelastic transformation. On
the contrary, alloys more resistant to ageing develop quite regular
distribution of variant plates.
tructural evolution under ageing of several high-temperature Ni–Mn–



Fig. 7. TEM micrograph of (a) alloy P28 after 2.2 � 106 s at 770 K; (b) alloy B after 3 � 107 s at 770 K.

Fig. 8. Isothermal section of the Ni–Mn–Ga equilibrium phase diagram indicating the
experimental compositions of the matrix (circles) and precipitates (triangles) for all
the studied alloys. Dashed lines are lines with constant e/a ratio.
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Finally, it is worth to note that the martensitic transformation
cycling applied to the samples to follow the ageing evolution (no
more than several tens of cycles) do not cause notable changes in
the transformation characteristics. Indeed, some samples of the
alloys with good and excellent thermal stability (P9, D, P28, B and C)
submitted to single stage long ageing treatments (without checking
the MT features at many intermediate steps) showed an equivalent
evolution of the martensitic transformation and microstructure.

3.4. Interpretation based on the ternary phase diagram

Fig. 8 shows an isothermal section of the Ni–Mn–Ga equilibrium
phase diagram at 1070 K [23] together with the experimental
compositions of the matrix (circles) and precipitates (triangles)
obtained by EDX in the studied alloys; the experimental data are
also detailed in Table 2. According to Fig. 8, some of the features
observed during the ageing series can be understood. In this way,
SAEDPs and experimental compositions obtained by EDX for the
precipitates in alloy P9 after ageing at 770 K and in the as-quenched
alloy P29 match with the expected phases a0 (L12 structure) and g
(A1 structure), respectively. However, cycling of alloy P29 in the
DSC or ageing at temperatures even below 770 K promote the
change of the atomic ordering of this second phase from g to g0 (L12

structure). As g0 is an equilibrium phase of the binary Ni–Mn
system for some Ni-rich compositions below 800 K [24], its pres-
ence in the ternary system seems to be reasonable although it does
not appear in the phase diagram of the Ni–Mn–Ga at 1070 K
reported in ref. [23].

The chemical composition of the plate-like precipitates
obtained by EDX experiments in alloys A and D aged at 770 K and
alloy P9 aged at 670 K, together with the crystallographic infor-
mation deduced from SAEDP in alloy P9, do not match with the
values expected from the equilibrium phase diagram at 1070 K (or
with the non-modulated martensite derived from the b phase).
Therefore, it seems obvious that we are dealing with either
a metastable phase or a phase in equilibrium at 770 K, but not at
1070 K.

The high thermal stability of alloys P28, B and C can also be
understood with the help of Fig. 8 because their compositions are
out of the biphasic g þ b region. Thus, ageing alloy P28 at 770 K
even during 27 months does not produce significant precipitation
or decomposition. As the solubility limit of the b phase at 770 K is
expected to be lower (i.e. the biphasic region should be broader
than the one at 1070 K), alloy D likely falls into the g þ b zone
Please cite this article in press as: Santamarta R, et al., Thermal and micros
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resulting in precipitation after long ageing times at 770 K. There-
fore, as alloy D has a very close composition to P28, B and C alloys,
the solubility limit at 770 K has to be around these compositions.

Finally, the tendency of the matrix to approach the Ni content to
the stoichiometric composition when precipitation appears can be
explained as the b/b þ g phase boundary is very close to the
Ni50at% line in Fig. 8. Therefore, during precipitation, the matrix
will always approach the Ni50at% line, especially for the compo-
sitions close to the upper part of this line.

Fig. 8 can also be useful for designing new high temperature Ni–
Mn–Ga alloys with high thermal stability. As it is already well
known, as a first approximation the higher e/a ratio the higher MT
temperatures are in Ni–Mn–Ga alloys. Thus, the most effective way
to increase the e/a ratio would be to modify the composition along
the maximum gradient of e/a (i.e. moving in a perpendicular
direction to the lines of constant e/a, drawn as dashed lines in
Fig. 8). However, if the line of maximum gradient is followed, the
alloy would approach the g þ b region, worsening its thermal
stability. Therefore, from the point of view of the stability, it would
be better to increase e/a ratio following a line close to the Ni50at%
tructural evolution under ageing of several high-temperature Ni–Mn–



Table 2
Nominal compositions of the studied alloys, experimental compositions of the matrix and precipitates determined by EDX and values of the electron-to-atom ratio (e/a)
obtained with the nominal and the experimental matrix compositions.

Alloy Nominal composition (at%) Nominal e/a Exper. matrix composition (at%) Exper. e/a (matrix) Exper. precipitate. composition (at%)

P29 Ni58.4Mn25.3Ga16.3 8.10 Ni57Mn25Ga18 8.0 Ni65Mn24Ga11

D Ni55.2Mn29.1Ga15.7 8.03 Ni52Mn32Ga16 7.9 Ni57Mn32Ga11

A Ni53.2Mn31.1Ga15.7 7.97 Ni54Mn30Ga16 8.0 Ni57Mn27Ga16

C Ni51.2Mn33.1Ga15.7 7.91 Ni50Mn34Ga16 7.9 –
B Ni53.2Mn29.1Ga17.7 7.89 Ni52Mn30Ga18 7.8 –
P28 Ni51.2Mn31.1Ga17.7 7.83 Ni51Mn31Ga18 7.8 –
P9 Ni58.3Mn15.9Ga25.8 7.72 Ni58Mn17Ga25 7.7 Ni63Mn12Ga25 (670K)

Ni70Mn5Ga25 (770 K)
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one (i.e. substituting Ga by Mn keeping Ni constant), which results
in higher e/a but still in the single b phase region, rather than
substituting Ga by Ni keeping Mn constant, which produces faster
increase of e/a ratio but more instable alloys. In any case, it has to be
noted that calculating the electron valence concentration with the
nominal composition can lead to errors in this process. In [9] it is
claimed that despite e/a is increased with x in Ni50þxMn25Ga25�x,
there is no further increase in the transformation temperatures for
values x � 7; for higher values the precipitates keep constant the
composition of the matrix and so the transformation temperatures.
Therefore, after [9] and the present results, it is obvious that just
increasing the nominal e/a ratio could bring the composition into
the g þ b region, diminishing the thermal stability of the alloy
without increasing the martensitic transformation temperatures of
the matrix. As alloys B, C and P28 have very high e/a and seem to be
very close to the g þ b region, it would be rather difficult to obtain
stable alloys with martensitic transformation temperatures notably
higher than the ones studied in this work. Therefore, most likely,
alloys B and C are close to be the HTSMA with best combination
between thermal stability and high-temperature martensitic
transformation in the Ni–Mn–Ga system.

4. Conclusions

The thermal and microstructural evolution under ageing at
temperatures up to 770 K has been studied on several poly-
crystalline high-temperature Ni–Mn–Ga shape memory alloys, all
of them with an excess of Ni as compared to the stoichiometric
Ni2MnGa.

Alloys P29 and A, which are clearly in the b þ g region of the
phase diagram, exhibit very poor thermal stability under ageing at
770 K as a consequence of a decomposition of the matrix or
precipitation of second phases. Alloys P9 and D show a reasonable
stability until g0 precipitates start to appear in the matrix; after that,
the martensitic transformation degrades rather quickly. Finally,
alloys P28, B and C show an excellent thermal stability without
significant changes in the microstructure even after very long
ageing times at 770 K (w7� 107 s for alloy P28). Their high e/a ratio
as well as the fact to be out of the biphasic bþ g region of the phase
diagram allow these three alloys to be within the more stable high
temperature shape memory alloys.
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