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bstract

This paper intends to review the state-of-the-art in the field of ferromagnetic shape memory alloys different than Ni–Mn–Ga, developed in the

ast years. It starts with the effects of additions of different fourth elements to Ni–Mn–Ga and continues with the review of other Heusler (or B2)
i-based and Co-based alloy systems, like Ni–Mn–X, Ni–Fe–Ga, Co–Ni–Al and Co–Ni–Ga alloys. Finally, ferromagnetic Fe-based alloys, like
e3Pt and Fe–Pd and a new mechanism of magnetic actuation in Ni–Mn–In–Co, recently introduced, will be treated.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

The observation of large magnetic-field-induced strains
MFIS) in Ni–Mn–Ga alloys [1] together with other interesting
ffects, like the existence of a premartensitic phase transition [2]
r a large magnetocaloric effect [3], has multiplied the interest on
his particular alloy system. As a result, a large amount of knowl-
dge has been acquired from the fundamental and applied points
f view. For instance, very large magnetic-field-induced strains
up to 10%) can be obtained in properly treated single crystals
ith good repeatability at elevated frequencies (hundreds of Hz
r even kHz). Applications such as rapid magnetic actuators can,
hen, be envisaged. Other properties of these alloys can also be
f interest, like the possibility to have elevated martensitic trans-
ormation temperatures with relatively good reproducibility.

As in other shape memory alloys, the martensitic transfor-
ation temperatures (TM) of Ni–Mn–Ga strongly depend on the

omposition and their values spread in a very wide range. A clear
ncrease of TM with the electron-to-atom-ratio (e/a) takes place,
hile the Curie point (TC) decreases very slightly [4]. The large
FIS occurs through a field-induced reorientation of the marten-
itic variants [1,5]. Besides the ferromagnetic nature of the
artensitic phase, two additional conditions must be fulfilled:

igh magnetic anisotropy energy and very low critical stress for
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martensitic transformation

ariant reorientation (a few MPa). Such conditions are satisfied
y the alloys transforming to the so-called five- or seven-layered
10M, 14M, respectively) martensites [6]. Their structures have
early tetragonal or orthorhombic unit cells with c/a < 1 and
< b < a, respectively (in the axes derived from the parent cubic
ell), accompanied by periodic shifts of the {1 1 0} planes with
eriods of five or seven basic unit cells [7]. In both structures,
he easy axis of magnetization is along the shortest c axis. The
lloys transforming to these phases have, usually, martensitic
ransformation temperatures not much above room temperature
r below. The alloys transforming to the non-layered tetrag-
nal martensite (having, in general, relatively high values of
/a) do not show large MFIS. This structure is tetragonal with
/a > 1, again in the axes derived from the parent cubic cell (it
s also denoted as 2M in other axes). Contrary to the 10M and
4M structures; the crystallographic axis c is the hard axis of
agnetization, the easy axis being on the orthogonal plane [6].
The alloys with high values of e/a ratio (compositions

elatively far from the stoichiometric Ni2MnGa) exhibit the
artensitic transformation above or even well above room

emperature and the Curie point [4] and can be taken into consid-
ration as high temperature conventional shape memory alloys
not magnetically driven).

Nevertheless, the Ni–Mn–Ga alloys have some problems for

heir use in industrial applications. Concerning the magnetic
ctuation, the characteristics of the strain versus magnetic-field
urve change notably from one crystal to another (elaborated
n the same way), which makes difficult the controllability of

mailto:jaume.pons@uib.es
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he actuators at large-scale productions. This is due to the high
ependency of some critical parameters (like the stress for vari-
nt reorientation) on the internal defects present in the material.
he Curie point of Ni–Mn–Ga alloys is below 100 ◦C, which is
too low temperature for some applications. Another problem,
erhaps the most important, is the high fragility of the mate-
ial. Since the last years, other ferromagnetic shape memory
lloys (FSMA), i.e. ferromagnetic alloys exhibiting a thermoe-
astic martensitic transformation, are being investigated with the
urpose to overcome these problems and also to increase the fun-
amental knowledge in systems presenting both structural and
agnetic transitions.
This paper will present the state-of-the-art in these other alloy

ystems. Firstly, we will review on alloys where the magnetic
ctuation is mainly searched with the same mechanism as in
i–Mn–Ga, i.e. the field-induced variant reorientation. This part
ill start with the effects of additions of different fourth elements

o Ni–Mn–Ga and continue with the review of other Heusler (or
2) Ni-based alloy systems, like Ni–Mn–X or Ni–Fe–Ga, as
ell as Co–Ni–Al and Co–Ni–Ga alloys. Then, ferromagnetic
e-based alloys initially considered to study the magnetic-field-

nduced martensitic transformation, like Fe–Ni or Fe–Pt will
e treated, together with the field-induced variant reorientation
n Fe3Pt and Fe–Pd alloys. Finally, a new mechanism of mag-
etic actuation in Ni–Mn–In–Co, recently introduced, will be
escribed.

. Quaternary additions to Ni–Mn–Ga

Addition of other elements is a classical way to modify the
roperties of a given alloy. The effect of a big number of ele-
ents alloyed to Ni–Mn–Ga has been studied in the recent years

8–25]. In many cases, the additions were selected with the pur-
ose to modify the e/a ratio and the transformation temperatures
ccordingly. The effect on the lattice parameters was also stud-
ed, as it is an important factor controlling the magnetic and
lectronic interactions.

Additions of Fe substituting Mn or Ni have been studied
y several authors [8–18]. In general, the martensitic transfor-
ation temperatures decrease with the Fe content, while the

ysteresis of the transformation and the Curie point increase. In
heir systematic study with different Fe additions up to 11.6 at.%,
oho et al. [13] found that the martensitic phases formed depend
n the e/a ratio in the same way as in ternary Ni–Mn–Ga. When
e substitutes Mn, both the lattice parameter of the parent L21
hase and the saturation magnetization of martensite (measured
t 4 K and in a field of 5 T) decrease [10], consistently with
he smaller magnetic moment and diameter of Fe ions, com-
ared to Mn. Nevertheless, the reduction of magnetization does
ot impede the occurrence of large MFIS by variant reorien-
ation; in a Ni49.9Mn28.3Ga20.1Fe1.7 (numbers indicate at.%)
ingle crystal transforming to the 5-layered martensite, Koho
t al. [13] found a very good MFIS of 5.5%. Moreover, the addi-

ion of Fe is reported to enlarge the temperature interval where
ood MFIS takes place; a maximum of 1.15% strain is obtained
t 290 K in a Ni52Mn16Fe8Ga24 at.% alloy but, at 120 K, it is
till 0.75%; for the corresponding ternary alloy, the MFIS drops

s
(
t
s
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o 0.35% already at 240 K [10]. Cherechukin et al. studied the
FIS of Ni–Mn–Ga–Fe occurring by magnetic field induction

f the martensitic transformation and the effect of magnetic field
ycling [8,11]. Large strains of ∼3.5% can be obtained in this
ay, but with very high magnetic fields (8–10 T) and in a narrow

emperature interval (very close to the magnetic-field-free trans-
ormation temperatures) [8,11]. A positive effect of Fe additions,
rom the point of view of applications, is the improvement of
uctility and toughness of the alloy [18].

The effect of Co substituting either Ni or Mn has been stud-
ed in [12–16,19–22]. When substituting Ni, Co has a similar
ffect as Fe, i.e. it increases TC and decreases TM [12,14,15].
n the other hand, Co replacing Mn causes a small effect on TC

it increases for Co additions up to ∼10 at.% and decreases for
arger additions) but a strong increase of the martensitic transfor-

ation temperatures, which can become much higher than TC
12,14,19]. The alloys doped with Co also exhibit intermarten-
itic transformations in the polycrystalline state [20]. Gomes et
l. studied the magnetocaloric effect of alloys with addition of
o and Cu atoms substituting Ni [21]; they generally found a
igher effect in the alloys with Cu additions. In particular, a
iant magnetocaloric effect was obtained for the composition
i2(Mn0.75Cu0.25)Ga, involving a magnetic entropy change of
17.6 J/kg K [21]. Like Fe, addition of Co increases the duc-

ility of the alloy. In this sense, Wang et al. [22] have recently
nalysed the hot deformation textures and the fracture process
n polycrystals of Ni48Mn25Ga22Co5 at.%. The fracture stress
nd strain of the hot-forged alloy are 880 MPa and 9.5%, values
uch higher than those found in ternary Ni–Mn–Ga [22].
Different groups of other elements have also been studied.

suchiya et al. [23] studied the addition of 4f rare earth ele-
ents (Nd, Sm and Tb), which are known to increment the
agnetocrystalline anisotropy energy. They found a very low

olubility (less than 0.1 at.%) of these elements and a high ten-
ency to precipitate at the grain and subgrain boundaries. The
artensitic transformation temperatures and Curie points fol-

ow the same dependency on e/a ratio as the ternary alloys. The
agnetization in martensitic phase (measured at 75 K under a
eld of 15 kOe) of the alloys containing Sm and Tb is similar

o the corresponding ternary alloys, while those doped with Nd
xhibit higher values of magnetization at the high e/a range. Nd
lso increases the ductility of the alloy up to more than 6 at.%
train [23]. Glavatskyy et al. [16] studied the effect of Si and In
in addition to Co and Fe); both drastically reduce the marten-
itic transformation temperatures. Söderberg et al. [24] found
imilar results for Sn (and also Si) additions, while the influence
f Pb, Zn and Bi was much more moderated (the latter slightly
ncreased the transformation temperatures). Substitution of Ga
toms by In or Mn by V or Cu causes a strong decrease of the
urie point [15,19]. C, Si and Ge additions were studied by Lu et
l. [25], who found a strong influence of Si and Ge on the marten-
itic transformation temperatures (decreasing them), whereas C
dditions caused a slight increase of these temperatures. Sub-

titution of Ni by Pt in alloys with stoichiometric composition
Ni + Pt)2MnGa was studied by Kishi et al. [26] with the purpose
o increase the electron concentration e/a and, then, the marten-
itic transformation temperatures. Indeed, alloys with 10 at.%
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t exhibit the martensitic transformation at about 350 K [26],
uch above that for the stoichiometric Ni2MnGa, for which TM

s around 200 K. However, not always the change of e/a ratio
rought about by the quaternary element modifies the Curie and
artensitic transformation temperatures in the expected way.
ccording to Tsuchiya et al. [27], alloys with Al, Cu, Ge or
n seem to deviate from the dependency on e/a shown by the

ernary alloys.

. Other Ni-based alloys: Ni–Mn–X and Ni–Fe–Ga
lloys

The interest in developing Ga-free ferromagnetic shape mem-
ry alloys comes, in a practical point of view, from the high cost
f pure Ga and its low melting point, which can create problems
uring elaboration of the alloys. Sutou et al. have studied the
erformances of Ni–Mn–X (X: In, Sn, Sb) as potential ferro-
agnetic shape memory alloys [28]. As ferromagnetic Heusler

ystems, some magnetic properties of these alloys had been pre-
iously studied [29–32], without regarding the behaviour related
o the martensitic transformation. These alloys, in the stoichio-

etric composition, exhibit TC values lower than Ni2MnGa [32],
ut (at least in the alloy containing Sn) it can be raised by increas-
ng the Mn content (substituting Ni) [31]. In the compositions
i50Mn50−yXy (X: In, Sn, Sb; y = 10–16.5 at.%), the alloys show
ell defined martensitic transformations (and even additional
artensite to martensite transitions, for some compositions) in

ifferential scanning calorimetery and low field magnetization
easurements [28]. The transformation temperatures decrease

pon increasing the In, Sn or Sb content. The structures of the
artensitic phase were studied in different compositions, obtain-

ng layered structures with periods of five and six planes (10M
nd 6M structures) and a new period of four planes (4O structure,
ith (2 2̄) stacking sequence in Zhdanov notation) [28]. As com-
ented above, these are the type of martensitic structures having

ow critical stress for variant reorientation and showing large
FIS in Ni–Mn–Ga alloys. Moreover, some compositions of
i–Mn–Sn and Ni–Mn–Sb have martensitic transformation tem-
eratures at ∼30 ◦C in the ferromagnetic state. All these results
ndicate that large MFIS by variant reorientation are likely to be
ossible in these alloy systems [28].

Ni–Mn–Al alloys have also been extensively studied. They
ere initially developed as modifications of Ni–Al alloys for

heir potential as high temperature shape memory alloys (non
agnetic), aiming to improve the high brittleness of binary
i–Al [33–35]. The austenitic B2 or L21 phase extends over
wide region in the phase diagram; consequently, the alloys

xhibit martensitic transformation temperatures spread in a
ery wide range [33]. The ductility of the Ni–Mn–Al alloys
s improved, in relation to binary Ni–Al, due to the precipita-
ion of � phase particles (with disordered fcc or ordered L12
tructure), as also happens with additions of other elements to
i–Al, like Fe, Co or Cr [36]. Martensitic structures similar to

i–Mn–Ga form in Ni–Mn–Al alloys, depending on alloy com-
osition: the non-layered tetragonal phase (2M, also denoted
s 3R or L10 in the nomenclature typically used for Ni–Al)
ppears in alloys with low Al and Mn content and the five-,

o
r
s
v
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even- or twelve-layered martensites (10M, 14M, 12M, respec-
ively) form in higher Al and Mn content alloys [33,34]. The
agnetism of these alloys was already studied by Ziebeck and
ebster long time ago, who found a conical antiferromagnetism

rising from the Mn atoms [37]. The discovery of large MFIS in
i–Mn–Ga alloys triggered a renovated interest in Ni–Mn–Al,
oth in its structural and magnetic transitions [38–45]. Apart
rom the structures of the martensitic phases, other similarities
ith Ni–Mn–Ga can be outlined, like a marked dependency of
M and TC on the electron concentration e/a [39,43] as well
s phonon softening and existence of premartensitic effects
33,45]. An important difference, from the fundamental point
f view, is in the atomic order; the second neighbour order (L21
tructure) in the parent phase of Ni–Mn–Al is difficult to achieve
35,37,40,42,43]. As-quenched samples after solution treatment
t high temperatures (∼1270 K) are mostly B2 ordered with
inor presence of L21 type of order. Only after prolonged ageing

t intermediate temperatures (∼670 K) the L21 order is incre-
ented, although not completely established. This is due to the

ow value of the critical temperature for the B2 → L21 order tran-
ition (around 770 K), which results in a very slow kinetics for
he ordering process. Promotion of L21 order causes a decrease
f the martensitic transformation temperatures [36,40]. Finally,
rom the applied point of view, we can remark that some MFIS
as been indeed obtained in Ni53Mn25Al22 alloys [41]. How-
ver, the amount of MFIS reported so far is comparatively low
about 0.01% in polycrystals and 0.17% in single crystals), it
equires very high magnetic fields (up to 7 T) and occurs at low
emperatures (253 K) [41].

Since the B2 or DO3 phases are stable in wide range of
ompositions of the binary Fe–Ga and Ni–Ga systems, ternary
i–Fe–Ga alloys were initially investigated by Oikawa et al.

s promising ferromagnetic shape memory alloys. Indeed, ther-
oelastic martensitic transformations in the ferromagnetic state
ere obtained in Ni73−xFexGa27 alloys (x = 20–22 at.%), the
artensitic phases having the 10M or 14M structures [46,47].
ince then, intense research has been undertaken by different
uthors in this alloy system [48–70]. In coexistence with the five-
nd seven-layered martensites, a structure with a period of six
lanes has been observed by the present authors [68] and also by
i et al. [53]. The Curie temperature of Ni–Fe–Ga alloys depends
n the alloy composition more strongly than in the Ni–Mn–Ga
ystem. This is somehow troublesome, from the point of view
f applications, because the compositions raising the martensitic
ransformation lead to an important decrease of the Curie point
47]. Alloys with 27 at.% Ga undergo the martensitic transfor-
ation from a ferromagnetic austenite below room temperature

47]. The critical stress for variant reorientation, measured at
oom temperature in single variant state, is very low (2–3 MPa
55]); the saturation magnetization in martensitic state is around
0 A m2 kg−1 and the magnetocrystalline anisotropy constant in
ingle crystals of alloys transforming to the seven-layered phase
s 1.3–1.8 × 105 J/m3 [47,49,52]. These figures are of the same

rder as in Ni–Mn–Ga alloys. However, the maximum MFIS
eported for Ni54.2Fe19.3Ga26.5 at.% crystals in single variant
tate is only 0.02%, at ∼100 K [52]. This is attributed to the
ery low temperature required to be in martensitic state for
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his alloy composition, which diminishes the twin boundary
obility. Morito et al. succeeded in increasing the transfor-
ation temperatures, keeping still the ferromagnetic state, by
eans of Co addition [71]. Indeed, Ni51Fe18Ga27Co3 at.% sin-

le crystals transform to the seven-layered phase above room
emperature and exhibit a critical stress for variant reorientation
f 2–3 MPa at 300 K. As a result, the amount of MFIS raises
o 0.7% at 300 K [71]. Perhaps, the presence of � phase par-
icles in the samples impedes achieving very large MFIS like
n Ni–Mn–Ga alloys. Polycrystalline alloys with 25 at.% Ga
an undergo the MT above room temperature and still below
C [48]. The martensitic structure formed is the seven-layered
14M), at least for the composition Ni57Fe18Ga25 at.% hav-
ng the martensitic transformation temperature at ∼310 K, and
heir magnetocrystalline anisotropy constant is estimated to be

1.6 × 105 J/m3 [48]. However, as far as the present authors are
ware, no data about occurrence of large MFIS is reported for
his range of compositions.

Like in Ni–Mn–Al, the ductility of ternary Ni–Fe–Ga is
mproved by the presence of precipitates of � phase. The
mount and distributions of such particles can be modified
including complete elimination) by suitable thermal treatments
47,54,62–64,69]. Related to the thermoelastic nature of the
artensitic transformation, the alloys exhibit good standard

hape memory and superelasticity effects. For instance, thin
lates bent up to a surface strain of 2% recover 90% of its initial
hape upon heating above the reverse martensitic transforma-
ion [47]. Some amount of spontaneous two-way shape memory
ffect, leading to reversible strains of the order of 0.1–0.3%,
as been reported in polycrystalline bulk alloys as well as in
apidily solidified melt-spun ribbons, the effect being enhanced
y an external magnetic field [48,50,66]. The two-way memory
ffect appears without any training treatment, being attributed
o internal stresses existing in the material. Other properties of

elt-spun ribbons of different compositions were studied by
iu et al. [58]. The stress-induced martensitic transformations

n single crystals were studied by Sutou et al. [55]. Depend-
ng on the temperature of the mechanical test, intermartensitic
ransformations with the sequence L21 → 10M → 14M → 2M
an be induced. This is the same transformation sequence as in
i–Mn–Ga alloys. An excellent superelasticity was achieved in

rystals oriented with the tensile axis close to the 〈0 0 1〉 direc-
ion, with strains up to 11% and 12% for the L21 → 2M and
21 → 14M → 2M transformations, respectively, being com-
letely recovered upon unloading. The authors built up a
omplete stress–temperature phase diagram for the composi-
ion Ni54Fe19Ga27 at.% [55]. The influence of heat treatments
n the stress–strain behaviour of single crystals of the same alloy
omposition has been recently reported by Hamilton et al. [63].
he transformation range as well as the thermal and stress hys-

eresis are increased upon ageing at 1170 K, which is attributed
o the microstructural heterogeneity created by � phase precipi-
ation and changes in the L21 ordered domains [63]. The present

uthors have studied the stress-induced transformation in poly-
rystals of compositions Ni55−xFe18+xGa27 (x = 0, 1, 1.5 at.%)
ith different distributions of inter- and intra-granular � parti-

les [69]. Recoverable strains above 4% are obtained in pure

c
t
o
a

ineering A  481–482 (2008) 57–65

ustenitic alloys, but they are very brittle. The presence of �
hase reduces the transformation strain, increases the ductility
nd elastic modulus of the material and cause a notable hard-
ning effect in the transformation plateau [69]. The effects of
nnealing or ageing treatments, leading to changes in atomic
rder or in the distributions of � phase particles have also been
tudied [47,54,57,58,62,64,65]. The B2–L21 order transition has
peak at around 970 K but it is extended to lower tempera-

ures in a rather wide range [65]. This fact makes possible to
etain different amounts of L21 order degree by quenching from
ifferent temperatures, which have a clear effect in the marten-
itic and magnetic transformation temperatures [54,65]. Like in
i–Mn–Al, L21 ordering decreases the martensitic transforma-

ion temperatures; for instance, in a highly L21 disordered state
etained after quenching from 970 K the transformation tempera-
ures are increased by about 50 K in relation to the highly ordered
tate obtained by slow cooling [65]. On its turn, the Curie tem-
erature increases with the degree of L21 ordering [54,70]. The
tability of Ni–Fe–Ga alloys upon ageing treatments at mod-
rate temperatures is very good; there is no evolution of the
artensitic transformation characteristics until 107 s (116 days)

f ageing at 520 K or 106 s at 670 K, then, decomposition of
he alloys by � phase precipitation occurs [64]. Other aspects
elated to the magnetism of these alloys have also been treated,
ike observation of the magnetic domain structure by electron
olography and Lorentz microscopy [51,56], calculations of the
lectronic structure and origin of ferromagnetism [59] and the
agnetocaloric effect [67]. We finish this part referring to the

ffects of quaternary additions to Ni–Fe–Ga alloys, like Co, Ag
nd Mn, which have been recently studied (see Refs. [71–76]
or more details). Apart from the improvement of the MFIS by
eans of Co addition, already mentioned above, we can out-

ine the observation of a large negative magnetoresistance, up to
9% under a 50 kOe field, in Ni50Fe17Ga25Mn8 at.% melt-spun

ibbons [75].

. Co-based alloys: Co–Ni–Al and Co–Ni–Ga

Co–Ni–Al is being investigated in the last years as another
erromagnetic shape memory alloy system [77–91]. Its origin is
imilar to Ni–Mn–Al, i.e. Ni–Co–Al alloys (mostly with Ni as
he majority element) were studied as modifications of brittle
igh temperature Ni–Al conventional shape memory alloys (see
92] and references therein). Once the large MFIS of Ni–Mn–Ga
ere discovered, the magnetic transition and the performances
f Co–Ni–Al as FSMA were also considered [77]. In alloys with
9 at.% Al and low Co content, the martensitic transformation
s located well above room temperature but also above the Curie
oint. Increasing the Co content at the expense of Ni (Co becom-
ng the majority element) raises TC and lowers TM, in such a way
hat the parent phase is ferromagnetic at the martensitic trans-
ormation, although it takes place at low temperatures (around
00 K for 39 at.% Ni content) [77]. Decreasing moderately the Al

ontent at expense of Co increases the magnetic and martensitic
ransformation temperatures [83]. For instance, single crystals
f Co41Ni32Al27 annealed at 1623 K have the values TC = 340 K
nd TM ∼ 300 K [81]. For all compositions, the parent � phase
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as the first neighbour B2 atomic order and the martensitic phase
as the L10 structure [77,79,80,84,86,90], which is equivalent
o the non-layered tetragonal martensite of Ni–Mn–Ga alloys,
ut derived from a B2 austenite [7]. As commented in the Sec-
ion 1, this is a bad martensitic structure to achieve very large

FIS in Ni–Mn–Ga [6]. The magnetic properties of Co–Ni–Al
lloys are very similar to those of the non-layered tetragonal
artensites of Ni–Mn–Ga: the easy and hard axes of magne-

ization are the same and the magnetocrystalline anisotropy
nergy is also large (3.2 × 105 J/m3 at 5 K and 2.0 × 105 J/m3

t 300 K for Co41Ni32Al27 alloys in single variant state [81]).
t is comparable, or even higher, than the values exhibited by
ve- or seven-layered martensites of Ni–Mn–Ga or Ni–Fe–Ga
6,49,52]. The reported values of MFIS are, however, very low:
.06% in single crystals [79] or 0.013% in polycrystals obtained
y directional solidification [86]. Probably, as in Ni–Mn–Ga,
he reason is the elevated critical stress for variant reorientation
f L10 structure, although, to our knowledge, no data about this
ubject has been published. As in Ni–Mn–Al and Ni–Fe–Ga, the
uctility of Co–Ni–Al alloys is largely improved by the � phase,
he amount of which can be tailored by composition and thermal
reatments. Decreasing the Al content leads to a major forma-
ion of � phase, while annealing at high temperatures in the pure

phase region (∼1570 K for 30 at.% Al content, for instance)
ollowed by quenching can lead to the alloy free of � phase
78,83,86,90–92]. Very good conventional shape memory and
uperelasticity effects, related to the thermoelastic martensitic
ransformation, are exhibited by the alloys [82–85,87,89–91].
he strain of the transformation ‘plateau’ of polycrystals in
ompression is reported to be ∼2.5%, although the total recover-
ble strain (adding the elastic parts of austenite and martensite)
an be up to ∼4–5% [82]. In single crystals, the transformation
train can reach up to ∼5% for the most favourable orienta-
ion of the compressive axis [0 0 1]� [84]. In tension mode,
he stress-induced martensitic transformation exhibits a stress
ysteresis wider than in compression, both for single and poly-
rystalline state [89]. The strains achieved upon cooling under
xternal stress, completely recovered upon heating (shape mem-
ry effect) are very good: ∼4.5% under −100 MPa and still ∼4%
nder 200 MPa in polycrystals [82]; ∼6% under +70 MPa in
ingle crystals [87]. Like in other conventional shape memory
lloys, thermal cycling under external stress induces the two-
ay shape memory effect. For instance, in single crystals free
f second phase, a training treatment of 12 cycles under com-
ressive stress along [110] direction, achieving a transformation
train of ∼4%, causes a spontaneous reversible deformation of
–4% in the subsequent free thermal cycles [91].

Co–Ni–Ga is another promising ferromagnetic shape mem-
ry alloy system introduced in 2001 [78,93]. It presents some
imilarities with Co–Ni–Al, like the same structures of parent
nd martensite phases (B2 and L10, respectively) and presence of
phase in amounts depending on composition and thermal treat-
ent. MFIS up to 0.011% in highly textured melt-spun ribbons
nd 0.003% in bulk polycrystals have been reported by Sato et al.
94]. Other melt-spun ribbons exhibit martensitic transformation
emperatures higher than those of the bulk state [95]. The tex-
ure of the melt-spun ribbons causes an intense anisotropy in its

p
t
r
l
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agnetization, the easy magnetization being achieved with the
agnetic field parallel to the plane of the ribbons, the hard direc-

ion being orthogonal to the ribbons [94,95]. The present authors
btained the superelasticity effect in compression only when
he mechanical tests were performed at temperatures ∼110 K
bove the stress-free martensitic transformation temperatures,
ue to the high stress hysteresis of the transformation [96,97].
his is attributed to the mechanical martensite stabilization
ffect present in Co49Ni22Ga29 at.% single crystals [96], already
bserved in conventional Cu–Al–Ni alloys [98]. The saturation
agnetization increases with the Co content and ranges between

0 and 30 emu/g [99]. Addition of Ta to Co–Ni–Ga has been
bserved to reduce the martensitic transformation temperatures
100], while Al increases the transformation temperatures when
t substitutes Ga and decreases them when it substitutes Ni [101].

. Magnetic-field-induced martensitic transformations
n Fe-based and Ni–Mn–In–Co alloys

Induction of the martensitic transformation by an external
agnetic field (at constant temperature) was studied long time

go in some ferromagnetic Fe-based alloys like Fe–Ni, Fe–Pt
r Fe–Co–Ni–Ti [102–105]. The critical strength of the mag-
etic field, Hc, needed to induce the martensitic transformation
ncreases with �T = T − Ms, where T is the test temperature and

s is the temperature for the start of the purely thermal marten-
itic transformation. The amount of induced martensitic phase
ncreases linearly with the applied magnetic field above the criti-
al value Hc. The dependency of Hc with �T is not always linear
hen a wide range of magnetic field is considered, especially

n ordered Fe–Pt alloys close to Fe3Pt composition [104]. Very
trong magnetic fields are required to induce the transformation
t moderate distances from Ms. For example, for �T = 30 K the
equired magnetic field in Fe–31.7 at.% Ni is HC = 15 MA/m
�0HC = 18.8 T) [103], while in semi-ordered Fe–24 at.% Pt
t is ∼22 MA/m [104]. In the latter alloy, to reach a 75% of
aterial transformed to martensite at �T = 15 K, the required
agnetic field is 30 MA/m [104]. Such very strong fields make

ractically impossible any application of these alloys based
n the magnetic-field-induced martensitic transformation. How-
ver, large MFIS occurring by martensite variant reorientation
ave also been discovered in the Fe-based alloys, particularly in
isordered Fe–Pd [106] and ordered Fe–Pt [107] alloys (com-
ositions in the vicinity of 70 at.% Fe), which has renewed
he interest in these systems. The parent phase (austenite) of
hese Fe-based alloys is fcc (denoted as � phase), which can
e retained at room temperature in the disordered state (A1
tructure) by quenching. In Fe–Pt alloys, atomic ordering to
he L12 Fe3Pt is promoted by ageing treatments at temperatures

920 K and the type of martensitic transformation changes from
on-thermoelastic in the disordered state to thermoelastic in the
rdered state [104]. Conversely, the thermoelastic martensitic
ransformation in Fe–Pd takes place from the disordered parent

hase retained by quenching and only in a narrow composi-
ion range from 29 to 32 at.% Pd (see, for instance [108] and
eferences therein). The martensitic structure obtained thermoe-
astically in both cases is fct with c/a < 1 (the lattice parameter
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is shorter than in the cubic parent phase and decreases with
ecreasing temperature, while the parameter a shows the oppo-
ite behaviour). The martensitic transformation temperature of
e–Pt is always below room temperature (∼100 K for Fe3Pt
nd ∼220 K or ∼160 K for Fe–24 at.% Pt in partially or well
rdered states, respectively [104,107]). In Fe–Pd, the transfor-
ation temperature is around room temperature for ∼29.5 at.%
d and decreases sharply for increasing amounts of Pd [108]. In
e3Pt single crystals, the amount of MFIS by variant reorienta-

ion, measured at 4.2 K, is 2.3% for the first application of the
agnetic field starting with the sample in thermal martensite.
hen, a repeatable MFIS of ∼0.6% under magnetic field up to
1.2 T (reversible upon changing the polarity of the magnetic
eld) is measured [107,109]. However, the very low marten-
itic transformation temperatures of this alloy limit its use in
ndustrial applications. In case of Fe–Pd, the initial amount of
eversible MFIS obtained by James and Wuttig was 0.6% at
56 K [106]. Since then, intensive research has been undertaken
n this alloy system. In single crystals, MFIS of 3.1% has been
eported for Fe-31.2 at.% Pd at 77 K [109] and the influence of
agnetic field direction and external stresses on the rearrange-
ent of martensite variants has been studied [110,111]. The
agnetic easy axis in martensite phase is the a axis of the fct

ell [109,110,112]. In polycrystals, values of MFIS ranging from
.01% to 0.05%, depending on the size and shape of the grains,
ave been reported [113,114]. In textured rapidly solidified rib-
ons obtained by melt-spinning, the values of MFIS increase
p to ∼0.06–0.07% [115–118]. Other aspects of the martensitic
ransformation and shape memory effect in melt-spun ribbons,
ncluding two-way memory (see, for instance [119–121] and ref-
rences therein) as well as the stress-induced transformation to
he fct martensite in bulk polycrystals [122–124] have also been
tudied. First-principles and ab initio calculations of the elec-

ronic structure and structural properties of Fe3Pd and Fe3Pd–Pt
ave been performed [125,126]. In the latter case, the calcula-
ions show that 6 at.% addition of Pt can increase three times the

agnetocrystalline anisotropy, thus favouring the MFIS [126].

e
m
t
v

able 1
ummary of the amount of MFIS, structure of the parent and martensitic phases, t
ifferent alloys, described in general terms

lloy MFIS reported Par

i–Mn–Ga 6–10% in SC around RT or below L21

abo
i–Mn–Ga–Fe 1–5.5% in SC [10,13] around RT or below L21

i–Mn–Al 0.17% in SC, 0.01% in PC at 253 K [41] B2
B2

i–Fe–Ga 0.02% in SC at ∼100 K [52] L21
i–Fe–Ga–Co 0.7% in SC at 300 K [71]
o–Ni–Al 0.06% in SC at 165 K [79]; 0.013% in PC at

293 K [86]
B2/

o–Ni–Ga 0.011% in MS ribbons; 0.003% in PC at RT
[94]

B2/

e3Pt ∼0.6% in SC at 4.2 K [107] Ord
e–Pd 3.1% in SC at 77 K [109]; 0.01–0.05% in PC

[113,114]; 0.06–0.07% in MS ribbons
[115–118]

Dis

C: single crystals; PC: polycrystals; RT: room temperature.
ineering A  481–482 (2008) 57–65

ome effects of Pt additions have been experimentally studied
n [127,128], but not on the magnetocrystalline anisotropy of
he alloy. Substitution of Pd by Pt at constant 70 at.% Fe causes
n increase of the elastic modulus of the alloy, but a notable
ecrease of the martensitic transformation temperatures (up to
175 K decrease for 8 at.% Pt) [127]. On its turn, Co additions

eplacing Fe with a nearly fixed Pd concentration of ∼29.4 at.%
lso decrease the transformation temperatures [128]. For Pd
ontents above 30.5 at.%, Co increases these temperatures and
i decreases them, both additions (Co and Ni) increasing the

aturation magnetization of the alloy [129].
An external magnetic field modifies the characteristics of the

artensitic transformation (either thermally or stress-induced)
r the variant reorientation process of FSMA. In the case of
i–Mn–Ga alloys, the critical stress for variant reorientation

starting from the single-variant state in 14M martensite) can
e shifted by ∼1 MPa under a field of 0.55 T [130]. In the
tress-induction of the martensitic transformation, an external
agnetic field of 1 T shifts the reverse transformation plateau

long the σ axis by ∼10 MPa [131]. In the same way, if
ome martensite is stress-induced to reach a certain point in
he �–� transformation plateau and then a magnetic field is
pplied, some strain develops in the sample as a consequence of
he stress-assisted magnetic-field-induced transformation, with

oderate strengths of the magnetic field (≤1T) [132–134].
n thermally-induced transformations, changes in the marten-
itic and intermartensitic transformation temperatures caused
y an external magnetic field are well-known (see, for instance
135,136]). All these effects are a consequence of the changes
n the relative stability of parent and martensite phases caused
y the magnetic field, which arise from the change in the mag-
etization of the two phases. The shift of the transformation
emperatures can be quantified by a Clausius–Clapeyron-type

quation: dT/dH = �M/�S, where �M and �S stand for the
agnetization and entropy changes caused by the transforma-

ion, respectively. Very recently, Kainuma et al. have found large
alues of dT/dH of about 4 K/T in Ni–Co–Mn–In alloys trans-

ransformation temperatures (TM) and ductility (in relation to Ni–Mn–Ga) of

ent/martensite structures/TM Ductility

/10M or 14M/around RT or below; L21/2M
ve or well above RT
/10M or 14M Better
(L21)/10M 12M 14 M/around RT or below;
(L21)/14M or 2M/above or well above RT

Improved by � phase

/10M 6M 14M/above and below RT Improved by � phase

L10 (=2M)/below, above and well above RT Improved by � phase

L10 (=2M)/below, above and well above RT Improved by � phase

ered fcc/fct/∼100 K Intrinsically better
ordered fcc/fct/around RT or below Intrinsically better
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orming around room temperature [137]. This fact has been
sed by the authors to propose a new mechanism of MFIS
ased on the magnetic field induction of the reverse martensitic
ransformation in samples previously transformed by stress at
emperatures close to Ms (in such a way that the sample remains
eformed upon unloading). The obtained strain is ∼3% at fields
etween 2 and 6 T [137]. This is a true “magnetic shape mem-
ry effect”, as it involves the reverse martensitic transformation
the authors called it “metamagnetic shape-memory effect”).
he main advantage of this mechanism is the possibility to
ield high stresses during the reverse transformation, propor-
ional to the applied magnetic field [137]. This mechanism opens
ew trends for the development of applications of ferromagnetic
hape memory alloys.

. Concluding remarks

The behaviour of the different alloys reported in the litera-
ure, in what concerns the amount of MFIS (achieved by variant
eorientation), domain of martensitic transformation tempera-
ures and ductility of the alloys, has been summarized in Table 1.

ost of the alloys considered can have better ductility than
i–Mn–Ga, either as an intrinsic feature (Fe-based alloys) or

s a result of a controlled � phase precipitation. The maximum
mount of MFIS obtained in these alloys is clearly lower than
n Ni–Mn–Ga (ternary or modified with quaternary additions).
owever, it can be sufficient for some applications as mag-
etic actuators, if we take in mind that the MFIS in Terfenol
(the highest magnetostrictive material, for which some appli-

ations have been developed) is 0.16%. Thus, the Ni–Fe–Ga
-Co) or Fe–Pd alloys could be, nowadays, interesting alterna-
ives as magnetic actuators, although the research in these and
ther alloys should be continued to improve their performances.
oncerning the behaviour as standard shape memory alloys, the

esults reported in the literature indicate that many of these alloys
including Ni–Mn–Ga) exhibit very good capabilities, especially
or their use at high temperatures. This can be, then, another field
f application of these materials.
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