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Abstract

Ferromagnetic shape memory alloys exhibit martensite transformation (MT) and mag-
netic transition and thus may be actuated by thermal and magnetic fields. The work-
ing frequency of these alloys may be higher than conventional shape memory alloys, 
such as Ni-Ti, because the magnetic field may operate at higher frequency. This chap-
ter focuses on some fundamental topics of these multifunctional materials, including 
the composition-structure relationship, the synthesis of the foams and microwires, the 
martensite transformation and magnetic transition characters, the properties (magnetic-
field-induced strain (MFIS), magnetocaloric effects (MCEs), shape memory effects, and 
superelastic effects), and applications. The improvement of the magnetic-field-induced 
strain due to the reduced constraint of twin boundary motion caused by grain boundar-
ies in polycrystalline Ni-Mn-Ga foams and the size effects of the superelasticity and mag-
netocaloric properties in Ni-Mn-X (X = In, Sn, Sb) microwires are detailed and addressed.

Keywords: ferromagnetic shape memory alloys (FSMAs), Ni-Mn-Ga alloys, foams, 
microwires, martensite transformation, ferromagnetic-field-induced strain (MFIS), 
magnetocaloric effects (MCEs)

1. Introduction

Ferromagnetic shape memory Heusler alloys, such as Ni-Mn-Ga and Ni-Mn-X (X = In, Sn, 
Sb), are receiving increasing attentions due to their multifunctional properties, that is, mag-

netic-field-induced strain (MFIS), magnetocaloric effect (MCE), magnetoresistance, etc. Before 
1996, some works concern the martensite transformation (MT) of Ni-Mn-Ga alloys [1–3]. The 
relationship between the composition on martensite and magnetic transformation tempera-

tures has also been revealed [4]. In 1996, Ullakko et al. published the first paper on the MFIS 
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of single-crystalline Ni-Mn-Ga alloys [5]. Since then, high MFIS of 6.4% has been found in 
Ni-Mn-Ga alloys with 5M martensite structure [6] and of 10% with 5M martensite structure 
[7]. By allying a high magnetic field, the single-crystalline Ni-Mn-Ga alloy with non-modulate 
(NM) martensite structure may show a giant MFIS as high as 12% [8]. In 2007, Müllner  et al. 
published their first paper on Ni-Mn-Ga foam and found that 0.24% MFIS may be achieved 
in the foams with single-model pore architecture [9]. By introducing secondary pores, thus 
forming dual-pore architecture, the foams may exhibit a MFIS of 8.7% after suitable ther-

mal-magnetic training, which approaches the theoretical limit of single-crystalline Ni-Mn-Ga 
alloys with 14M martensite structure [10]. In 2008, Scheerbaum et al. [11] produced Ni-Mn-Ga 

fibers with diameter ~60–100 μm, which showed a 1% MFIS upon applying an external mag-

netic field of 2 T. Since 2012, researchers in Harbin Institute of Technology make use of the 
so-called melt extraction method to fabricate microwires on a large quantity [12, 13]. The 
obtained microwire has a naked surface, which can be directly used in MEMS or NEMS, and 
acts as building blocks for composites and complex-shaped components. Systematic research 
works have also been carried out to reveal the superelasticity [14, 15], shape memory [12, 16], 

and MCE properties [17–19].

Ni-Mn-X (X = In, Sn, Sb) alloys, another important ferromagnetic shape memory alloy family, 
attracted attention of the scientific society since Kainuma et al. [20] reported the giant stress 

output in Ni-Mn-In-Co alloys. On contrary to Ni-Mn-Ga alloys, these Ni-Mn-X alloys exhibit 
paramagnetic/antiferromagnetic martensite and ferromagnetic austenite. As a result, a bias 
magnetic field may stabilize the austenite phase, which is responsible for the shift of martens-

ite transformation temperatures to lower temperature. Such metamagnetic structural transi-
tion from the paramagnetic/antiferromagnetic martensite to ferromagnetic austenite under a 

bias magnetic field may produce giant MCE [21].

This chapter describes the synthesis, processing, and properties (especially the MIFS and 
MCE) of these alloys, with emphasis on Ni-Mn-Ga foams and microwires. The up-to-date 
results, mainly reported in the past decades, will be covered. The aim of this chapter is to 
provide researchers an overview of the background, current status, and future development 
of the ferromagnetic shape memory alloys.

2. Composition-structure relationship in ferromagnetic shape memory 

alloys

2.1. Relationship between composition (e/a) and transformation temperatures

Off-stoichiometric Ni-Mn-Ga ferromagnetic shape memory alloys (FSMAs) have been 
attracted much attention because of their multiplicity of functional properties like excellent 
magnetic-field-induced strains (MFIS) [6, 7, 10], magnetocaloric effect (MCE) [22–24], conven-

tional/magnetic shape memory effects (SME) [12], etc. The martensite phase or the martensite 
transformation (MT) temperatures (martensite start and finish temperature M

s
, M

f
, and the 

austenite start and finish temperature A
s
, A

f
) of the alloys are closely related to their functional 

properties. For instance, the Ni-Mn-Ga alloys show MFIS only in the martensitic state owing 
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to the reorientation of the twin boundaries in an applied magnetic field. As for the MCE, the 
effective refrigeration working temperature interval (WTI) of the cooling system is within the 
MT range. For Ni-Mn-Ga alloys, the MT temperatures of the alloy are particularly sensitive 
to their compositions [4].

Here, we focused our content on Ni-Mn-Ga alloys due to the space limit. For the stoichio-

metric Ni2MnGa, the MT temperatures are lower than room temperature (RT), ~185 K; thus, 
no martensite exists at RT. By varying the composition of 5 at.%, a huge M

s
 change from 154 

to 458 K can be obtained [4, 25–30]. The effect of composition on MT temperatures of the 
Ni-Mn-Ga alloys was studied by Chernenko et al. at 1995 [4]. A general view of transforma-

tion temperature shifting as a function of the Ni/Mn/Ga element content was summarized as 
(1) at a constant value of Mn content, Ga addition lowers M

s
 temperature, (2) Mn addition 

(instead of Ga) at constant Ni concentration increases M
s
, and (3) substitution of Ni atoms by 

Mn at constant Ga content results in alloys with lower M
s
.

Furthermore, based on the M
s
 and transformation enthalpy (ΔH), Ni-Mn-Ga alloys were clas-

sified into three groups, as demonstrated in Table 1 [4, 31, 32], where T
c
 stands for the mag-

netic transformation of Curie temperature of the alloy.

Thereafter, more systematic and quantized studies have been performed [25–30]. The effects of com-

position on temperature and ΔH can be formulated by the linear regression listed as follows [30]:

   𝘔  
𝘴
    (𝖪)  = 25.44𝖭𝗂  (𝖺𝗍 . %)  − 4.86𝖬𝗇  (𝖺𝗍 . %)  − 38.83𝖦𝖺  (𝖺𝗍 . %)   (1)

  Δ𝘏  (𝖩 /  𝗀)  = 0.72𝖭𝗂  (𝖺𝗍 . %)  − 0.16𝖬𝗇  (𝖺𝗍 . %)  − 1.23𝖦𝖺  (𝖺𝗍 . %)   (2)

The number of valence electrons per atom (e/a) for Ni, Mn, and Ga atoms is 10(3d9.94s0.1), 

7(3d54s2), and 10(4s24p1), respectively [26]; thus, the valence electron concentration of the alloy 
can be defined as

   𝘦 /  𝘢 =   
10  𝖭𝗂  

𝖺𝗍%   + 7  𝖬𝗇  
𝖺𝗍%   + 3  𝖦𝖺  

𝖺𝗍%  
  ___________________   𝖭𝗂  

𝖺𝗍%   +  𝖬𝗇  
𝖺𝗍%   +  𝖦𝖺  

𝖺𝗍%       (3)

The relationship between M
s
 temperature and e/a is summarized and presented in Figure 1. 

Statistical analysis shows a relatively large standard deviation of 44.7 K and a maximum error 
of 140.2 K for the extreme case, which implies that the MT may also be very sensitive to the 
microstructure of the alloy, that is, internal stress and the degree of the atomic order [14].

Group e/a M
s
 (T) ΔH (J/g)

Group I <7.7 M
s
 < RT < T

c
~1.6

Group II 7.55–7.7 M
s
 ≈ RT < T

c
~4.2

Group III >7.7 M
s
 > T

c
~8.5

Table 1. Classification of Ni-Mn-Ga alloys according to M
s
 and enthalpy (ΔH) [4, 17].
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Based on Figure 1, the effects of e/a on M
s
 temperature can be formulated by the linear regres-

sion, as listed in Eq. (4), indicating that the MT temperature increases with increasing e/a:

   𝘔  
𝘴
   = 702.5 (𝘦 /  𝘢)  − 5067  (4)

Besides, T
c
 varies less with composition variation (Mn, 20–35 at.%; Ga, 16–17 at.%) than M

s
 for 

Ni-Mn-Ga alloys [17, 29]. The effect of composition on the T
c
 of Ni-Mn-Ga alloy mainly relies 

on the Mn-Mn distance since the ferromagnetism mainly depends on the Mn-Mn atomic 

interaction [33]. The stoichiometric Ni2MnGa alloy possesses the strongest ferromagnetic 

interaction between the neighboring Mn-Mn atoms with T
c
 ~ 376 K. Either with the concen-

tration or expansion of the unit cell, the Mn-Mn nearest distance may be decreased; thus, the 
ferromagnetic interaction between neighboring Mn-Mn atoms can be weakened, which gives 
rise to a slight decrease of T

c
 [34].

Figure 1. The relationship between martensite transformation temperatures and valence electron concentration of 
Ni-Mn-Ga alloy [29].
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Above all, the tunable transformation temperatures lead to multifunctional properties in 
Ni-Mn-Ga alloys, which will be demonstrated in details in Section 5.

2.2. Phase and structure of the martensite

Ni-Mn-Ga alloys exhibit a chemical ordering transition (a kind of second-order phase transi-
tion) from partially ordered high-temperature B2 phase to chemical ordered L2

1
 phase during 

cooling. In the L2
1
 phase, the Ni, Mn, and Ga atoms occupy the specific sites of the crystal 

lattice, as shown in Figure 2.

The L2
1
 phase has a cubic face-centered lattice. On the other hand, Ni2MnGa alloy displays 

martensite transformation (a kind of first-order phase transition). The martensite phase may 
show various stacking sequences, that is, a modulate structure, which thus creates martensite 
structure, such as five-layer modulate (5M) martensite phase (Figure 3), seven-layer modulate 

martensite phase (7M, Figure 4), and non-modulate (NM) martensite phase (Figure 5). The 
kind of modulation mainly depends on the composition of the alloy. These different martens-

ite structures exhibit different twinning stresses, which has a large effect on the magnetic-
field-induced strain and will be summarized in detail in Section 5.1.2.

3. Synthesis of ferromagnetic Ni-Mn-Ga foams and microwires

3.1. Ni-Mn-Ga foams

Ferromagnetic Ni-Mn-Ga foams can produce large magnetic-field-induced strain of ~2.0–8.7% 
due to the reduction of constraints imposed by grain boundaries and the formation of bamboo 

Figure 2. L2
1
 crystal structure of the Ni2MnGa alloys.
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grains in the struts [10]. In this section, the synthesis of the Ni-Mn-Ga foams with single-pore 
and dual-pore distribution is demonstrated in detail [9, 35].

The casting replication method, that is, using liquid metal infiltration of a preform of ceramic 
space holder powder [36, 37], was used to prepare the Ni-Mn-Ga foams. Sodium aluminate 
(NaAlO2) was used as space holder in this case due to its high melting temperature ~1650°C, 
excellent chemical stability with molten metals, and good solubility in acid. In order to cre-

ate the single-pore and dual-pore distribution, different sizes of NaAlO2 powders were pre-

pared as follows: (1) purchased NaAlO2 powders was cold pressed at 125 MPa and sintered 
at 1500°C for 3 h in the air; (2) the sintered body was broken up with a mortar and pestle into 
powders; and (3) the resulting powder was sieved into different size ranges: R1 for single-
pore foam and R2 (coarse) and R3 (fine) for dual-pore foam. The specific size of the powder 
was tuned due to the requirement of the foam porosity.

Figure 5. (a) NM crystal structure of the Ni2MnGa alloys and simulated diffraction pattern of NM martensite along 
crystal zone axis of (b) [0 1 0] and (c) [0 0 1].

Figure 3. (a) 5M crystal structure of the Ni2MnGa alloys and (b) simulated diffraction pattern of 5M martensite along 
crystal zone axis of [0 1 0].

Figure 4. (a) 7M crystal structure of the Ni2MnGa alloys and (b) simulated diffraction pattern of 7M martensite along 
crystal zone axis of [0 1 0].

Shape Memory Alloys - Fundamentals and Applications8



For single-pore specimen, the R1 powder was directly poured into an alumina crucible and 
slightly trapped to the designed height. For dual-pore specimen, the coarse and fine powders 
were poured alternatively (layer by layer) in the crucible filled with acetone: the coarse pow-

der was first poured in a small batch, followed by a small batch of fine powder to settle in 
the space between the coarse ones of the previous batch. After that, the crucible was heated 
to evaporate the acetone. Both crucibles were heated at 1500°C for 3 h in the air to create 
necks between powders for the infiltration of the Ni-Mn-Ga liquid metal and the formation 
of open pores.

For infiltration process, the ingot was placed on top of the sintered powder preform and 
then heated to melt the Ni-Mn-Ga alloy under vacuum in the furnace. After melting the 
alloy, high-purity Ar gas was introduced in the furnace at a pressure of 1.34 atm. to squeeze 
the molten alloy into the preform, and the temperature was then cooled to room temperature  
at 7°C/min.

The removal of the NaAlO2 is critical for the preparation of the Ni-Mn-Ga foams. For the 
single-pore foam, a 10% HCl solution was used. Ten percent of HCl solution not only solve 
the NaAlO2 but also solve the Ni-Mn-Ga alloy, thus, thinned the struts. In this case, for the 
dual-pore foam, the thin struts around the fine powders would be dissolved after long expo-

sure to the 10% HCl solution. Thus, a two-step method was applied: (1) removal of the coarse 
powders without alloy dissolution and (2) removal of the remaining fine powders as well as 
some thinning of the alloy. The acid for the first step should dissolve NaAlO2 but not the alloy. 
The acid for the second step should rapidly dissolve NaAlO2 while slowly dissolving the alloy 
only to open small fenestrations between the fine NaAlO2 powders. The mass loss of the bulk 
nonporous Ni-Mn-Ga alloy vs. time plots is shown in Figure 6a, which are linear for the acids 
of 10% HCl, 20% HCl, and 34% H2SO

4
. The slopes corresponding to dissolution rates are 16 

and 5 mg/m2 min in 10% HCl and 34% H2SO
4
, respectively, while triple the rate when doubled 

the concentration to 20% HCl.

As a result, 34% H2SO
4
 and 10% HCl were selected for the two steps, respectively. Figure 6b 

plots the mass loss vs. time for a foam sample with dual-size NaAlO2 powder immersed in 34% 
H2SO

4
. After 2000 min, only 87% of the NaAlO2 was removed from the sample. Thereafter, a 

similar foam sample was firstly immersed in a 34% H2SO
4
 solution for 645 min (corresponding  

Figure 6. (a) Plot of mass loss vs. time in bulk Ni-Mn-Ga alloy immersed in 10% HCl, 20% HCl, and 34% H2SO
4
; (b) plot 

of mass loss vs. time for foam with dual-size NaAlO2 powders in 34% H2SO
4
; and (c) plot of foam porosity vs. time for 

foam with dual-size NaAlO2 powders immersed in 10% HCl after 645 min in 34% H2SO
4
 [35].
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to the rapid dissolution stage in Figure 6b) and then transferred to the 10% HCl solution. A 
porosity of 55% was measured after 1140 min in 10% HCl, which was higher than the original 
NaAlO2 fraction of 45%, indicating the full removal of the NaAlO2 and partial dissolve of the 

alloy, as shown in Figure 6c. Further immersion increased the porosity due to the dissolve of 
the alloy only.

The morphologies of the fabricated single-pore and dual-pore foams are presented in Figures 7 

and 8. In foams containing dual pores (Figure 7b), the alloy between large pores, which is 
solid in the single-pore foams (Figure 7a), contains small pores, thus producing many small 

nodes and struts. The three-dimensional architecture of both foams can be seen more vivid 
in Figure 8.

3.2. Ni-Mn-Ga microwires

Metallic microwires can be produced by a variety of methods, that is, melt extraction, Taylor 
method, melt-spinning, in-rotating water spinning, etc. Details of the fabrication method 
regarding the fabrication of ferromagnetic wires have been demonstrated by Peng et al. [38]. 
In recent years, the Taylor-Ulitovsky method was widely used for many metals and alloys. In 
this process, a metallic ingot is put in a glass tube and melted by induction heating. The glass 
tube was chosen to have relatively higher melting point than the ingot. Then, the glass tube is 
softened due to its contact with the molten metal, and it can be drawn. Recently, this method 
has been modified and applied to create glass-coated Ni-Mn-Ga microwires with equiaxed 
cross section, as shown in Figure 9 [39, 40].

In the meantime, melt extraction has been established as a cost-effective and highly efficient 
method for the production of intrinsically brittle Ni-Mn-Ga alloys on a large scale [13]. The 
rapid solidification rate during melt extraction is suitable for obtaining refined microstruc-

ture, extended elemental solubility, and reduced elemental segregation [41].

A schematic melt extraction facility is displayed in Figure 10a. The microwire preparation 
process consists of the following steps: (1) the Ni-Mn-Ga ingot was inserted into a ceramic 

Figure 7. Optical micrographs of polished cross section of Ni-Mn-Ga foams. Metal struts (S) and nodes (N) appear 
bright, and the pores appear dark. Foams with (a) single and (b) dual-pore size distribution are presented [35].
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Figure 8. SEM micrographs of cut and etched surface of Ni-Mn-Ga foams showing three-dimensional structure and 
connectivity of pores. (a) Single- and (b) dual-pore foams are presented [35].

Figure 9. SEM image of representative Ni-Mn-Ga microwires created by the Taylor method [40].

Figure 10. Scheme of the melt extraction process and the obtained Ni-Mn-Ga microwires. (a) Schematic illustration of the melt 
extraction setup, (b) macroscopic morphology, (c) SEM image, and (d) diameter distribution [13, 18].
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crucible and placed into a chamber, (2) the chamber was evacuated to 10−3 Pa and then filled 
with 50 Pa Ar gas, (3) the top part of the ingot was induction heated, thus forming a melting 
pool in the crucible, (4) the molten phase was driven at a feed rate (V

m
) of 40–120 μm/s toward 

a rotating wheel with wheel rotation velocity (V
w
) ranging from 13 to 25 m/s, and (5) the 

molten alloy was extracted out by the wheel [9]. Typical macroscopic and SEM morphologies 
of melt-extracted Ni-Mn-Ga microwires are presented in Figure 10b and c. Microwires with 
fairly uniform diameter ranging from 45 to 65 μm (Figure 10d) were prepared on a large scale 
with optimized processing parameters: wheel velocity of 23 m/s, feed rate of 60–90 μm/s, and 
heating power of 20 kW [13].

The microstructural evolution during the melt extraction process, that is, the nucleation 

behavior of the molten alloy, the unique grain growth behavior, the grain distribution, and 
the texture, has been systematically studied [13]. As shown in Figure 11, microwires with 
singular nucleation (earlier stage) and dual nucleation (later stage) sites were found at dif-
ferent stages of the preparation: at the beginning of the melt extraction process, the wheel 
tip temperature is low, and crystallization of the molten alloy nucleates at the wheel tip. 
Subsequently, the molten alloy nucleates at the two sides of the wheel tip when the wheel tip 
temperature increased.

Unique grain growth behavior was observed along the radial direction, creating columnar 
grains growing along the crystal <0 0 1> direction with a fanlike texture in the cross section 
of the microwire, as shown in Figure 11. Finally, at the later stage of the crystallization, the 
texture evolved into <0 0 1> crystal orientation perpendicular to the flattened surface of the 
microwire, as shown in Figure 12. On this occasion, assuming 5M martensite was formed in 
the microwires, only variants with a-axis [1 0 0] or c-axis [0 0 1] perpendicular to the flattened 
part could exist. The reduced number of twin variants may reduce the incompatibility and 
thus favor the MFIS.

Figure 11. SEM images (a, c, e, g) and EBSD orientation maps (b, d, f, h) of the cross section (a–d) and the longitudinal 
section (e–h) of the melt-extracted Ni-Mn-Ga microwires [13].
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4. Martensite transformation of ferromagnetic shape memory alloys

4.1. First-order martensite transformation

4.1.1. Conventional martensite trasnformation

Upon cooling, like in steel, ferromagnetic shape memory alloy undergoes a diffusionless 
phase transformation from the austenite state to the martensite state, named martensite trans-

formation (MT). Owing to the diffusionless character of the transformation, a slight change of 
the position of the atoms in cubic austenite phase during cooling leads to a tetragonal distor-

tion of the unit cell.

As was mentioned in Section 2.2, Heusler alloys possess two important phases: the cubic aus-

tenite phase and the martensite phase (with different lattice structures). The MT process can 
be illustrated based on Figure 13 [17]: upon cooling from an austenite state, the sample starts 

to form martensite at the martensite start temperature, M
s
. The sample is fully transformed to 

martensite state below the martensite finish temperature, M
f
. During the reverse transforma-

tion when the sample heats from a fully martensite state, the austenite starts to form above 
the austenite start temperature, A

s
, and is completely transformed to austenite above the aus-

tenite finish temperature, A
f
.

As shown in the DSC curve of Figure 13 (upper), the transition from the austenite to martensite 

is an exothermic reaction, which means that heat is released for this process and the enthalpy 
change of the system is negative. On the other hand, the reverse transformation from martensite 
to austenite is an endothermic reaction with a positive enthalpy change. Besides, during DSC 
measurements, the temperatures at maximum endothermic and exothermic heat flow are defined 
as A

p
 and M

p
, respectively. While as shown in the magnetization-temperature (M-T) curves of 

Figure 13 (lower), the A
p
 and M

p
 are derived from the peak values of the first derivative plot of 

the curves during heating and cooling, respectively (shown in the inset). Martensite transforma-

tion is a first-order phase transformation (FOT). A FOT is usually accompanied by an inevitable 
transformation hysteresis, which can be interpreted by |A

p
 − M

p
| or (A

s
 − M

s
 + A

f
 − M

f
)/2.

Figure 12. (a) SEM image, (b) EBSD orientation map, and (c) discrete inverse pole figure with respect to (b) of the melt-
extracted Ni-Mn-Ga microwires at later stage [13].
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The MT temperatures are very sensitive to the composition for the alloys. For Ni-Mn-Ga and 
other Ni-Mn-X alloys, the composition dependence of the MT temperatures has been demon-

strated in Section 2.1 of the present chapter.

4.1.2. Premartensite transformation

Premartensite transformation (PMT), a weak FOT of the austenite into a micromodulated 
premartensite phase prior to the martensite transformation itself, has been observed in 

Ni-Mn-Ga alloys with T
c
 well above the MT temperature, that is, mainly in Ni-Mn-Ga alloys 

from Group I (Table 1) with near-stoichiometric composition [31, 42]. A PMT at ~260 K has 
been found in Ni2MnGa alloys prior to its MT [43], with the austenite phase transformed to 
an orthogonal three-layer modulated structure, which is similar as the 5M and 7M modulated 
structure [44].

Existence of unusual physical property change has been found around the PMT temperature 
during cooling. Firstly, before the PMT, the samples started to exhibit a drastic increase of 
elastic modulus [32]. Furthermore, the internal friction is increasing from zero to a maximum 
in the premartensite phase and decreases again in martensite [31]. This sudden soft mode 
phonon freezing can only be observed in the premartensite phase before the MT; thus, this 
transformation is defined as the PMT.

4.1.3. Intermartensite transformation

Intermartensite transformation (IMT), a structural transformation from one martensite to 
another, has been found in high-temperature Ni-Mn-Ga alloys, that is, mainly in Ni-Mn-Ga 

alloys from Group III (Table 1). Upon cooling in these samples, the austenite phase changes 
to a 5M then 7M and then non-modulated phase or to 7M and then non-modulated phase 

or directly from austenite to non-modulated phase [32]. While upon heating, only a phase  

Figure 13. Heating and cooling of DSC curves (upper) and M-T curves at low magnetic field of ferromagnetic shape 
memory alloys [17].
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transformation from the non-modulated martensite to austenite was observed [45]. On the 
other hand, the IMT can also be induced with increasing stress following the same transfor-

mation routes as is induced with decreasing temperature [32].

4.2. Second-order magnetic transformation

The increased distance between the Mn atoms in the Ni-Mn-Ga L2
1
 structure changes the 

Mn-Mn exchange interaction from antiferromagnetic of pure Mn to ferromagnetic [33]. 
Therefore, a magnetic transformation is taking place at the Curie temperature (T

c
) from a 

ferromagnetic phase to a paramagnetic phase upon heating. The magnetic transformation is 
a second-order transformation (SOT) with no latent heat associated with the phase transfor-

mation and can be easily detected from the M-T curves with a drastic falling of the magne-

tization. The T
c
 of the Heusler alloys is also influenced by the composition and, thus, can be 

tuned. In our previous work, the MT temperature was increased, and the T
c
 was lowered after 

Cu doping in Ni-Mn-Ga alloy, leading to an overlap of the martensite and magnetic transfor-

mation, that is, magneto-structural coupling, in the microwire. The magneto-structural cou-

pling enhanced the MCE of the alloy [17].

5. Properties and application of ferromagnetic shape memory alloys

5.1. Magnetic-field-induced strain (MFIS)

5.1.1. Overview of MFIS

Magnetic-field-induced strain (MFIS) comes from twin boundary motion under the applica-

tion of a magnetic field, which is driven by the magnetostress produced by high magneto-

crystalline anisotropy of the Ni-Mn-Ga alloy and its low twining stress [35], as schematically 

illustrated in Figure 14 [46]. The MFIS property is useful for actuation and sensing purposes 
[47]. MFIS was firstly reported in 1996 by Ullakko et al. [5]. A strain of 0.19% under a magnetic 
field of 0.43 T was obtained from a Ni2MnGa sample at 265 K. From then on, the interest of 
the MFIS in FSMAs grew rapidly all over the world. Besides, many different compositions, 
such as Ni-Fe-Ga [48], Ni-Mn-In [49], Co-Ni-Al [50], Co [51], Fe [52], and rare earth [53]-doped 

Ni-Mn-Ga alloys, have also been investigated.

So far, large MFIS (~1–10%) has been achieved only for Ni-Mn-Ga single crystals [6, 7]. The 
most representative one was reported in 2000, when Murray et al. [6] achieved a 6% MFIS in 
a 5M single-crystalline Ni-Mn-Ga alloy at room temperature under a magnetic field of 0.62 
T. During the experiment, different stresses were applied to restore the MFIS and to measure 
the magnetostress. After that, in 2002, Sozinov et al. [54] published a giant MFIS of about 
9.5% in 7M Ni-Mn-Ga single crystals at ambient temperature in a magnetic field of less than 
1 T. However, the fabrication of single crystals is difficult because of sever segregation, low 
growth speed, and high cost. On the other hand, polycrystalline Ni-Mn-Ga alloys may be pro-

duced with much lower cost, but their MFIS is vanishingly small (<0.01%) because of the low 
mobility of twin boundaries constrained by grain boundaries [55, 56]. Many works have been 
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carried out to enhance their MFIS up to 1% by introducing strong textures and subsequent 
training in coarse-grained polycrystalline Ni-Mn-Ga alloys [57–60]. Recently, considering the 
hindering effect of the grain boundaries on the twin boundary motion, approaches regarding 
reduction of grain boundaries, that is, by producing a porous material (foam) or reducing 

sample size, have been carried out, which will be discussed in detail in Sections 5.1.2 and 5.1.3.

5.1.2. MFIS in Ni-Mn-Ga foams

As mentioned earlier, fine-grained polycrystalline Ni-Mn-Ga alloys are easier to fabricate 
but with vanishingly small strain due to the constraints provided by the grain boundaries. 
Introducing porosity in Ni-Mn-Ga alloys not only reduces the constraints imposed by grain 
boundaries but also maintains the ease of processing associated with casting polycrystalline 
Ni-Mn-Ga. After certain grain growth heat treatment, the twins can span between the pores, 
as shown in Figure 15 [10]. As a result, the twin boundaries can move as freely as in single-
crystalline bulk material within the grains.

Research work regarding the MFIS in Ni-Mn-Ga foams was firstly reported by the research 
group of Müllner et al. [9]. With 76% open porosity, the foam displayed a fully reversible 
MFIS as large as 0.12% with excellent stability over 25 million magnetomechanical cycles. 
Thereafter, the same group further increased the MFIS to 2.0–8.7% in dual-pore Ni-Mn-Ga 
foams (Figures 7b and 8b) with 62% porosity after thermo-magneto-mechanical cycling train-

ing [10]. These obtained strains are much larger than those of any polycrystalline and com-

parable to those of single crystals. Different from bulk single or polycrystalline alloy, these 
open-porosity foams allow fluid flow, making them potentially useful as micro-pumps and 
magnetocaloric materials [10].

Figure 14. Schematic illustration of rotation of magnetic moments and twin boundary motion in tetragonal FSMAs 
under magnetic fields [46].
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5.1.3. MFIS in Ni-Mn-Ga microwires

Constraint of twin boundary caused by grain boundary is three dimensional in bulk alloys 
and two dimensional in thin films. It can be further reduced to one dimensional in microw-

ires. Furthermore, by reducing sample size, small-sized Ni-Mn-Ga alloys show low iner-

tia [61], low eddy current loss at high frequency [62], high magnetocrystalline anisotropy, 

and work output [63]. Recently, oligocrystalline microwires with bamboo or near-bamboo 
structures have attracted much interests owning to a less constrained environment and 
more free surface [64–66], which makes them the closest approximation to single crystals. 
The micrographs of Ni-Mn-Ga and Cu-Al-Ni oligocrystalline microwires are presented in 
Figures 16 and 17, respectively. Martensite plates spanning across the wire diameter can 
be observed [65, 66].

However, because of the lack of textures, only a subset of grains was prone to favorably ori-
ented to show a detectable MFIS. Approximately 1% MFIS was found in a not-constrained 
and randomly textured Ni-Mn-Ga without bias stress by magnetizing the microwire paral-
lel and perpendicular to the wire axis up to 2 T [11]. Recently, a 1 T rotating magnetic field 
caused the Ni-Mn-Ga microwire to bend to a curvature corresponding to a surface strain of 
1.5% [40]. Mechanical or the combined thermo-magneto-mechanical training in martensite 
state may effectively lower the twining stress, to form preferential oriented variants [9, 58], 

and, thus, may in favor of achieving a high MFIS in oligocrystalline microwires. The realiza-

tion of large MFIS in one-dimensional microwires may provide a wide prospect in the appli-
cation of micro-actuators and sensors.

Figure 15. Optical micrograph of twins in Ni-Mn-Ga foam, extending entirely from pore to pore (black) [10].
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5.2. Magnetocaloric effect (MCE)

5.2.1. Overview of MCE

Magnetic refrigeration, based on the magnetocaloric effect (MCE), has attracted interests as a 
potential alternative to well-established compression-evaporation technique for room temper-

ature refrigeration because of the compactness, high efficiency, and environmental friendship. 
To characterize a MCE, the adiabatic temperature change (ΔT

ad
), the magnetic entropy change 

(ΔS
M

), and the relative cooling power (RCP) should be measured. The most recently researched 
ambient magnetic refrigeration materials (MCM) mainly include La(Fe,Si)

13
 based [67–70] and 

Gd
5
(Si,Ge)

4
 based [67, 71] alloys (contain rare-earth elements) and MnAs based [67, 72–74], 

Figure 16. SEM micrographs of (a) free surface and (b) cross section of Ni-Mn-Ga oligocrystalline microwires prepared 
by melt extraction and subsequent heat treatment [66].

Figure 17. (a–c) Micrographs of Cu-Al-Ni oligocrystalline microwires prepared by Taylor method and subsequent heat 
treatment. (d and e) Montaged optical micrographs of the longitudinal section of the wire [65].
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MnFe(P,X) (X = As, Ge, Si) [75, 76], Fe-Rh [77], NiMn based [78–82] alloys (rare-earth free). 
These types of materials undergo a first-order magnetic phase transition (FOMT), exhibit large 
hystereses, and show a large value of ΔS

M
. For example, with a magnetic field change ΔH = 5 T,  

ΔS
M

 = 35–50 J/kg K for MnAs-based [73], Gd
5
(Si,Ge)

4
-based [67], and La(Fe,Si)

13
-based [83] 

alloys and ΔS
M

 = 35–40 J/kg K for Ni-Mn-In-Co [84] and Ni-Mn-Sn [85] alloys were obtained. 
For some MCE, the low working temperature span (ΔT

FWHM
) and high thermal and magnetic 

hysteresis loss [86, 87] limit their applications. MCM with reduced dimensions (particle, 
microwire, film, or foam) [88, 89] have been proposed to broaden the ΔT

FWHM
 by preparing 

the alloy with gradient composition distribution state. In addition, deduction in dimensions 
is an effect way to decrease the hysteresis loss by reducing internal stress and the constraints 
between grains attributed to the high surface-area-to-volume ratio [19].

5.2.2. MCE in Ni-Mn-based alloys

Very recently, we reported magnetocaloric effects of high-content Fe-doped Ni44.9Fe4.3Mn38.3Sn12.5 

polycrystalline microwires prepared by a melt extraction technique [18], as displayed in 

Figure 18. Under a magnetic field of 20 kOe, the ΔS
m
 peak value, related to the first-order 

martensite transformation (FOMT) of the present Ni44.9Fe4.3Mn38.3Sn12.5 microwires, reaches 
3.0 J/kg K, which is comparable to the Ni

44
Fe

6
Mn

40
Sn

10
 ribbons (1.8 J/kg K under 20 kOe) 

[90] and Ni51.6Mn32.9Sn15.5 films (1.5 J/kg K under 10 kOe) [91]. The second-order martensite 
transformation (SOMT) related to ΔS

m
 of −3.7 J/kg K and ΔT

FWHM
 of ~85 K under 5 T is compa-

rable to that of Ni48.8Mn26.7Ga20.8Cu3.7 microwires (−8.3 J/kg K with ΔT
FWHM

 of 13 K under 5 T) 
[19] and Ni53.5Mn23.8Ga22.7 films (−8.5 J/kg K with ΔT

FWHM
 of 17 K under 6 T) [92]. The studied 

Ni44.9Fe4.3Mn38.3Sn12.5 microwires, exhibiting large surface-area-to-volume ratio, giant MCE 
property, and low cost, may act as potential magnetic refrigerants.

As shown in Figure 19a, the ΔS
m
 of Ni

48
Mn26Ga19.5Fe6.5 microwires [19] with a diameter of ~50 

μm shifted from positive to negative to the applied field is higher than 0.5 T. These interest-
ing positive-to-negative ΔS

m
 transition behaviors have also been found in Ni50.1Mn20.7Ga29.6 

single crystal at 0.8 T [93] and Ni54.5Fe
1
Mn20Ga24.5 polycrystalline alloy at 0.5 T [94]. The maxi-

mum negative ΔS
m
 is ~4.7 J/kg K under 5 T corresponding to magnetic-field-induced struc-

tural transition from martensite to austenite phase. At 20 kOe, ΔS
m
 in the microwires is 1.71 

J/kg K, which is comparable to Ni-Fe-Mn-Ga alloy (2.1 J/kg K) [94]. Moreover, the value of 
ΔS

m
 observed at magnetic transition under 3 T is 2.05 J/kg K in Fe-doped Ni54.5Fe

1
Mn20Ga24.5 

microwires. Compared to the un-doped Ni50.95Mn25.45Ga23.6 microwires, the ΔS
m
 is about three 

times higher under the same magnetic field [95].

It can be seen from Figure 19b that the annealed Ni48.8Mn26.7Ga20.8Cu3.7 microwires [87] exhibited 

magneto-structural coupling and wide martensitic transformation temperature range, which 
contribute to a ΔS

m
 of 8.3 J/kg K with a wide ΔT

FWHM
 of 13 K under a magnetic field of 5 T. The 

obtained RC in Ni-Mn-Ga-Cu microwire (78.0 J/kg) is comparable with those of Ni-Mn-based 
alloys (70–115 J/kg) [96] and superior to those of Ni-Mn-Ga-Cu bulk alloys (72–75 J/kg) [97–99]. 
On the other hand, when compared to Gd [100] or LaFe13−x

Si
x
 [101] alloys, the Ni-Mn-Ga-Cu 

microwires are rare-earth free and thus cost-effective, which helps for the practical applications.
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5.3. Shape memory and superelasticity

In Sections 5.1 and 5.2, Ni-Mn-Ga alloy has been demonstrated to exhibit high MFIS and 
excellent MCE properties both driven by external magnetic field. Actually, due to the thermo-

elastic MT, Ni-Mn-Ga alloys also show well-pronounced thermal field-induced superelastic-

ity (SE, stress-induced MT at austenite state and recovered upon unloading) [45], one-way 
shape memory effect (OWSME, deformed under stress at martensitic state and recovered dur-

ing heating), and two-way shape memory effect (TWSME, shape change between martensite 
and austenite states continuously upon heating and cooling) [8, 9], which is similar to tradi-
tional SMAs, such as Ni-Ti.

So far, OWSME strain up to ~6.1% [102] and SE ~6% [45] has been achieved in Ni-Mn-Ga 

single crystals under compression mode. TWSME induced by training has reached 9% in 

Figure 19. Entropy changes as a function of temperature for (a) Ni
48

Mn26Ga19.5Fe6.5 [19] and (b) Ni48.8Mn26.7Ga20.8Cu3.7 [17] 

microwires under different magnetic fields.

Figure 18. The ΔS
m
 as a function of external magnetic field in the present Ni44.9Fe4.3Mn38.3Sn12.5 microwires and some other 

Ni-Mn-Z-based (Z = Sn, Sb, In, Ga) Heusler compounds in the forms of ribbons (R), thin films (F), and microwires (W) 
[18].
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single-crystalline Ni-Mn-Ga alloy [8] under tension mode. On the other hand, related reports 
for SME and SE properties for bulk polycrystalline Ni-Mn-Ga alloys are relatively seldom 
and lower than those of single crystals [102, 103]. Besides, due to the intrinsic brittleness of 
the alloy, previous reports are mostly focused on the compression processes than on the 

tension mode.

5.3.1. Shape memory effect and superelasticity in Ni-Mn-Ga microwires

Due to the transcrystalline fracture tendency of polycrystalline Ni-Mn-Ga alloys, efforts have 
been made to enhance their ductility. Microstructure refinement and sample size reduction 
have been proven to lower the brittleness [6, 9]. Recently, small-sized Ni-Mn-Ga microwires 
have been made by rapid solidification methods involving Taylor method and melt extraction 
technique to investigate the SME and SE properties [12, 14, 39, 40]. A large reversible SE strain of 
10.9% has been reported in polycrystalline Ni-Mn-Ga glass-coated wires tested in tension 
mode [39]. The Taylor method as applied to Ni-Mn-Ga microwire fabrication allows produc-

tion of wires with a uniform circular cross section while with lower efficiency compared with 
the melt extraction technique. In this section, the SME and SE in melt-extracted microwires 
are displayed based on our previous work.

Ni-Mn-Ga microwires prepared by melt extraction technique exhibited a higher reversible SE 
strain and recoverable SME strain compared with bulk parent alloys [12]. Figure 20 displays 

the typical recoverable SME curve of as-extracted Ni-Mn-Ga microwire, and A–C demon-

strates the SME strain regarding twin boundary motion after unloading (~1.5%). Unlike single 
crystals, the twin boundary motion process did not show a stress plateau upon loading (A–B) 
due to the refinement of the grains.

Owing to the rapid solidification process during fabrication, high internal stresses, reduced 
degree of atomic order, and other defects may affect the SME and SE properties in the as-
extracted microwires. A stepwise chemical ordering annealing was carried out, and the effect 
of annealing on the SE behavior was investigated in our previous work [14]. SE comparison 
before and after annealing is shown in Figure 21. Annealing decreases the stress-induced MT 
(SIM) stress and the hysteresis and improves the reversibility during superelastic cycling.

Furthermore, polycrystalline Ni-Mn-Ga microwires exhibit higher-temperature depen-

dences compared with Ni-Mn-Ga single crystals and conventional superelastic alloys 
(Figure 22), which are considered to be related to the small grains achieved by melt extrac-

tion. Besides, the temperature dependences of the microwires are lowered after annealing 
(inset II), that is, the slope (dσ

As
/dT) of the annealed microwire, 15.6 MPa/K, is smaller than 

that of as-extracted one, 17.5 MPa/K, revealing an easier reverse transformation process in 
the annealed microwire.

Above all, melt-extracted Ni-Mn-Ga microwires after annealing exhibit lower SE stresses, 
lower-temperature dependences, and higher SE reversibility. Besides, the preparation is con-

venient and efficient. Given these properties, Ni-Mn-Ga microwire is expected to be used for 
practical applications, such as superelastic materials, micro-actuator materials, and microsen-

sor materials in various fields.
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5.3.2. Shape memory effect and superelasticity in Ni-Mn-Ga-Fe microwires

The ductility of Ni-Mn-Ga alloys can be enhanced by the fourth element doping [104–106]. 
Among various doping elements, Fe has attracted many attentions [107, 108]. In our previous 
work, SME and SE behaviors of Ni

50
Mn25Ga25−xFe

x
 (x = 1–6%) microwires (diameter ~30–40 μm)  

Figure 21. Tensile stress-strain curves of (a) as-extracted and (b) annealed Ni-Mn-Ga microwires at temperature levels 
(T
test

 − M
s
) approximately from 0 to 15°C at austenite state (equilibrate at 80°C and then cool down to T

test
). ε

irr
, ε

se
, and 

ε
el
 stand for the irreversible strain (recovered upon heating), strain recovery upon reverse transformation, and elastic 

recovery, respectively [14].

Figure 20. Tensile stress-strain curves of as-extracted Ni-Mn-Ga microwires at martensite state.
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were investigated [16]. OWSME and TWSME curves of the Ni49.7Mn25Ga19.8Fe5.5 microwires 
are shown in Figure 23a and b, respectively. An OWSME strain of ~1.0% was induced by 
stress at its martensite state under tension mode in the microwire and completely recovered 
upon heating to its austenite state (Figure 23a). With respect to the TWSME, the application 
in sensors is generally used under certain applied stress in thermal cycle. Different external 
stresses were applied during the thermal cycling; fully recoverable strain was obtained in the 

Figure 22. SIM critical stress (σ
Ms

) vs. temperature plots of the Ni-Mn-Ga microwires and other alloys [14].

Figure 23. Tensile stress-strain curves of Ni49.7Mn25Ga19.8Fe5.5 microwires. (a) OWSME and (b) TWSME [16].
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Ni49.7Mn25Ga19.8Fe5.5 microwire (Figure 23b). The TWSME strain of the microwire increased 
from 0.84% at 156 MPa to 1.504% at 468 MPa.

The SE behavior of the Ni
50

Mn25Ga25−xFe
x
 (x = 4.5) was studied due to its favorable MT tem-

perature near RT. The SE tensile stress-strain curves obtained at various temperatures in 
Ni

50
Mn25Ga25−xFe

x
 (x = 4.5) are demonstrated in Figure 24.

The SE of Ni
50

Mn25Ga25−xFe
x
 (x = 4.5) microwires shows similar behavior as that of Ni-Mn-Ga 

microwires [9]. The maximum strain recovery rates achieved in Ni
50

Mn25Ga25−xFe
x
 (x = 4.5) are 

94 and 90%, respectively, which was higher than that in as-extracted Ni-Mn-Ga microwires 
while lower than Ni-Mn-Ga microwires after chemical ordering annealing.

5.4. Application of ferromagnetic shape memory alloys

Ni-Mn-Ga alloys may act as actuator by making the use of the large MFIS and magnetic shape 
memory effect (MSM) or as sensor related to the dependence of the magnetization change under 
an external compressive stress. For MFIS/MSM, the working frequency is high because they are 
driven by external magnetic fields. This character is superior to the traditional shape memory 
alloys, such as Ni-Ti, which are driven by temperature change and thus only work at much 
smaller frequency. Some typical examples of the actuators created based on the ferromagnetic 
shape memory alloys are shown in Figures 25–27.

Figure 24. Tensile stress-strain curves obtained at various temperatures in Ni
50

Mn25Ga25−xFe
x
 microwires. (a) x = 4 and 

(b) x = 5 [15].

Figure 25. MSM-spring actuator (MAGNETOSHAPE® by ETO MAGNETIC GmbH) [109].
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Figure 25 demonstrates the most straightforward MSM-spring actuator: the elongation 
is obtained by a magnetic field perpendicular to the motion, while contraction is obtained 
thanks to the elastic force of a spring. The magnetic field induces a magnetostress in the MSM 
alloy. In the spring actuator, such a magnetic force must work always against the elastic force 
of the spring, which is bigger at bigger strain [109].

Figure 26a presents another important MSM actuator: push-push or multistable actuator 
[109]. It is composed of two MSM units which arranged antagonistically. In this case, one 
element acts as a load for another one. The movement in both directions can be controlled 
magnetically. There is the moving rod in yellow on the top. Figure 26b shows an application 
of a push-push actuator: the MSM device is used to move a mirror on the top and redirect 
an optical signal.

For FSMA thin films, a novel actuation mechanism has been developed, which makes use of 
both the ferromagnetic transition and the martensitic transformation. The mechanism is illus-

trated in Figure 27 for a Ni-Mn-Ga bending actuator placed in the inhomogeneous magnetic 

field of a miniature permanent magnet.

Figure 27. Prototype of a FSMA micro-actuator for control of a micro-mirror [110].

Figure 26. (a) Example of MSM push-push actuator (MAGNETOSHAPE® by ETO MAGNETIC GmbH). (b) Optical 
switch actuated by a push-push actuator (Lappeenranta University of Technology, Finland) [109].
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Depending on the temperature of the micro-actuator, either magnetic or shape recovery forces 
occur in opposite directions, while the corresponding biasing forces remain small. Thus, an 
almost perfect antagonism can be realized in a single component part. By applying an alter-

nating electrical current, a periodic oscillation of the beam can be excited. This motion can be 
used to control the deflection of a micro-mirror attached to the front end of the actuator. For 
instance, a micro-scanner prototype has been developed based on the actuation mechanism 

(see Figure 27). The overall dimensions are 7 mm × 2 mm × 5 mm.

The micro-pump shown in Figure 28, developed in Peter Müllner’s lab at Boise State University, 
may deliver sub-microliter volumes of dugs directly to specific regions of the brain. The micro-
pump was small and robust and can be placed on a head stage on a rat so that drugs can be 
delivered and brain activity can be monitored while the rat is moving about [111].

Figure 29 shows a prototype of an energy harvester realized by former Adaptamat [109]. 
A repeated application of tension and compression force deforms the MSM material and 
induces a voltage in the coil. Such a voltage can be used to supply energy to a small load. 
Theoretically, the maximum energy per volume unit that can be extracted from an MSM alloy 
is equal to the work output, that is, about 150 kJ/m3.

In Ni-Mn-Ga alloys, the first-order martensite transformation (FOMT) and second-order 
magnetic transition (SOMT) produce traditional MCE [112], as displayed in Figure 30a. On 
the other hand, in Ni-Mn-Z-based (Z = Sn, In, Sb) alloys, both direct and inverse MCE (see 
Figure 30b) may be created. The inverse MCE originates from a metamagnetic structural 

Figure 28. Micro-pump created based on Ni-Mn-Ga alloys [111].

Figure 29. Energy harvester based on MSM alloys developed by Adaptamat [109].
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transition from the paramagnetic/antiferromagnetic martensite to ferromagnetic austenite 

under a bias magnetic field [21], while the direct MCE is attributed to the magnetic transition 
of the austenite phase around its Curie point [113]. The first-order martensite transforma-

tion (FOMT) is responsible for such inverse MCE, which usually exhibits a huge ΔS
m
 and a 

large adiabatic temperature change ΔT
ad

 but rather low ΔT
FWHM

 and high hysteresis loss [86]. 
Ni-Mn-In-Co alloys may also produce giant stress output through magnetic-field-induced 
martensite transformation [20].

6. Conclusions remarks

The martensite transformation temperature of FSMAs is sensitive to the composition, while 
the magnetic transition temperature is less sensitive to the composition. Some empirical for-

mula has been summarized to build the relationship between the transformation tempera-

tures and compositions. In addition, the martensite and austenite crystal structures as well as 
the magnetic properties of these alloys have been extensively investigated.

Single-crystalline FSMAs, such as Ni-Mn-Ga alloys, have been widely studied because the 
high MFIS is usually generated in the single-crystalline alloys since low resistant to the twin 
boundary motion. The compositional segregation during the growth of single-crystalline 
alloys has to be carefully controlled in order to fabricate the alloy ingots with repeatable 
MFIS. On the other hand, polycrystalline alloys may be fabricated by low-cost methods, such 
as casting. The polycrystalline Ni-Mn-Ga foams produced by replication casting may gener-

ate MFIS as high as 8.7% after suitable training.

Polycrystalline microwire may be synthesized on a large scale by melt extraction, which 
exhibits pronounced properties, such as MFIS, magnetic entropy change, and superelasticity. 
Small-sized materials, such as powders, microwires, ribbons, and films, exhibit giant-specific 
surface area, that is, surface-area-to-volume ratio, which is responsible for the reduced con-

Figure 30. Schematic illustration of (a) traditional magnetocaloric effect [112] and (b) inverse magnetocaloric effect [21].
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straints to the twin boundary motion, enhanced heat exchange efficiency, and improved mag-

netic refrigeration hysteresis loss. The underlying mechanisms between the material size and 
MCE properties need to be further studied.

The martensite transformation in FSMAs may be induced by external heat change, similar 
to conventional shape memory alloys, such as Ni-Ti, as well as by external magnetic field. 
As the operation frequency of an external magnetic field can be much higher than a heat 
field, FSMAs can work at much higher frequencies than conventional Ni-Ti alloys. The high 
MFIS produced in single-crystalline Ni-Mn-Ga bulk alloys and polycrystalline foams may 
find application in high-efficient actuators. On the other hand, the magnetization property 
change of a FSMA occurs under an external mechanical straining, such as compression. By 
measuring the magnetization or the induction voltage, the FSMAs may act as sensors, such as 
force, position, or acceleration sensors.

FSMAs attract much attention in the recent years as high-efficient magnetic refrigeration 
materials. Significant conventional or inverse magnetocaloric effects have been investigated 
during the martensite and magnetic transformations. For the alloys (i.e., Ni-Mn-Ga alloys) in 
which the martensite and magnetic transformations produce the same sign of the magnetic 
entropy change, the creation of the partial and full magneto-structural coupling states by 

compositional tuning may be adopted to optimize the magnetic entropy change and working 
temperature interval.
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