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ABSTRACT 

 

Magnetic Field-Induced Phase Transformation and Variant Reorientation in Ni2MnGa 

and NiMnCoIn Magnetic Shape Memory Alloys. (August 2007) 

Haluk Ersin Karaca, B.S., Bogazici University; 

M.S., Texas A&M University 

Chair of Advisory Committee: Dr. Ibrahim Karaman 

 

The purpose of this work is to reveal the governing mechanisms responsible for 

the magnetic field-induced i) martensite reorientation in Ni2MnGa single crystals, ii) 

stress-assisted phase transformation in Ni2MnGa single crystals and iii) phase 

transformation in NiMnCoIn alloys. The ultimate goal of utilizing these mechanisms is 

to increase the actuation stress levels in magnetic shape memory alloys (MSMAs). 

Extensive experimental work on magneto-thermo-mechanical (MTM) characterization 

of these materials enabled us to i) better understand the ways to increase the actuation 

stress and strain and decrease the required magnetic field for actuation in MSMAs, ii) 

determine the effects of main MTM parameters on reversible magnetic field induced 

phase transformation, such as magnetocrystalline anisotropy energy (MAE), Zeeman 

energy (ZE), stress hysteresis, thermal hysteresis, critical stress for the stress induced 

phase transformation and crystal orientation, iii) find out the feasibility of employing 

polycrystal MSMAs, and iv) formulate a thermodynamical framework to capture the 

energetics of magnetic field-induced phase transformations in MSMAs. 

Magnetic shape memory properties of Ni2MnGa single crystals were 

characterized by monitoring magnetic field-induced strain (MFIS) as a function of 

compressive stress and stress-induced strain as a function of magnetic field. It is 

revealed that the selection of the operating temperature with respect to martensite start 

and Curie temperatures is critical in optimizing actuator performance. The actuation 
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stress of 5 MPa and work output of 157 kJm−3 are obtained by the field-induced variant 

reorientation in NiMnGa alloys.    

Reversible and one-way stress-assisted field-induced phase transformations are 

observed in Ni2MnGa single crystals under low field magnitudes (<0.7T) and resulted in 

at least an order of magnitude higher actuation stress levels. It is very promising to 

provide higher work output levels and operating temperatures than variant reorientation 

mechanisms in NiMnGa alloys. Reversible field-induced phase transformation and shape 

memory characteristics of NiMnCoIn single crystals are also studied. Reversible field-

induced phase transformation is observed only under high magnetic fields (>4T). 

Necessary magnetic and mechanical conditions, and materials design and selection 

guidelines are proposed to search for field-induced phase transformation in other 

ferromagnetic materials that undergo thermoelastic martensitic phase transformation.  
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CHAPTER I 

INTRODUCTION 

 

1.1 Motivation and Objectives  

Shape memory alloys with ferromagnetic austenite and/or martensite phases are 

called as ferromagnetic shape memory alloys (FSMA). If an external shape change is 

triggered when magnetic field is applied due to the structural mechanism other than 

magnetostriction, the term “magnetic shape memory alloys” term is used for this class of 

FSMA alloys. MSMAs have attracted an increasing interest due to their unique 

actuation, sensing and power generation capabilities [1-4]. They offer the possibility of 

both large actuation strains, comparable to those of conventional SMAs and response 

frequencies in the kHz regime [2, 3]. MSMAs are strong candidates for actuator and 

sensor applications since magnetic energy can be converted efficiently to mechanical 

energy or vice a versa. The ability to produce a few percent field induced strains at 

frequencies on the order of 1 kHz [4] makes MSMAs suitable for a wide range of 

applications. 

For actuation applications, an ideal MSMA must have the following properties: 

1. High actuation stress 

2. High actuation strain 

3. Low required magnetic field for actuation 

4. High operating temperature and range 

5. High frequency response 

6. Low cost 

The main goal of this study is to improve the actuation properties of FSMAs for an ideal 

MSMA actuator by introducing a new actuation mechanism or utilizing the existing one, 

and develop certain materials selection guidelines to achieve high actuation stress and 

operating temperature,  and  more specifically; to increase actuation stress and maximum 
 

This dissertation follows the style and format of Acta Materialia. 
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operating temperature in NiMnGa alloys and determine the potential of NiMnCoIn 

alloys as actuators, decrease the required magnetic field for actuation and investigate the 

possible use of polycrystals of NiMnCoIn alloys.    

The most commonly observed magnetic field induced strain is based on the 

rearrangement of martensite variants by detwinning upon magnetic field application [5-

8]. Ni2MnGa alloys can produce strains up to 10%, require low magnetic field for 

actuation and its frequency range is in the kHz regime, however, it is very brittle, high 

strains can only be observed in single crystals, its maximum operating temperature is 

limited by transformation temperatures and most importantly, has very low actuation 

stress level (<2 MPa).  

One of the main objectives of this study is to reveal the governing material 

parameters that are critical for increasing the actuation stress levels using martensite 

variant reorientation mechanism in Ni2MnGa alloys. In order to observe MFIS by variant 

reorientation, there are two major requirements: low stress for detwinning and high 

MAE which are also among the determining factors for the actuation stress magnitudes. 

Generally, for MSMAs, the detwinning stress is very low as compared to the stress 

required for dislocation slip. Low detwinning stress can be achieved by compositional 

adjustments and modifications to the martensite structure, i.e. modulation [9, 10]. In 

principal, the MAE can be increased by increasing the saturation magnetization and 

Curie temperature (Tc). It is reported that Curie temperature of NiMnGa alloys is around 

50-100 ˚C [11, 12] and saturation magnetization is a weak function of composition [13]. 

The easiest way to increase the MAE is then to choose an operating temperature (To) 

significantly lower than Tc since the MAE increases with decreasing temperature below 

Tc, i.e. with increasing Tc – To. However, detwinning stress also increases with 

decreasing temperature below transformation temperatures. Therefore, it is critical to 

understand and quantify the relationship between MAE, detwinning stress, To, Tc and 

transformation temperatures to select materials and operating temperatures for obtaining 

high blocking and magnetostress.  
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 In many studies, the MFIS response was reported only during the first magnetic 

field loading-unloading cycle since the goal has been the maximization of the MFIS. 

However, it is important to capture the degree of irrecoverable strain during cyclic field 

loading as a function of stress for practical applications and understanding the governing 

mechanisms. In this study, both first cycle (magnetoplasticity response) and higher 

number of cyclic response of NiMnGa single crystals are investigated as a function of 

stress and magnetic field.   

Variant reorientation mechanism can only be observed at temperatures lower 

than the transformation temperatures. In shape memory alloys (SMAs), it is possible to 

induce phase transformation by temperature and stress. In this study, instead of 

temperature, magnetic field induced phase transformation under constant applied stress 

will be investigated in NiMnGa alloys as a new actuation mechanism for MSMAs. 

Conditions for reversible and one-way stress-assisted field-induced phase 

transformations in NiMnGa alloys and the actuation and work output levels by this new 

mechanism will be revealed. Possible magneto-microstructural mechanisms and 

necessary magnetic and mechanical conditions to accomplish field-induced phase 

transformation will be discussed.  

High MFIS is observed only in single crystals of NiMnGa alloys since the main 

source of available magnetic energy is MAE and polycrystals of NiMnGa alloys are very 

brittle. Moreover, MAE is orientation dependent and after reaching a critical magnetic 

field, it doesn’t increase with further increase of magnetic field. NiMnCoIn alloys 

employ the Zeeman energy (the difference of saturation magnetization of transforming 

phases) as the main source for actuation. Zeeman energy is relatively orientation 

insensitive, providing the opportunity to employ NiMnCoIn polycrystals for actuator 

applications [14]. Additionally, Zeeman energy increases continuously with field so does 

the actuation stress [15]. However, the required magnetic field for phase transformation 

in NiMnCoIn alloys is very high for practical applications (> 4T) [14]. In this work, 

field-induced phase transformation in NiMnCoIn alloys will be investigated and possible 

ways to decrease the required magnetic field will be provided. Initially, shape memory 
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properties of NiMnCoIn single crystals are characterized since the critical magnetic field 

for phase transformation depends on transformation strain and critical stress for phase 

transformation, which are orientation dependent. Without proper understanding of SMA 

characteristics of NiMnCoIn it is not possible to fully understand the MSMA properties 

of this alloy.       

A thermodynamical description will be introduced to understand magnetic 

energy contributions to trigger the phase transformation. Materials design and selection 

guidelines are proposed to search for new ferromagnetic materials that undergo 

thermoelastic martensitic phase transformation.  

 

1.2 Active Materials 

Active materials undergo a substantial change in one or more properties in 

response to a change in external conditions such as applied loads, altering temperature, 

electrical and magnetic fields. Piezoelectrics, magnetostrictives, shape memory alloys 

and recently discovered magnetic shape memory alloys are the main active materials 

groups that have been utilized for practical applications. These materials can transform 

one form of energy into another. In addition, they are capable of direct and inverse 

effects leading to applications as both actuators and sensors. An ideal active material 

would be the one that has high-frequency response, large strain and force outputs, high 

durability and low cost. Each active group stated above has advantages or disadvantages 

as compared to the others. 

Piezoelectric materials are the most commonly used smart materials. They 

present two distinct characteristics; i) the “direct” piezoelectric effect occurs when a 

piezoelectric material subjected to a mechanical stress becomes electrically charged and 

ii) the “converse” piezoelectric effect occurs when the piezoelectric material becomes 

strained when placed in an electric field [16, 17]. Thus, these devices can be used to 

detect strain, movement, force, pressure, or vibration by developing appropriate 

electrical responses and the ability to induce strain can be used to generate a movement, 

force, pressure, or vibration by applying a suitable electric field. The most popular 
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commercial piezoelectric materials are lead zirconate titanate (PZT) and polyvinylidene 

fluoride (PVDF) [16].  Piezoelectric materials can produce strains of 0.18% (PZT) and 

0.1% (PVDF) when exposed to an electric field in the frequency range of up to 100 kHz 

[16]. They have found numerous applications as both actuators and sensors e.g 

accelerometers, force transducers, ultrasonic motors, helicopter rotor blades[17]. 

Microscopically, in piezoelectric materials with the application of an electric field or 

stress, the off-center charged ion in a tetragonal unit cell moves from one axis to another 

[16, 18]. As the ion changes position it causes strain in the material. Poling is required in 

order to observe bulk strain in piezoelectrics [16]. 

Magnetostrictive materials can convert energy between the magnetic and elastic 

states. Due to the bidirectional nature of this energy exchange, magnetostrictive 

materials can be employed for both actuation and sensing. Alloys based on the transition 

metals, iron, nickel, and cobalt, in combination with certain rare-earth elements are 

currently employed in actuator and sensor systems in a broad range of industrial, 

biomedical, and defense applications e.g clamps, shakers, direct-drive motors, 

loudspeakers, helical line hydrophones [16, 17]. Because magnetostriction is an inherent 

property of ferromagnetic materials, it does not degrade over time as do some poled 

piezoelectric substances. Due to the required solenoid and related magnetic circuit 

components, magnetostrictive transducers are usually larger and bulkier than their 

piezoelectric or electrostrictive counterparts. Hence, they are employed primarily in 

applications that require high strains and forces but where weight is not an issue. One 

additional consideration is that the most technologically advanced magnetostrictive 

materials are costly to manufacture. 

Terfenol-D is the most popular commercially available magnetostrictive material. 

The highest room temperature magnetostriction for Terfenol-D is 1,6 % at a moderate 

saturation field of 0.16 MA/m [16]. Terfenol-D is expensive to produce and is highly 

brittle [17, 18]. Recently discovered Galfenol system is more ductile and have higher 

strength than Terfonol-D but it can produce lower strains of about 0.03 % [19].  
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Moreover, its high permeability results in low cut-off frequencies due to eddy currents 

[19]. 

Microscopically, in magnetostrictive materials when a magnetic field is applied 

and an electron spin tries to align with it, the orbit of that electron also tends to be 

reoriented. But because the orbit is strongly coupled to the crystal lattice, the orbit resists 

the rotation of the spin axis. Thus, the energy required to rotate the spin system of a 

domain away from the preferred orientations is the energy required to overcome spin–

orbit coupling. When magnetic field rotates the spins, the orbital moments rotate, and 

results in considerable distortion, and hence magnetostriction [16, 20]. The change in 

sample dimensions in the direction of applied field is called Joule magnetostriction. The 

Villari effect is the change in magnetization due to applied stress and is inverse of Joule 

magnetostriction. Magnetostrictives can be used as sensors and power harvesters due to 

the Villari effect [16].     

Shape memory alloys (SMAs) are another class of smart materials that can 

produce very high recoverable strains (up to 20%) as a result of reversible martensitic 

phase transformation. Martensitic transformations (MTs) are first order, diffusionless, 

shear (displacive) solid state structural changes and can be triggered by temperature 

change, applied stress or magnetic field. The high temperature phase, austenite, 

transforms to low temperature and lower symmetry phase, martensite, and vice versa. 

The critical temperatures where the austenite transforms to martensite during cooling are 

named martensite start (Ms) and finish (Mf) temperatures where the temperature where 

martensite transforms to austenite during heating are called austenite start (As) and finish 

(Af) temperatures.    

MTs can be classified in two categories; thermoelastic and nonthermoelastic. For 

thermoelastic MTs; the transformation temperature hysteresis is small, the interface 

between parent and martensite is mobile and the transformation is crystallogrophically 

reversible [21]. For nonthermoelastic MTs, the transformation temperature hysteresis is 

large, the interface between the martensite and parent phase is immobile, and once the 
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martensite grows to some critical size, the reverse transformation takes place by 

renucleation of parent phase. 

There are two deformation types in shape memory alloys which lead to high 

recoverable strains: variant reorientation (VR) of martensite and stress induced 

martensite. When shape memory alloys cooled down under zero stress, parent phase 

transforms to martensite and martensite variants form self-accommodating structures to 

minimize the macroscopic volume change. The applied stress biases the self 

accommodating structure and favors the growth of selected martensite variants among 

the others. When this biased structure is heated above Af temperature, it recovers back to 

its original shape which is called shape memory effect (SME). If self-accommodated 

structure is permanently biased (generally by forming dislocations and internal stresses), 

large macroscopic strain will be induced with forward and back transformations which is 

called two-way shape memory effect (TWSME) [22]. Figure 1.1 shows a schematic of 

SME and TWSME and pseudoelasticity (PE) in shape memory alloys.  

It is well known that deformation of austenite in the range of Af to a certain 

temperature (Md) results in stress induced martensitic transformation (SIM). Favored 

martensite variants form and during unloading, these martensite variants transform back 

to austenite since they are not chemically stable at that temperature. This deformation 

behavior is called pseudoelasticity or superelasticity. Pseudoelasticity is a more generic 

term than superelasticity. It encompasses also rubber like behavior which is observed in 

some SMAs when the bars in martensite phase are bent and aged to recover its original 

shape. Shortly, pseudoelasticity can be used for both martensite and austenite phases 

where superelasticity is used for parent phase only. As the temperature increases the 

stress needed for transformation also increases exceeding the stress for dislocation slip 

which deteriorates the pseudoelastic response. Deformations at temperatures higher than 

Md do not lead to stress induced transformation because dislocation slip is the only 

deformation mechanism.  

Nitinol (Ni-Ti)  is the most well known SMA which has been discovered by 

Buehler and his co-workers at the U.S Naval Ordinance Laboratory (NOL) in 1962 [23]. 
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NiTi alloys can produce strains up to 8%, can be deformed easily and biocompatible [16, 

17]. They have used in plenty of applications such as couplings, actuators, sensors, 

stents, guide wires, dampers etc. Cu-based shape memory alloys are also studied 

extensively since they are cheaper than NiTi. However, in these alloys aging might occur 

even at room temperature and it deteriorates the shape memory properties. Also their 

high elastic anisotropy restricts their usage in polycrystal forms [21]. 

 

 
Figure 1.1 Shape memory and two-way shape memory effect in shape memory alloys.  

 

 

Table 1.1 shows the comparison of some active materials in terms of actuation 

strain, stress and frequency [24]. PZT is compact and light weight, operates over large 
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temperature range, function at high frequencies. It has excellent stability and fast 

response to applied voltage and no wear or tear on the element. However it is brittle, 

produces small strains compared to SMAs and magnetostrictives, cannot withstand high 

shear and tension, can become depolarized under high voltages or temperature [17, 24]. 

Terfenol-D, a magnetostrictive material, has fast response time (µsec), high Curie 

temperature, relatively high strain and force capabilities compared to piezoelectrics, no 

aging effects, can operate over large temperature range. However, it also has low tensile 

strengths, it is brittle and costly due to rare earth metals involved and in order to produce 

magnetic field intensive equipment is required [17, 24]. NiTi, a shape memory alloy, has 

good ductility, large stroke, force and work outputs but low operating frequency range 

[17, 21, 24].  

 

 

Table 1.1 Comparison of actuation strain, stress and operating frequencies of active 
materials [24]. PT: phase transformation. 

   

   

   

Strain     
% 

Stress 
MPa 

Operating 
Frequency  

Hz 

Heat Shape-Memory Alloy (NiTi) 2-8 400 1 

Ferroelectric  0.1 3 100.000 Electric 
Field Piezoelectric (PZT) 0.2 70 100.000 

Magnetostrictive (Terfenol-D) 0.2 80 10.000 

VR  5-10 5 1.000 Magnetic 
Field MSMA 

(Ni2MnGa)  PT 0.5-4 20-100   

 

 

1.3 Fundamental Magnetics Background 

The macroscopic magnetic properties of materials are a result of magnetic 

moments associated with individual electrons.  There are two sources of magnetic 
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moments: i) Electron’s orbital motion around the nucleus: Being a moving charge, an 

electron may be considered to be a small current loop, generating a very small magnetic 

field, and having a magnetic moment along its axis of rotation, as schematically 

illustrated in Figure 1.2.a [25]. ii) Each electron may also be thought of as spinning 

around an axis: The other magnetic moment originates from this electron spin, which is 

directed along the spin axis as shown in Figure 1.2.b [25]. Spin magnetic moments may 

be only in an “up” direction or in an antiparallel “down” direction. Thus each electron in 

an atom may be thought of as being a small magnet having permanent orbital and spin 

magnetic moments.  

 

 

 
Figure 1.2 Demonstration of the magnetic moment associated with (a) an orbiting 
electron and (b) a spinning electron [25]. 

 

 

The most fundamental magnetic moment is the Bohr magneton, μB, which is 9.27 

x 10-24 A.m2 of magnitude [25]. For each electron in an atom, the spin magnetic moment 

is μ∓ B (plus for spin up, minus for spin down). Furthermore, the orbital magnetic 

moment contribution is equal to ml.μB, ml is the magnetic quantum number of the 

electron [25]. 

 



 11

The externally applied magnetic field, sometimes called the magnetic field 

strength, is designated by H. The magnetic induction, or magnetic flux density, denoted 

by B, represents the magnitude of the internal field strength within a substance that is 

subjected to an H field. Both B and H are field vectors, being characterized not only by 

magnitude, but also by direction in space. Another field quantity, M, called the 

magnetization of the solid, is defined by the expression [15]; 

B = μ0H+ μ0M         (1.1) 

where μ0  is the permeability of a vacuum, a universal constant, which has a value of 4π 

x 10-7 (1.257 x 10-6) H/m [25]. 

Diamagnetism is a very weak form of magnetism that is nonpermanent and 

persists only while an external field is being applied. It is induced by a change in the 

orbital motion of electrons due to an applied magnetic field. The magnitude of the 

induced magnetic moment is extremely small, and in a direction opposite to that of the 

applied field [25]. In paramagnetic materials there is only partial cancellation of the 

moments leaving the atom with a net moment [25]. In the absence of an external 

magnetic field, the orientations of these atomic magnetic moments are random, such that 

a piece of material possesses no net macroscopic magnetization. When a field is applied 

to a paramagnetic material, the atomic moments align themselves with the field to an 

extent determined by the magnitude of the field and the temperature. In ferromagnetic 

materials, an additional alignment of the moments due to quantum mechanical exchange 

forces occurs when the material is cooled below a critical temperature Tc, the Curie 

temperature [15, 25]. They possess a permanent magnetic moment in the absence of an 

external field, and manifest very large and permanent magnetizations [15].  

Ferromagnetic materials are composed of small-volume regions, named as 

magnetic domains in which there is a mutual alignment in the same direction of all 

magnetic dipole moments and they magnetized to their saturation magnetization 

(Ms)[15]. Adjacent domains are separated by domain boundaries or walls, across which 

the direction of magnetization gradually changes. In an unmagnetized state, the total 
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magnetization of samples is zero due to formation of multiple magnetic domain 

formation where the magnetization vectors cancel each other.  

 

1.4 Magnetocrystalline Anisotropy Energy  

The magnetization vector in domains tends to point along the certain crystal 

orientation, called easy axis. The work required to rotate the magnetization from the easy 

axis along the applied magnetic field direction is called magnetocrystalline anisotropy 

energy [26]. Figure 1.3 shows the magnetization as a function of crystal orientation and 

applied magnetic field of iron and nickel [25]. At the initial stage total magnetization is 

zero and can be considered as multiple domains formed with their magnetization 

oriented along the easy axis e.g. [100] direction for iron. If the field is applied along the 

easy axis there will be only domain wall motion favoring the domains aligned along the 

applied field which generally requires low fields. If the field is applied in any other 

direction then in addition to domain wall motion, magnetization rotation will take place.  

It is clear from the Figure 1.3 that magnetization depends on the crystallographic 

direction and applied field magnitude. The easy axes of iron and nickel are [100] and 

[111], respectively. The orientation where the MAE is largest called the hard axis and 

the hard axes of iron and nickel are [111] and [100], respectively. The magnetization 

response in any other orientation will be between these two extreme cases. The 

maximum MAE is shown by Ku and it can be determined by calculating the area 

between the M-H curves of easy and hard axes.      

Magnetic anisotropy energy for a uniaxial crystal is given by [15];  

θθ 4
2

2
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where Kui are the anisotropy constants and θ  is the angle with respect to crystal axis. For 

cubic materials the expression for anisotropy energy can be written as [15]; 
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where ’s are the direction cosines of the magnetization along the cubic axes and Kiα i’s 

are the anisotropy constants. K1 and K2 can be used to characterize the magnetic 

properties of the material. For example, K1 is positive for iron and negative for nickel so 
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easy axes are [100] and [111], orientations respectively. For tetragonal symmetry MAE 

can be expressed as [27]; 

ϕθθθ 4cossinsinsin 44
2

4
2

2
1 uuuanis KKKE ++=     (1.4) 

where  θ  and ϕ  are polar coordinates. If Ku1 is positive the crystal has an easy axis 

along the c-axis which is the case for 10M martensite of NiMnGa alloys. If Ku1 is 

negative and Ku1<-2Ku2, the crystal has an easy plane of magnetization, in which the ab-

plane is the easy plane and the c axis is the hard magnetization direction as in the case of 

nonmodulated martensite of NiMNGa alloys [28, 29]. For an orthorhombic crystal, the 

magnetic anisotropy energy is expressed using directional cosines αi as [30]; 
4
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Straka et al. [30] reported that for 14 M martensite of NiMnGa alloy the c-axis 

([0 0 1] direction) is easy axis of magnetization, i.e. K3≈0, b-axis is mid-hard axis 

(K2=0.9×105 Jm−3), and long a-axis is hard axis (K1=1.7×105 Jm−3) of magnetization.  

 

 
Figure 1.3 The magnetization versus applied magnetic field response along the [100], 
[110] and [111] orientations of iron (bcc) and nickel [25]. 
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It is important to note that saturation magnetization is temperature dependent and 

decreases with increasing temperature so does the anisotropy constants [28, 30].  

Sozinov et al. [28] reported the room temperature anisotropy constants, lattice 

parameters, theoretical detwinning strain (εo), detwinning stresses and observed MFIS 

values of three martensite types of NiMnGa alloys as shown in Table 1.2 and the 

magnetization vs. applied field responses are shown in Figure 1.4 

 
 
Table 1.2 Summary of lattice parameters, cell volume, transformation strain, detwinning 
stress, MAE and MFIS of three types of martensite structures [28]. In the table, 5M, T 
and 7M stand for 10M, non-modulated, and 14M martensitic structures. 
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Figure 1.4 Magnetization versus applied field responses of three martensite structures of 
NiMnGa alloys along the a, b and c axes [28]. 

 

 

1.5 Magnetic Domains 

As stated earlier under no magnetic field the total magnetization of a 

ferromagnetic material is zero due to formation of magnetic domains. Magnetic domains 

form to reduce the magnetization of the material by reducing the magnetostatic energy 

[15]. However the formation of magnetic domain results in an increase in domain wall 

length which costs energy. The thickness of domains walls are determined by the 

exchange and anisotropy energy and can range from 10nm to several μm [15]. 

Magnetic domain structure of NiMnGa is reported by James et al. [31] 

observation is using a magnetic force microscopy. They revealed a hierarchical domain 

structure with a herring-bone pattern, i.e. the 180˚ domains formed in each martensite 

variant. Figure 1.5 shows the similar structures observed by several researchers using 

various techniques [32, 33]. Pan et al. [34] studied the evolution of a hierarchical domain 
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structure with a herring-bone pattern under an applied field. The application of a small 

field (1-2 kOe) results in formation of a firtree pattern meeting at the twin boundaries. 

The application of an intermediate field (4-5 kOe) in the easy direction of one twin 

variant caused the magnetization vector of the neighboring twin variants to rotate a little 

and the firtree pattern to localise at the twin boundaries. With larger fields (8-9 kOe), the 

magnetization vector that was previously orthogonal to the field will rotate in the field 

direction and eliminate domain structure within a variant, so each twin band coincides 

with one magnetic domain. 

 

 
(a) 

 
 
 
 
 
 
 
 
 
 
 

(b) 
 
Figure 1.5 Domain structures of NiMnGa alloys determined using a) the magnetic 
garnet film technique [35] and b) scanning electron microscopy images [33]. 
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1.6 Magnetic Shape Memory Alloys 

1.6.1 Magnetic Field-Induced Variant Reorientation 

The most commonly observed magnetic field induced strain is based on the 

rearrangement of martensite variants by detwinning [5-8]. NiMnGa alloys are the most 

widely explored MSMAs [4, 7] among others such as FePt [36] , FePd [5, 37], CoNiAl 

[38-40], CoNiGa [41], CoNi [42], NiFeGa [43, 44], NiFeGaCo [45] due to their low 

stress requirements for detwinning and high magnetocrystalline anisotropy energy. 

When there is no external magnetic field, magnetic domains have a tendency to 

orient along the easy axis of magnetization. If a magnetic field is applied along a 

direction other than the easy axis, the magnetization direction of the domains will rotate 

from their easy axis towards the applied field direction. The energy required for the 

magnetization rotation from the easy axis to the applied field direction is given by the 

magnetocrystalline anisotropy energy.  

If the MAE is higher than the energy needed for detwinning, variant reorientation 

can occur. The variant with the easy axis of magnetization along the applied field 

direction can grow in the expense of others resulting in a net MFIS [8].  Figure 1.6 

shows a schematic for field induced variant reorientation mechanisms of MSMAs. 

Initially the total magnetization of the sample is zero. Each twin has internal 180˚ 

magnetic domains where their magnetization directions are in opposite directions. As the 

strength of applied magnetic field increases, instead of rotation of magnetization along 

the applied field twin motion occurs to align and some external strain can be detected. If 

MAE is large and the stress needed for twin motion is low enough it is possible to obtain 

single variant of martensite with applied magnetic field. In order to maximize the MFIS 

in NiMnGa single crystal, a single variant with c-axis along the compression direction 

reorients to another single variant with c-axis along the applied field perpendicular to 

compressive axis.    
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Figure 1.6 Effect of applied magnetic field, H, a) on the reorientation of the martensite 
twin variants and b) on phase transformation in MSMAs. 

 

There are two main parameters other than the MFIS level that are used to 

quantify the performance of MSMAs. The first one is the blocking stress or maximum 

actuation stress, i.e. the external stress level above which magnetic field induced 

reorientation is not possible. Magnetostress, the second parameter, is defined as the 

increase in stress required for detwinning under a constant magnetic field. One of the 

main issues in development of MSMAs is low blocking and magnetostress levels (<2 

MPa) observed [13, 46], which impedes the utilization of these alloys in practical 

applications where high actuation forces are required. The maximum MFIS of NiMnGa 
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alloys reported to date is approximately 6% in 10M martensite [13, 46] and 10% in 14M 

martensite [47].  

MFIS by variant reorientation in NiMnGa alloys can be easily reversible after the 

removal of magnetic field, if the stress and field are applied perpendicular to each other 

or the field is applied along two perpendicular axes. In literature, there are only few 

systematic investigations on the reversible magnetic field induced strain response of 

NiMnGa alloys under different applied stress levels [26, 46, 48]. Tickle [26] reported 

2% MFIS with a blocking stress of 4-6 MPa at -18 ˚C, where Murray et al. [46] and 

Heczko et al. [48]  reported 6% MFIS with a blocking stress of 2 MPa at 25 ˚C.  

 

1.6.2 Magnetic Field-Induced Phase Transformation 

The second possible mechanism to induce large MFIS is the magnetic field-

induced phase transformation. Figure 1.6.b shows a schematic for field induced phase 

transformation. As magnetic field applied or removed phase front between martensite 

and austenite phases can move and one phase can transform to another one. The 

necessary conditions for field induced phase transformations and whether austenite 

transforms to martensite or vise versa with applied field will be discussed in details later. 

The main requirement for the field-induced phase transformation is that the 

magnetic driving energy must be sufficient to move the phase front. The irreversible 

field-induced martensitic phase transformation has been detected in several 

ferromagnetic materials, especially in iron based alloys such as Fe-C and Fe-Ni [36, 49-

51], under very high field magnitudes (>15 Tesla) without any report of observed MFIS 

levels. It was shown that applied magnetic field changes the transformation 

temperatures, transformation behavior and transformed structures [51]. Certain Fe-Ni-

Co-Ti alloys demonstrated reversible field-induced martensitic transformation but only 

under the application of a high pulsed magnetic field (~30 Tesla) [36]. Obviously, the 

need for giant magnetic fields severely limits the use in actual applications.  

Similar to the iron based alloys, applied magnetic field increases the 

transformation temperatures of NiMnGa alloys when austenite is paramagnetic and 
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martensite is ferromagnetic [52]. Cherechukin et al. [52] used this fact to indirectly 

obtain MFIS by phase transformation. They heated the specimen up to a temperature 

between the austenite finish temperatures with  and without magnetic field  while 

the field was applied in martensite. When the field was removed at this temperature 

phase transformation from martensite to austenite occurred since martensite was no 

longer stable at that temperature. MFIS induced by this method was also irreversible 

upon the reapplication of the field. 

H
fA fA

Recently, field-induced reversible phase transformation in NiMn(In,Sn) based 

alloys by using the fact that applied magnetic field suppresses the transformation 

temperatures in the amount more than thermal hysteresis under zero field [14, 53, 54]. In 

other words,  is lower than martensite start temperature under zero field, . 

Applying magnetic field at a temperature between  and  results in reversible 

MFIS. In this mechanism, the required magnetic field for phase transformation was more 

than 4 Tesla which is still quite high for practical applications.  

H
fA sM

H
fA sM

 

1.6.3 Stress-Assisted Magnetic Field-Induced Phase Transformation in MSMAs 

NiMnGa alloys are unique in the sense that they demonstrate composition, 

orientation and stress state dependent multi-stage martensitic transformations [55, 56]. 

Depending on the composition, single crystal orientation, and temperature, they can 

experience the complete or part of the following four stage transformation sequence, i.e. 

L21 parent to intermediate to 10M tetragonal to 14M orthorhombic (or monoclinic) to 

nonmodulated (2M) tetragonal martensitic transformations [55, 56]. Even though the 

field-induced microstructural changes in each martensitic phase were studied relatively 

in detail, there are only a few reports on the field-induced intermartensitic phase 

transformations. 

Available magnetic energy for triggering phase front motion in MSMAs are 

usually small. The stress levels that stem from the available magnetic energy in MSMAs 

are only a few MPas [26, 46]. On the other hand, the critical stresses required for stress–
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induced phase transformation are at least on the order of tens of MPas. Figure 1.7 shows 

stress versus strain response of stress induced variant reorientation and phase 

transformation in NiMnGa single crystal at -90 and -40 ˚C, respectively. Therefore, the 

possibility of inducing phase transformation using magnetic field has usually been 

neglected in MSMAs due to the large difference between these two stress levels. Only in 

a few recent studies, mechanical stress and magnetic field were applied simultaneously 

to induce phase transformation [57, 58]. In these studies, the specimens, initially in 

austenitic phase, were mechanically loaded until partial stress induced martensitic 

transformation has occurred, then magnetic field was applied and MFIS was recorded. 

Murray et al. [57] reported 0.2% strain by martensite to austenite phase transformation 

under 108 MPa while Jeong et al. [58] reported 0.82% strain by austenite to martensite 

phase transformation under 126 MPa compressive stress both in polycrystalline NiMnGa 

alloys. The MFIS reported by Jeong et al. [58] was not recovered upon the removal of 

the field while it is not clear whether the one reported by Murray et al. [57] was 

recovered. It is important to note that in the aforementioned studies, austenite was 

ferromagnetic in the former case while it was paramagnetic in the latter one. In this 

study, it will be shown that the applied field can result in austenite to martensite phase 

transformation or vice versa, depending on the saturation magnetization, MAE and 

directions of applied magnetic field and stress state (tension or compression). 

 

1.7 Brief History and Crystal Structures of NiMnGa  

Webster and his colleagues were the first to report the phase transformation and 

magnetic properties of NiMnGa in 1984 [59]. This work is followed by the works of 

Kokorin and Chernenko and they focused on thermally and stress induced martensitic 

transformation and characterization of premartensitic phase in collaboration with 

researchers from Spain.   

In 1996, Ullakko et al.[6] showed 0.2% MFIS under 0.6 T at 265 K based on the 

variant reorientation for the fist time in NiMnGa alloys. James and Wuttig [5] reported 

necessary conditions for observing MFIS by variant reorientation mechanism and 
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reported 0.5% strain in FePd alloy. O’Handley [8] introduced his modeling approach in 

1998 for twin boundary and phase boundary motions. Tickle and James [60] focused on 

maximizing the MFIS via biasing the initial martensite structure with stress and 

reorienting single martensite variant to another one and reported 4% strain in NiMnGa. 

Murray et al. [46] increased the MFIS to 6% and approached the theoretical c/a limit for 

10M martensite structure they have investigated. Later, Hezcko [48]  and many other 

groups have also observed strains close to theoretical limit. In 2002, Sozinov et al. [47] 

reported 9.5% MFIS in the 14M martensite of NiMnGa alloys. Later Mullner et al. [61] 

reported cyclic 9.7% MFIS in the14M martensite by rotating the magnetic field around 

the sample. The theoretical strain for non modulated tetragonal martensite structure is 

20% but only very small MFIS is observed in this structure due to high detwinning stress 

[62, 63].  
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Figure 1.7 Stress-induced phase transformation and variant reorientation response of 
Ni2MnGa single crystal of the present work at -40 and -90 ˚C, respectively.   
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The high temperature phase of NiMnGa has a cubic structure of B2 ( ) for 

temperatures higher than 1073K [64]. This crystal structure transforms to L2

mPm
−

3

1 Heusler 

type structure ( ) by a second-order phase transformation at a composition 

dependent  temperature (~1073K) [65, 66].  The lattice parameter of L2

mFm
−

3

1 structure is 

around 0.582 nm and it is composition and temperature dependent [67]. Figure 1.8 

shows the L21 structure of Ni2MnGa where Mn atoms occupy the 4a position, Ni the 4c 

position and Ga the 4b position in the stoichiometric composition.    

 

 

 
Figure 1.8 L21 structure of NiMnGa alloy [59]. 

   

 

The crystal structure of the martensite phase in NiMnGa alloys depends on the 

composition and temperature [68, 69]. Martensitic structure type, transformation and 
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Curie temperatures are determined to be functions of electron to atom ratio (e/a) of the 

alloy and can be determined by multiplying the number of valence electrons with atomic 

percentage of each element. The valence electron numbers are 10, 7 and 3 for Ni, Mn 

and Ga, respectively. Depending on the composition, L21 structure transforms to 10M, 

14M or 2M structure. There seems to be an order for the intermartensitic transformations 

and if the transformation temperature from parent phase (P) to martensite is low (<250 

K) a premartensitic phase (I) might be observed. The sequence of transformations can be 

summarized as . A more detailed review on the effect of 

composition and premartensitic phases can be found in refs [29, 70]. 

MMMIP 21410 →→→→

During martensitic transformation in NiMnGa alloys, the (110) plane undergoes 

a periodic shuffling in the [ ] direction. If the crystal structure is 10M or 14M than 

every 5

011
−

th or 7th (110) plane remains in its original position. The average lattices of 10M 

and 14M structures are approximately tetragonal (c/a<1) and orthorhombic (c/a<1). The 

crystal structure of non-modulated T is tetragonal with c/a>1.  

Premartensitic phase which is also known as precursor pheonema is observed on 

shape memory alloys at temperatures close to phase transformation and originates from 

electron-phonon coupling [29]. It has been shown that premartensitic phase transition for 

NiMnGa alloy is composition dependent, a first-order transition originated by the 

magnetoelastic coupling between the magnetization and the TA2 phonon [71-73]. Zhao 

[29] classified the NiMnGa alloys in three regions whether tweed-like and premartensitic 

phenomena occurs prior to transformation or not. If e/a ratio is less than 7.6 and Ms is 

lower than room temperature, both premartensitic and tweed phases can be observed.  

HRTEM and TEM images proved the existence of tweed structure and premartensitic 

phase with the extra spots observed in the electron diffraction patterns [74, 75]. Brown et 

al. [56] investigated the phase transformation of Ni2MnGa with high resolution neutron 

powder diffraction and single crystal measurements and revealed that before phase 

transformation from austenite to martensite, premartensitic phase with orthorhombic unit 

cell occurs. Gonzalez-Comas et al. [71] reported that elastic constants show significant 

softening at the intermediate phase transition and magnetic field and applied stress result 
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in an increase of all the elastic constants. They also revealed that premartensitic 

transition under stress occurs with thermal hysteresis.  

 

1.8 Brief History and Crystal Structures of NiMnCoIn 

 In recent years a new FSMAs, called as meta-magnetic shape memory alloys, 

are emerged by substituting Ga with In, Sn or Sb and sometimes with the addition of Co 

[14, 53, 54, 76, 77]. Heusler type Ni2MnX alloys have been investigated for their 

magnetic properties [78]. In 2004, Sutou et al. [77] investigated these alloys for their 

potential to demonstrate MFIS. In 2006, Kainuma et al. [14] reported that in a 

NiMnCoIn alloy, ferromagnetic parent phase transforms to paramagnetic martensite 

phase and with increased applied magnetic field magnitude transformation temperatures 

decrease. They have been able to show reversible phase transformation under the 

magnetic fields larger than 4 Tesla where martensite transformed to austenite and the 

critical magnetic field for phase transformation shown to be depend on temperature. 

They have also reported one-way 3% MFIS in a predeformed single crystal sample with 

the applied field of 4T. They reported that the parent and martensite phases have the L21 

Heusler-type ordered structure where a = 0.5978 nm and the 14M modulated structure 

where a = 0.4349 nm, b = 0.2811 nm, c = 2.9892 nm and = 93.24°, respectively [14]. 

Later, they have also observed the same behavior in NiCoMnSn polycrystalline alloy 

and reported about 1% one-way and 0.3% reversible MFIS [53]. Wang et al. [79] 

observed reversible MFIS in a NiMnCoIn alloy under 50 MPa which is one orders of 

magnitude higher than the actuation stress in NiMnGa alloys and they determined the 

martensite to be 14M. Recently Kerenke et al. [80] reported 0.12 % reversible MFIS in 

NiMnIn alloys with the required applied magnetic field of 4T . They have also reported 

the crystal structure is similar to NiMnGa where the parent phase has L21 structure with 

a=0.6011 nm and martensite has 10 M modulated martensite structure having a 

monoclinic unit cell with γ=86.97° and lattice constants a=0.4398 nm, b=0.5635 nm, and 

c=2.1720 nm [80].  
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There have been only a few experiments conducted on NiMnCoIn alloy system 

although they have a very promising potential to be used as MSMA with high actuation 

output. There has not been a systematic study on shape memory properties of parent 

phase, effect of magnetic and heat treatments on phase transformations. 
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CHAPTER II 

EXPERIMENTAL PROCEDURES 
 

Ingots of NiMnGa and NiMnCoIn with nominal compositions of 50Ni-25Mn-

25Ga and 45Ni-36.5Mn-5Co-13.5In (in at. %) were prepared using vacuum induction 

melting. Bridgman technique was employed to grow single crystals in a He atmosphere. 

The composition of the single crystals was determined to be Ni51.1Mn24.0Ga24.9 using 

inductively coupled plasma-atomic emission spectrometry (ICP-AES) and 

Ni45.7Mn35.6Co4.8In13.8 by using wavelength-dispersive spectroscopy (WDS) method. The 

difference between the nominal and actual compositions is probably due to the Mn 

evaporation during single crystal growth [77]. The single crystal samples were cut into 

rectangular prisms with dimensions of 4 mm x 4 mm x 8 mm using electro-discharge 

machining to assure that both magnetic field and stress can be applied along known 

crystallographic directions. The face normals of the samples were along [100], [011], 

and ]101[  directions in the austenite phase (L21 ordered structure). Unless it is specified 

otherwise, compressive stress was applied along the [100] orientation, while the field 

was applied along the [011] direction. The Ni51.1Mn24.0Ga24.9  single crystals have a 10M 

tetragonal structure in martensite as evidenced by the strain levels achieved upon 

martensite reorientation. Prior to testing all NiMnCoIn samples were heat treated at 900˚ 

C for 24 hours and quenched in water.  

The optical images of NiMnCoIn samples are taken after they were mechanically 

polished and, then etched in 75ml HCl, 75ml ethanol, 15g CuSO4 and 10ml distilled 

water solution. Compositional analysis of the precipitates and the matrix of tha 

NiMnCoIn alloy was carried out on a four spectrometer Cameca SX50 electron 

microprobe at an accelerating voltage of 15 KV and a beam current of 10 nA. All 

quantitative work employed the WDS method. 

A Quantum Design Superconducting Quantum Interference Device (SQUID) 

magnetometer, model MPMS-XL, was used to measure the magnetization of the crystals 
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as a function of temperature under different constant applied magnetic fields, and 

magnetization as a function of applied magnetic field at different temperatures.  

The in situ high-magnetic field Synchrotron-based high-energy (115 keV) x-ray 

diffraction experiments were conducted at the 11-ID-C beamline at the Advanced 

Photon Source, Argonne National Laboratory using a superconducting magnet (7 T 

Oxford Instrument) installed on the beamline with a temperature range of 320–4 K. The 

diffraction spots were recorded using a two-dimensional (2D) image plate detector 

(Mar345). The magnetic field was applied parallel to the incident x-ray beam. 

A custom-designed magneto-thermo-mechanical setup was used to characterize 

the samples’ response. A schematic and a picture of the MTM setup are shown in 

Figures 2.1 and 2.2, respectively. This experimental setup consists of four main 

subsystems: a servo-hydraulic load frame, custom-built compression grips, custom-built 

thermal control system, and an electromagnet. An MTS 810 Material Testing System, is 

capable of applying 250 kN of force is used as the main frame. Force is measured using 

a variaty of different load cells depending upon the type of experiment to increase the 

accuracy. The load cells were a 500 lbf. Interface model 1010ACK-500-B and 2500 lbf. 

Interface model 1010ACK-2.5K-B. Custom-built nonmagnetic Cu-Be grips with 

alumina inserts at the tips or Ti6Al-4V grips and inserts are designed and attached to the 

MTS system. A nonmagnetic capacitive displacement probe, Capacitec model HCP-75-

21943, with a linear range of 0-1.25 mm was attached to the inserts to measure the 

change in length between the end points of the specimen. Strain is calculated by dividing 

the change in length to the initial length of the sample. A Lake Shore Model EM4-CS, 

electro-magnet was attached to the test frame to generate uniform magnetic fields up to 

1.6 kG in a 2.5cm x 2.5cm x 2.5 cm volume with a controllable magnetic field 

generation rate. Magnetic field measurements were performed by a Lake Shore model 

450 gaussmeter equipped with a Lake Shore high sensitivity cryogenic transverse Hall 

probe. Resolution of the probe was ±0.0001 kG within ±30 kG range. It was positioned 

away from the specimen lying perpendicular to the magnetic field lines in between the 

pole pieces of the electromagnet.  
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Figure 2.1 Schematic of the magneto-thermo-mechanical setup with an electromagnet 
and a capacitive displacement sensor used in this study. 

 

 

An Omega CN8200 series temperature controller was used to ensure stable 

cooling rates with T type nonmagnetic thermocouples attached to both the specimen and 

nonmagnetic grips. A Jefferson brand cryogenic grade ON/OFF solenoid valve 

commanded by the temperature controller was used to control the flow of nitrogen gas 

into the polymer (lexan) box surrounding the specimen or channeled through a pair of 

Cu coil windings press-fit to both the upper and lower grips. The heating is done either 

by simply letting the system heat up to room temperature by convection or using a pair 
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of heaters (Watlow, STB2C2AA-4). The heaters where the resistive elements are mica 

encapsulated and an austenitic stainless steel clamps the whole assembly are securely 

fastened around the Cu coil windings on both the upper and lower grips. The 

temperature could be controlled from 250˚ C down to -110 ˚C using this setup. 

 

 

 
Figure 2.2 A picture of magneto-thermo-mechanical experimental test setup.  
 

 
Figure 2.3 shows a representative set of data obtained during a typical MTM 

experiment using this setup. The stress is applied and kept constant, temperature is kept 

constant, magnetic field is ramped and strain response is measured. The steup makes it 

possible to control three of the four variables (stress, strain, magnetic field and 
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temperature) and their rates simultaneously and allow monitoring the response from the 

last one. A test matrix is constructed for the possible experiments that can be conducted 

using the MTM setup as a function of test temperature, the state of the aforementioned 

four parameters, and in some cases, their rates, as shown in Table 2.1. The table also 

includes the effects or properties that each experiment targets to determine. Additionally, 

orientation dependence, cyclic response and effects of training can also be added as 

additional parameters to the table. In the present study most of these possible 

experiments are conducted and corresponding properties are revealed as listed in the 

table. 
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Figure 2.3. A plot of the representative data obtained during the magneto-thermo-
mechanical experiments. The stress is applied and kept constant, temperature is kept 
constant, magnetic field is ramped and the strain response is measured. 
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Table 2.1 Text matrix showing the possible experiments that could be performed using 
the magneto-thermo-mechanical setup shown in Figure 2.2 and their targeted outputs. 
MFI: magnetic field induced, MFIPT: magnetic field induced phase transformation. 
 

Temp σ H ε T done Target Output 

<Mf

or <As

Fixed Variable Measured Fixed Y Butterfly curves 

<Mf

or <As

Variable Fixed Measured Fixed Y Magneto-
superelastic curve 

<Mf

or <As

Fixed Variable 
f(Ŕ) Measured Fixed Y Magnetic Field 

Rate Effect 

<Mf

or <As

Measured Variable Fixed Fixed N MFI Stress 

>Af Fixed Variable Measured Fixed Y MFI phase 
transformation 

>Af Variable Fixed Measured Fixed Y Effect of H on PE 
Curves 

>Af Measured Variable Fixed Fixed N MFI Stress 

Magnetic Field-T 
and Stress-T 

 Fixed Fixed Measured Variable N 
Phase Diagrams 

>Af Variable Fixed Incremental Fixed N Effect of Strain on 
Hysteresis 

MFIPT 
Ms<T<Af Variable Fixed Measured Fixed Y 

VR 

 



 33

CHAPTER III 

MAGNETIC FIELD-INDUCED MARTENSITE REORIENTATION 

IN Ni2MnGa ALLOYS 

 
3.1 Magnetization Results 

Figure 3.1 shows the magnetization of Ni51.1Mn24.0Ga24.9 as a function of 

temperature under a low applied magnetic field of 200 Gauss (G) determined in the 

SQUID. 200 G is low enough that it will not change the transformation temperatures. As 

temperature decreases, austenite transforms to martensite confirmed by a decrease in 

magnetization due to higher MAE of martensite than austenite. When heated, martensite 

transforms back to austenite as its evident from the increase in magnetization. This 

transformation occurs in a hysteretic manner which is a characteristic behavior of shape 

memory alloys. Magnetization response is differentiated with respect to temperature and 

the resulting curve is also shown in the figure. This curve is similar to the differential 

scanning calorimetry response of a conventional shape memory alloy which is widely 

used to determine the transformation temperatures. The dM/dT curve illustrates two 

separate phase transformations. The high temperature, very shallow peak with no 

thermal hysteresis represents the transformation from the parent phase to the I-phase, 

premartensitic phase, which occurs before phase transformation in some SMAs, as 

discussed in the introduction section. The low temperature, sharper peaks represent the 

phase transformation from the I-phase to 10M martensite or vice versa. The 

transformation temperatures for the I-phase to 10M were found using this curve to be -

60, -100, -92 and -47 °C for Ms, Mf, As and Af temperatures, respectively.  

Figure 3.2.a exhibits the magnetization of the Ni51.1Mn24.0Ga24.9 single crystals as 

a function of temperature under constant field magnitudes demonstrating the effect of 

magnetic field on the phase transformation temperatures. The measurements were 

conduted by cycling the temperature between -120 °C and 20 °C.  Under 200 G, 

transformation starts at -60 °C and finishes at -100 °C. When the magnetic field is 

increased to 10 kG transformation starts at at -58 °C and finishes at -88 °C. The drop in 

 



 34

magnetization during the forward phase transformation (transformation upon cooling) 

under low magnetic field magnitudes stems from the higher magnetic anisotropy of 

martensite [81]. When the field is increased to 10 kG, there is still a magnetization 

hysteresis loop between forward and backward phase transformations, however, this 

time magnetization increases during the forward transformation. This increase possibly 

stems from the higher saturation magnetization of martensite than that of austenite at the 

same temperature. Figure 3.2.b shows the magnetization versus applied field response of 

Ni51.1Mn24.0Ga24.9 single crystal at 25 ˚C and -125 ˚C, at austenite and martensite phases, 

respectively. Saturation magnetization and critical field for saturation are higher for 

martensite than austenite due to low temperature and high MAE. The step-like behavior 

on the martensite magnetization curve of Figure 3.2.b in between 3 kG and 6 kG 

(marked by arrows) can be attributed to the variant reorientation due to applied magnetic 

field. 
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Figure 3.1 Magnetization as a function of temperature under magnetic field of 200 
Gauss, as well as its derivative showing the transformation temperatures for the parent to 
I-phase to 10M martensite transformation sequence. 
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Figure 3.2. a) Evolution of magnetization as a function of  temperature under constant 
magnetic fields of 200 G, 500 G and 10 000 G. b) Change in magnetization with applied 
magnetic field at -125 °C and 25 °C in fully martensitic and austenitic phases, 
respectively. 
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3.2 Conventional Shape Memory Effect 

As discussed in Chapter I, thermal cyclic under stress results in selection of 

certain variants and external strain can be observed. Figure 3.3 shows cooling heating 

response of a Ni51.1Mn24.0Ga24.9 single crystal where 10 MPa is applied along the [100] 

orientation initially at 25 ˚C under no magnetic field. Since the detwinning stress of 10M 

martensite is relatively low applied stress results in formation of a single variant of 

tetragonal martensite with short c-axis along the applied stress and as a result, 3.8 % 

macroscopic strain is observed under 10 MPa. Higher stress values do not increase the 

strain magnitude. The austenite to martensite transformation temperature is around -80 

˚C while the back transformation occurs at -67 ˚C. The strain response changes from a 

continuous to a sudden jump type behavior when stress is applied. This behavior 

indicates the formation and fast movement of a single martensite variant and 

insignificant barrier to the phase front motion.  
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Figure 3.3 Cooling-heating response of Ni51.1Mn24.0Ga24.9 single crystal under a 
compressive load of 10 MPa along the [100] orientation. 
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It is possible to calculate theoretical maximum strain for austenite to martensite 

phase transformation from lattice correspondence and lattice parameters of austenite and 

martensite. If the stress applied during cooling is enough for single variant formation, a 

single variant of martensite with the shortest axis along the applied stress direction can 

be obtained. In our experiments the stress direction was [100]. If we use the lattice 

parameters of am= 0.595 nm  cm=0.560 nm for10M martensite and aa= 0.584 nm for 

austenite theoretical phase transformation strain can be determined as [48]; 

  % 4.1  
a

a-a

a

ma =         (3.1) 

Lattice parameter of austenite is used in denominator since the strain is measured 

in the experiments with respect to austenite as the reference configuration.  

The theoretical value for maximum strain for phase transformation, 4.1 %, is 

close to the obtained experimental value of 3.8 % which indicates the high quality of the 

single crystals. It is also important to note that lattice parameters of phases, especially 

for 10M structure are functions of temperature which could help to explain the small 

difference. 

 

3.3 Magnetic Field-Induced Strain by Variant Reorientation under Constant Stress    

The evolution of MFIS with applied magnetic field under constant compressive 

stress and temperature are shown in Figures 3.4.a and 3.4.b for increasing and decreasing 

stress levels from 2 MPa to 6 MPa and 5 MPa to 1 MPa, respectively. Before each test, 

the stress of 6 MPa was applied and unloaded to the desired stress level in order to 

obtain the same single variant martensite morphology. 6 MPa was sufficient to restore 

the initial strain level under each stress was set to zero in the figures for ease of 

comparison. A total of three magnetic field cycles were applied between 16 kG and -16 

kG.  The response under both increasing and decreasing stress levels are presented to 

show that there is no significant change in the strain and hysteresis trends.  

 In Figure 3.4, there is a significant difference between the first and second cycle 

responses although the difference between the second and third cycles is negligible 
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under all stress levels. The first cycle under 2 MPa marked in Figure 3.4.a is the first 

variant reorientation step of the virgin sample. In this case, the magnetic field level is 5 

kG higher for the onset of the reorientation than the ones in the following cycles. This is 

attributed to the difficulty of nucleation of a new variant during the first cycle which 

vanishes with field training.   

The MFIS response is a typical butterfly response which is also observed in 

ferroelectric crystals [82]. The curves are symmetric since the magnetic force on a 

twinning dislocation is insensitive to the sign of the magnetic field [83]. As the applied 

magnetic field is increased, MFIS starts to evolve after a certain threshold field is 

reached and stops at a higher field magnitude. Further field increase does not affect the 

MFIS. Since the maximum strain from magnetostriction is only about 0.01% [32], the 

observed MFIS is solely due to martensite reorientation. Maximum strain levels and 

critical fields for the reorientation start and finish depend on the applied stress level. As 

a rule of thump, as the stress level increases, MFIS decreases since available magnetic 

field energy is spent by the mechanical energy from the applied stress and the energy 

required for twin boundary motion. The higher the opposing mechanical energy is, the 

lower the energy is used for detwinning. Depending on the stress levels, when the 

magnetic field is reduced and switched off, martensite variant favored by the field 

reorients back to the original variant favored by the stress. From Figure 3.4.b, it is clear 

that 1 MPa is not sufficient for full back reorientation, at least 3 MPa is needed. 

Therefore, the detwinning stress can be estimated as in between 1 to 3 MPa. 

To better understand the cycle effect, the first and second cycle responses are 

plotted separately in Figure 3.5.a and 3.5.b, respectively. Although the maximum MFIS 

decreases with stress level for the first cycle, it surprisingly increases first and then 

decreases in the second cycle. Moreover, the maximum MFIS for the first cycle is 

always greater than the one for the second cycle. The blocking stress is about 5 MPa. 

The irrecoverable MFIS which is the MFIS difference between the first and second 

cycles decreases with stress level and vanishes completely for the stress levels of 5 MPa  
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Figure 3.4 Evolution of strain in the Ni51.1Mn24.0Ga24.9 single crystals as a function of 
magnetic field under different constant compressive stress levels at -95 oC. Three cycles 
are shown. a) Increased stress levels from 2 to 6 MPa, b) decreased stress levels from 5 
MPa to 1 MPa. Only selected cases are shown for clarity.  
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and higher. It is also clear in Figure 3.5.b that the critical magnetic field needed for 

martensite reorientation increases with stress magnitude.   

The measured first and second cycle MFIS data have been collected to construct 

the maximum MFIS vs. stress plot shown in Fig. 3.6. Previously reported MFIS levels 

are also included for comparison [26, 31, 46, 48].  The overall highest first cycle MFIS 

of approximately 6.0 % was measured by Murray et al. [46], under 0.8 MPa, while in the 

present study the maximum MFIS of about 5.8% was measured under 1and 2 MPa. The 

general trend of all the plotted curves is that the first cycle MFIS decreases with 

increasing stress levels, until, at the blocking stress level, no strain related to variant 

reorientation is induced by the magnetic field. For the second cycle, MFIS increases 

from 3.2% to 4.9% as the stress increases from 1 MPa to 2 MPa. MFIS under 2 and 3 

MPa are the same and further increase in stress decreases the MFIS magnitude. For 

stress levels higher than 4 MPa, the first and second cycle responses coincide. The 

difference in the MFIS for the first and second cycle stems from the fact that the stress 

levels are not sufficient for full back reorientation upon unloading the field after the first 

cycle. The strain magnitudes around 4-6 % under 2-4 MPa in the present study are the 

highest reported so far [26, 31, 46, 48]. 

Theoretical maximum martensite reorientation strain can be obtained by 

transformation of single variant martensite with short axis along the compression 

direction to another single variant martensite with long axis along the compression 

direction and vice versa. If the given parameters (am= 0.595 nm  cm=0.560 nm for10M 

martensite and aa= 0.584 nm for austenite [48]) are used maximum strain for martensite 

reorientation is; 

  % 6.0 
a

c-a

a

mm =         (3.2) 
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Figure 3.5 Magnetic field-induced strain response during the a) first and b) second 
magnetic field cycles under constant stress levels. 
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Figure 3.6 Comparison of maximum MFIS as a function of stress for the current study 
and literature data. A grid of constant actuation work output hyperbolas ranging from 10 
to 180 kJm−3 has been superimposed. 
 

 

Higher values could be obtained if single variant martensite with easy axis along 

the measured direction is set as the reference. For this case, the maximum strain for the 

reorientation is; 

  % 6.25  
c

c-a

m

mm =         (3.3) 

In our results austenite is taken as the reference configuration since there is 

always a possibility not to form only one single variant of martensite with 

transformation. Theoretical values for maximum strain for martensite reorientation, 6 %, 

and phase transformation, 4.1 %, are very close to the obtained experimental values 5.8 

% and 3.8 %, respectively. 
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The blocking stress in the experiments conducted at room temperature by Murray 

et al. [46] and Heczko et al. [48] is about 2 MPa where it is around 5 MPa in the present 

study. The results reported by Tickle et al. [26] show a similar blocking stress level but 

the maximum MFIS of 2% is considerably lower. The blocking stress, however, is not 

easily identified, since at very low strain levels ordinary magnetostriction of MSMA 

materials can no longer be neglected [5, 84]. 

The stress levels and maximum MFIS only provide limited information about the 

actuation performance of these materials. A better measure is the actuation work output 

per unit volume, , where maxMFISW ×σ= σ  is the stress, held constant during the 

experiment, and MFISmax is defined at that given stress. To compare the actuation 

performance of some of the published Ni2MnGa MSMA compositions with the present 

results, we considered the mechanical work output per unit volume as a figure of merit 

and added to Figure 3.6.  

The maximum work output for the present composition is calculated to be 157 

kJm−3 and 147 kJm−3 for the first and second cycles, respectively, whereas the 

compositions studied by Murray et al. [26, 46, 48], Heczko et al. [48] and Tickle  [26, 

46, 48]have maximum work outputs of 83 kJm−3, 44 kJm−3 and 41 kJm−3, respectively. 

This represents an increase in the actuation work output of more than 100 % in the 

present study. 

The major difference between the present case and the prior studies is the 

operating temperature and martensite start temperature. Although the compositions are 

slightly different, the saturation magnetization and Tc do not change significantly with 

composition in near Heusler compositions of NiMnGa [11, 12]. Since there is a large 

gap between Tc and To as compared to the Tc-To window in the previous studies, the 

MAE must be significantly higher in the present case. Moreover, the To is right below 

the martensite finish temperature, and thus, the detwinning stress is at its minimum 

possible value. Since the applied magnetic field has to overcome the externally applied 

stress and detwinning stress, the minimum detwinning stress maximizes the blocking 

stress with available stored MAE. Figure 3.7 shows two schematics to identify the 
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blocking stress levels for two cases with the same Curie temperature but different Ms and 

operating temperatures. In Figure 3.7.a Ms is high and To is chosen to be close Ms. The 

upper line (red) shows the detwinning stress which increases as temperature decreases. 

The lower curve (blue) shows the magnetostress calculated by dividing the Ku with ε0, 

the transformation strain. Magnetostress increases as temperature decreases since 

saturation magnetization increases as temperature decreases [28, 30]. In this case both  

the Tc -To and Ms-To are small resulting in both low magnetostress, σmag, and detwinning 

stress, σdetwin. The blocking stress can be defined as σmag- σdetwin and shown in the figure 

as operating stress range. It is clear that, as far as  σmag> σdetwin MFIS can be obtained 

and with decreasing temperature blocking stress decreases due to more rapid increase in 

detwinning stress than magnetostress. After certain temperature MFIS cannot be 

obtained. Thus, simply decreasing the temperature will not improve blocking stress 

levels. Figure 3.7.b shows the schematic for a sample with the same Tc but lower Ms and 

To. In this case Tc -To is large and Ms-To is small resulting in high σmag and low σdetwin, 

thus a high blocking stress. Magnetostress curve is held constant while detwinning stress 

curve is shifted to lower temperatures since Tc is considered to be constant while Ms 

shifted to lower temperature.    

 

3.4 Strain Response under Incremental Magnetic Field 

In order to better understand the evolution of MFIS and irrecoverable strain with 

applied magnetic field, magnetic field is cycled between zero and the incrementally 

increasing field magnitude under constant stress of 3 MPa. Starting from 2 kG, the 

maximum applied magnetic field is increased 1 kG at every cycle and eventually reached 

to 16 kG. 3 MPa is chosen due to its high maximum first and second cycle strains and 

low strain difference between the first and second cycles. Figure 3.8.a shows the 

incremental evolution of MFIS with incrementally increased applied magnetic field. 

Maximum MFIS and irrecoverable strain values are also included in the figure as a 

function of maximum applied magnetic field magnitude. Figure 3.8.b shows MFIS and 

applied magnetic field as a function of time.  
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Figure 3.7 Two schematics to identify the blocking stress levels for two cases with the 
same Tc but different Ms and operating temperatures: a) Ms temperature is high and b) 
Ms temperature is low, To is kept close to Ms. 
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Figure 3.8 Incremental applied magnetic field experiment results under constant stress 
of 3 MPa. a) MFIS response with applied magnetic field magnitude increased from 2 kG 
to 16 kG with increments of 2 kG. Maximum and irrevocable strain levels are shown on 
the right column, b) MFIS (left) and applied magnetic field (right) responses with time.  
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 As expected, MFIS increases with fields above 6 kG and reaches saturation at 13 

kG . MFIS increases from 0.68 % to 2.85 % between the fields of 8 kG and 9 kG and 

reaches to maximum strain of 5.05 % at 13 kG. Irrecoverable strain starts after 6 kG and 

saturates at 10 kG with maximum magnitude of 0.2 %. It is important to note that, the 

strain continues to increase when the magnetic field is reached to 9 kG and held 

constant. Glavatska et al. [85] reported that NiMnGa gradually deforms under constant 

magnetic field in a manner analogous to mechanical creep. The continuation of strain 

evolution may be related to the inertial effects of the twin boundary motion and creep-

like behavior of MSMAs. 

 

3.5 Magneto-Microstructural Mechanisms for Variant Reorientation  

To better understand the MFIS evolution, Figure 3.9 shows a schematic for the 

magnetic field induced variant reorientation mechanism of MSMAs. The MFIS and the 

corresponding magnetization (along the applied magnetic field) vs. magnetic field 

responses are also included in the figure [86]. Initially, the single crystal is austenitic at 

room temperature as shown by #1. If the sample is cooled down under no external stress, 

a self accommodating martensite structure forms and, thus, the dimensions of the sample 

do not change, shown as #2a. Externally applied stress (compressive in the present case) 

after cooling favors the variant with the short axis along the compressive stress direction 

and eventually a single variant martensite is obtained, shown as #3a, resulting in a net 

compressive strain (ε3a). The same single variant martensite (variant 1) can be obtained 

if enough compressive stress is applied during cooling from austenite.  

In terms of magnetization, the magnetic domains, in which the magnetization 

direction is along the short axis (easy axis) of the tetragonal martensite in the Ni2MnGa 

alloys, form during phase transformation. The direction of the domains can alter 180˚ 

since the overall magnetization must vanish under no magnetic field. For the single 

variant case shown as #3b, vertical magnetic domains are present after cooling under 

stress. For the multivariant case shown as #2a, more complex structure with twins and 

magnetic domains forms as shown by #2b. When a magnetic field perpendicular to the  
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Figure 3.9 A schematic of the magneto- and microstructural mechanisms for variant reorientation mechanism in MSMAs 
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compression direction is applied both domain wall motion and magnetization rotation 

occur, shown as #4 [87, 88]. It is known that relatively low magnetic field magnitudes 

are required for domain wall motion as compared to that for variant reorientation [34, 

89]. Consequently, domain wall motion and magnetization rotation take place 

simultaneously before martensite reorientation starts around 5 kG.  

When the energy required for detwinning is smaller than the MAE, another 

martensite variant (variant 2) with easy axis along the applied field direction is induced, 

as shown by #5. The magnetization direction of variant 1 further rotates at #5 with 

respect to #4 since the field magnitude is higher. The magnetization response in the 

schematic follows the magnetization path for the hard axis until the variant 2 starts to 

nucleate. Since the easy axis of the variant 2 is along the measured magnetization 

direction, total magnetization increases rapidly with the evolution of MFIS. The volume 

fraction of the second variant increases with further field increase and the case #6 shows 

the magneto and microstructural configuration when the reorientation process stops.  

It is important to note that, as the volume fraction of the variant 2 increases, 

anisotropy energy decreases because it depends on the volume fraction of the variant 1. 

On the other hand, further increase in magnetic field results in more magnetization 

rotation in the variant 1 which leads to an increase in the MAE. These two effects 

oppose each other and at some point cause the reorientation process to cease before 

completion even if the magnetization rotation still continues with increasing magnetic 

field.  

The incomplete reorientation can be attributed to the difference between the 

nucleation and propagation barriers for new variants. In NiMnGa and ordered 

martensites in other shape memory alloys, new variant nucleation is much more difficult 

than propagation and the propagation usually occurs in a Lüders’ type fashion. In the 

present case, once the second variant nucleates, the energy required for the propagation 

is much less than the one for the nucleation and thus, the propagation occurs relatively 

fast. This reduces the volume fraction of the variant 1 and thus MAE in a much faster 

rate than the increase in MAE due to the magnetization rotation. Moreover, as the 

 



 50

reorientation strain increases, it becomes more and more difficult to complete the 

reorientation. Therefore, the increase in MAE due to the magnetization rotation may not 

compensate the opposing energy from the externally applied stress, strain hardening 

effect, decrease in MAE due to volume fraction change and some other effects such as 

internal barriers, boundary and surface interactions to complete the reorientation process 

(the case #6). Thus, the observed MFIS level can be less than the theoretical strain and 

further increase in magnetic field may not increase the strain level. 

When the field magnitude reaches the saturation magnetic field of the hard axis, 

the magnetization direction of the variant 1 completely rotates towards the applied field 

direction, shown as #7. When magnetic field starts to decrease, the applied stress works 

against the field and lattice friction. Magnetization direction of the variant 1 rotates 

towards the easy axis direction as shown by the case #8 and MAE decreases. After a 

threshold value, the MAE may not be sufficient to favor the second variant anymore and 

the reorientation of the variant 2 to the variant 1 could start as shown by the case # 9. 

Further decrease in magnetic field increases the volume fraction of the first variant. 

After reaching a certain field magnitude, magnetic domains may form as shown by the 

case # 10. Decreasing the magnetic field below a blocking magnitude which is a function 

of the applied stress level does not result in any further reorientation of martensite. Final 

microstructural configuration is shown as the case # 11. The irrecoverable strain, i.e. ε11, 

is proportional to the volume fraction of the residual second variant and depends on the 

applied stress level.  

During the second magnetic field cycle, the reorientation mechanism is similar to 

the one for the first cycle. The structural evolution follows the path from the case #11 to 

the case #7 during the magnetic field loading and from the case #7 to the case #11 during 

unloading leading to fully recoverable reorientation. The third cycle response is the same 

as the second cycle response without considerable differences in the hysteresis or 

irrecoverable strains. 
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3.6 Effect of Magnetic Field Rate on Magnetic Field-Induced Strain 

Different field rates were applied to monitor the rate effect on the evolution of 

MFIS under 3 MPa. Initially two cycles between zero and 16 kG were conducted with a 

field rate of 250 G/sec to stabilize the hysteresis loops. Then, the field rate was set 

between 25 G/sec and 500 G/sec and one cycle was recorded at each rate. In Figure 

3.10.a, the response changes from one-step reorientation to two-step as the field rate 

decreases. The strain magnitude decreases from 5.2% to 4.6% as the rate decreases from 

500 G/sec to 25 G/sec. Moreover, the magnetic hysteresis has a tendency to increase 

with the field rate. Figure 3.10.b shows the maximum cyclic MFIS magnitudes for the 

first and total transformation as a function of field rate. The field rate also determines 

whether the reorientation is one-stage or two-stage. For the rates lower than 150 G/sec, 

the reorientation is two-step which is shown by a dotted line in the figure. The MFIS for 

the first step also increases with the field rate. 

Figure 3.11 shows the MFIS response with field rate of 50 G/sec during the 

cyclic behavior under 2 MPa. In the first cycle magnetic field is reversed at the end of 

the first stage reorientation and in the second cycle maximum field of 11 kG is applied. 

When the field is unloaded in the first cycle after reaching the end of first step, the back 

reorientation starts at 4 kG and completes at 1.2 kG. If the field is unloaded from 11 kG 

after completing the second step reorientation then the first back reorientation step starts 

at 7 kG and finishes at 3 kG while the second step back transformation starts at 2.5 kG 

and finishes at 1.2 kG. Magnetic field hysteresis for both stages is very close.       

The observed rate dependency can be attributed to the difference between the 

nucleation and propagation barrier strengths for twins. At lower rates, the reduction in 

MAE due to both the twin boundary motion and the decrease in the volume fraction of 

the variant 1, (initial variant), occurs in a much faster rate than the increase in MAE due 

to the magnetization rotation in the variant 1. The two-stage reorientation is observed 

because once some propagation occurs and the MAE is quickly reduced, the propagation 

stops due to this fast  reduction.  Higher field levels are required to increase the MAE  to  
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Figure 3.10 a) Effect of magnetic field rate on the MFIS evolution under 3 MPa 
showing two-stage reorientation, b) maximum and first stage MFIS magnitudes as a 
function of field rate.  

 

 



 53

sufficient levels for the propagation to start again because more energy is needed than 

the one required for the propagation itself. If the field rate is sufficiently high, the 

magnetization rotation occurs faster. Thus, at higher field rates, accompanying 

magnetization rotation and increase in MAE can compensate the decrease in energy due 

to the volume fraction change. This leads to the observation of one step reorientation and 

higher strain levels as compared to the response under low field rates since the available 

energy is not spent for restarting the propagation. The creep-like behavior observed in 

NiMnGa alloys is neglected due to short time span in these experiments. 

 

3.7 Stress-Induced Martensite Reorientation under Constant Magnetic Field 

In this section, instead of holding stress constant and applying magnetic field as 

in the previous sections, compressive stress is applied under constant applied magnetic 

field with a rate of 0.2 MPa/sec.  

Figure 3.12 shows the effect of magnetic field on the stress-strain behavior of 

martensite at -95 ºC. Prior to each experiment, single variant martensite was obtained by 

applying 16 kG under 1MPa as a reference starting point. Then the magnetic field was 

set to the desired field magnitude and maximum stress of 14 MPa was applied in each 

case. The applied magnetic field magnitude was decreased 2 kG after each test but for 

clarity only selected responses are shown. Starting strains for the 4 kG and 0 G cases are 

not at zero since some back transformation occurred during decreasing the magnetic 

field from 16 kG to 4 kG and 0 kG.  

In Figure 3.12, when stress is applied, there is an elastic deformation of single 

variant martensite followed by the reorientation to the second variant and elastic 

deformation of the second variant. It is clear that, the applied field shifts the stress levels 

considerably up. The stress-strain behavior under magnetic fields at and above 8 kG is 

similar to the rubber-like or pseudoelastic response of shape memory alloys. The 

incomplete back transformation under 4 kG and 0 kG cases are completed when a 

magnetic field of 16 kG is applied after unloading.  
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Figure 3.11 MFIS response of the Ni51.1Mn24.0Ga24.9 single crystals under 2 MPa 
constant stress with magnetic field rate of 50 G/sec showing two step reorientation 
behavior in detail.  
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Figure 3.12 Effect of magnetic field on the stress-strain response the Ni51.1Mn24.0Ga24.9 
single crystals during martensite reorientation. The test temperature was -95 °C. 
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The resulting strain due to stress induced variant reorientation is 5.7% which is 

almost the same strain magnitude obtained by magnetic field induced variant 

reorientation under constant stress. This would be expected in the case of complete 

reorientation since the field and stress favors variants with short axes along their applied 

directions.   

The stress induced reorientation in Figure 3.12 occurs with very small hardening 

up to 4% and then hardening increases considerably, indicating that higher stress levels 

are needed for further reorientation. This behavior may be correlated with the two-stage 

reorientation observed in the strain vs. magnetic field response under low field rates. 

Moreover, for stress-induced reorientation under 12 and 16 kG, at around 2.5 % strain 

magnitude, there is a kink which could be an indication of the activation of different 

twin systems.       

Figure 3.13 shows the incremental strain experiment under 16 kG at -95 ºC. 

Loading interrupted at different strain levels in order to determine the effect of strain on 

unloading response and hysteresis. The reorientation between the variants is fully 

recoverable in all cases. It is clear that there is no significant training effect and stress-

strain response follows the same loading path in each case. During unloading, the stress 

hysteresis is constant for strain levels up to 3% and then increases with strain magnitude. 

The change in hysteresis seems to be related with hardening of stress after 3-4 % which 

could be another indication of interacting different twin system which increases the 

dissipation energy, thus the stress hysteresis.    

Magnetostress is defined as the difference in the stress levels with and without 

magnetic field at 3% strain. Figure 3.14 shows the magnetostress obtained from Figure 

3.11 where other reported MFIS levels are also included for comparison [7, 13, 90, 91].  

The magnetostress increases with magnetic field up to 14 kG in the present case 

and then saturates. The maximum magnetostress observed is 5.7 MPa. The 

magnetocrystalline anisotropy energy can be determined from Figure 3.10 using [91];  

0maguK ε×σ=         (3.4) 
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where σmag is the magnetostress and εo is the reorientation strain. If εo is taken as 5.8 % 

and σmag as 5.7 MPa , Ku is found to be 3.30 x105 J/m3 which is higher than the 

previously determined Ku values (~2.65x105 J/m3) for NiMnGa [13]. The difference 

between the present study and previous ones stems from the high σmag values observed 

here. The high magnetostress can be attributed to the high MAE due to the low operating 

temperature in the present study.  

Another important conclusion from Figure 3.14 is that magnetostress is linearly 

proportional to the magnetic field up to 10 kG. An empirical linear relation can be 

written to determine the change in stress as a function of magnetic field for MSMAs 

considering the magnetocrystalline anisotropy energy, reorientation strain and saturation 

magnetic field, as follows: 

( )0s

um

*H
K

H ε
=

Δ
σΔ         (3.5) 

where Δσm is the change in stress with applied field (magnetostress), ΔH is the change in 

magnetic field and Hs is the saturation magnetic field. It is important to note that the 

slope in Figure 3.14 for all reported 10M Ni2MnGa martensite responses is about the 

same, 0.55 MPa/kG. Additionally, the slope for the 14M martensite of NiMnGa single 

crystals (0.23 MPa/kG) in the figure is lower than the 14M martensite cases which can 

be attributed to the higher reorientation strain of the 14M martensite (ε0 ~ 10%, Equation 

3.5)[47]. These observations support the argument that the slope obtained in Figure 3.13 

is a material property which depends on the crystallographic structure and modulation.      
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Figure 3.13 Stress-strain response of the Ni51.1Mn24.0Ga24.9 single crystals under a 
constant magnetic field of 16 kG at -95 °C. The loading was interrupted at selected strain 
levels for better understanding of strain and hysteresis evolution.  
 
 
 

6

5

4

3

2

1

0

M
ag

ne
to

st
re

ss
, M

Pa

20151050
Magnetic Field, kG

 Current Study, 10M, -95 oC
 Heczko et al., 10M, 25 oC
 Straka  et al., 10M, 20 oC
 Mullner et al., 10M, 25 oC
 Sozinov et al., 14M, 20 oC

Ni2MnGa Single Crystals 

 
Figure 3.14 Magnetostress as a function of applied magnetic field for NiMnGa single 
crystals with different martensite modulation [7, 13, 90, 91].  
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CHAPTER IV 

STRESS-ASSISTED FIELD-INDUCED PHASE 

TRANSFORMATION IN Ni2MnGa SINGLE CRYSTALS 
 

It is necessary to discuss some of the similarities between the field-induced and 

temperature-induced phase transformations to better understand the work presented 

herein. Figure 4.1.a shows the reversible phase transformation response in conventional 

SMAs under applied stress. The high temperature phase, austenite, transforms to 

martensite as temperature decreases and since a bias stress is applied, certain martensite 

variants are selected among others; resulting in an external macroscopic strain. Upon 

heating, martensite transforms back to austenite and strain is recovered fully in the 

absence of plastic deformation. The main goal of working with MSMAs is to replace the 

effect of temperature on phase transformation by a magnetic field, and thus, obtain the 

same response under stress upon field variation, which would lead to a much faster 

response. Under a constant stress and temperature, phase transformation can be induced 

by a magnetic field in Ni2MnGa single crystals, which results in a response as shown in 

Figure 4.1.b. As the applied field decreases, single magnetic domain austenite transforms 

into multi domain martensite and vice versa. This phenomenon is termed stress-assisted 

field-induced phase transformation and is analogous to stress-assisted thermally-induced 

phase transformation as shown in Figure 4.1.a. 

 

4.1 Pseudoelastic Response 

The stress-strain response of the Ni51.1Mn24.0Ga24.9 single crystals under zero 

field was determined under compression along the [100] orientation as a function of 

temperature as shown in Figure 4.2. Two-stage martensitic transformation occurs during 

loading at temperatures between -70 and -40 ˚C. At these test temperature interval, the 

initial phase is the intermediate (I) phase as shown by the magnetization results in 

Chapter III. Elastic deformation of the I phase is followed by a two-stage stress-induced 

martensitic transformation. These martensitic phases are fully recoverable upon 
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unloading, leading to pseudoelasticity. A similar stress– strain response of Ni2MnGa 

single crystals was recently observed by Kim et al. [92] in which the two-stage 

transformation was attributed to the I phase to an unknown martensitic phase (called X-

phase) to the 10M tetragonal martensite phase transformations. The I phase is thermally 

induced between the parent and 10M tetragonal martensite that has been reported 

extensively in the past [29]. The X-phase, on the other hand, is only detected under 

stress and shows some peculiar behavior, however, its crystallographic structure is not 

known at this point. At -80 ˚C, I-phase transforms to 10M martensite without 

transforming first to the X-phase (not shown in the figure). For temperatures higher than 

-40 ˚C, the first stage transformation vanishes and only one-stage transformation from I 

phase to 10M martensite (between -40 ˚C to -20 ˚C) and parent (P) to 10M martensite 

(above -20 ˚C) take place during loading. The critical stress for I-phase to X-phase 

transformation decreases while critical stresses for X-phase to 10M martensite or parent 

phase to 10M martensite increase with temperature.   

 

4.2 Isobaric Thermal Cycling 

Brewer [93] conducted thermal cycling experiments at stress levels ranging from 

5 MPa up to 100 MPa to determine the phase transformation strain and temperature as a 

function of applied stress. He reported that the transformation temperature for the I-

phase to 10M martensite transformation increases with increasing stress, resulting in 

positive Clausius-Clapeyron slope. The X-phase to I-phase transformation occurs at 

stress levels at or below 20 MPa, while the X-phase to martensite transformation occurs 

above 25 MPa. The temperatures for X-phase to I-phase transformation decrease with 

increasing stress level, up to about 25 MPa resulting in a negative Clausius-Clapeyron 

slope. On the other hand, the transformation temperatures for parent phase to X-phase 

and I-phase to 10M martensite increase with increasing stress levels. 
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(a) 

 
(b) 

Figure 4.1 Schematics of reversible martensitic phase transformation upon cycling (a) 
temperature in conventional shape memory alloys and (b) magnetic field in magnetic 
shape memory alloys due to field-induced phase transformation. In both cases the stress 
is kept constant during the phase transformation.  
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Figure 4.2 Pseudoelastic response of Ni51.1Mn24.0Ga24.9 single crystals as a function of 
temperature under compression along the [100] orientation. The critical stress for 
inducing transformation increases with temperature for the second stage while it 
decreases for the first stage.  

 

 

Figure 4.3 details the multiple phase transformation sequence that occurs in 

Ni51.1Mn24.0Ga24.9 under 20 MPa [93]. Upon cooling, the specimen transforms from the 

parent phase to the X-phase. This transformation is denoted by the steadily increasing 

strain as temperature decreases. The specimen then transforms from the X-phase to the I-

phase. Since the I-phase is similar in structure to the parent phase, the X-phase to I-phase 

transformation results in a tensile strain. Therefore, as the specimen transforms to the I-

phase, the strain obtained from the X-phase is diminished. Finally, upon cooling the 

specimen transforms from the I-phase to 10M martensite. 
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Figure 4.3 Thermal cycling response under a compressive stress of 20 MPa illustrating 
the parent phase to X-phase to I-phase to 10M martensite transformation sequence in 
detail [93]. 
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4.3 Stress-Temperature Phase Diagram 

Pseudoelasticity and thermal cycling under applied constant stress experiments 

are used to construct the stress-temperature phase diagram for Ni51.1Mn24.0Ga24.9 shown 

in Figure 4.4. The isobaric cooling-heating experiments are used to determine the 

transformation temperatures: Ms, X-phase start (Xs), and the I-phase start (Is) 

temperatures, as a function of externally applied compressive stress and critical stresses 

for phase transformations are extracted from pseudoelasticity experiments shown in 

Figure 4.1 and added to the plot. Figure 4.4 is used to determine the Clausius-Clapeyron 

relationship of each phase. The solid and hallow markers show the results from the 

isobaric thermal cycling pseudoelasticity experiments, respectively [93]. 
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Using Figure 4.4, it is possible to determine the stable phase for a given set of 

stress and temperature. The rate of increase in the critical stress level for the X-phase to 

10M and parent phase to X-phase are 2.0 and 8.1 MPa/˚C while the rate of decrease in 

the one for the I-phase to X-phase transformation is -0.4 MPa/˚C. Kim et al. [92] have 

recently reported similar values of 2.0 MPa/˚C and -0.25 MPa/˚C for the X-phase to 

10M and I-phase (or parent phase) to X-phase transformations, respectively.  
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Figure 4.4 Stress-temperature diagram for Ni51.1Mn24.0Ga24.9 illustrating the multiple 
phase transformations [93]. 

 

 

The transformation sequence during stress loading at a given temperature can be 

determined by the stress-temperature phase diagram provided. For temperatures lower 

than -90 ˚C, martensite reorientation takes place in 10M martensite. I-phase transforms 
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directly to 10M martensite and I phase transforms to X-phase and then 10M martensite 

at temperatures between -90 ˚C and -70 ˚C and -70 ˚C to -20 ˚C, respectively. Austenite 

transforms to X-phase and then 10M martensite at temperatures between -20 ˚C and 0 

˚C, while at higher temperatures austenite transforms to 10M martensite only. 

 

4.4 Effect of Magnetic Field on Pseudoelasticity Response 

Figure 4.5 shows the effect of magnetic field on the pseudoelastic response at -70 

˚C. Prior to each stress cycle in the figure, the external magnetic field was applied along 

the [011] direction, perpendicular to the loading direction ([100] orientation) and kept 

constant during the loading. After each stress cycle, the field was increased 

incrementally in steps of 0.1 Tesla reaching up to 1.6 Tesla (16 kG) in the last cycle. For 

the cycles during which complete pseudoelasticity was not observed at this temperature 

(for example under 0, 0.2, and 0.4 Tesla fields shown in the figure), the field was 

increased to 1.6 Tesla after unloading to recover all residual strain and then reduced 

down to the field under which the next stress cycle was conducted. The critical stress 

levels for phase transformation in both stages increase with the magnetic field up to a 

certain level and then stay constant at higher fields. The inset in the figure shows the 

change in the critical stresses with applied magnetic field for the first and second stages.  

The difference between the plateau stress levels with and without magnetic field 

is defined as magnetostress. The magnetostress levels for both the first and second stages 

are determined to be around 7 to 8 MPa at -70 °C. The critical stresses start to increase at 

magnetic fields above 0.2 Tesla (T). The increase for the first stage is more rapid than 

the second stage and it saturates at lower magnetic field magnitudes. The saturation 

magnetic fields for the increase in the critical stress and magnetostress are 0.7 T for the 

first and 1.0 T for the second stages.  The difference in saturation field magnitudes 

should be related to the different critical magnetic field to reach saturation along the hard 

axis and possibly different saturation magnetization magnitudes of the product phases.  It 

is important to note that the critical stress levels for the reverse transformation also 

increase almost the same amount as the forward transformation (except for the stress 
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cycles in which complete pseudoelasticity is not observed) indicating that the field does 

not notably affect the energy dissipation at this temperature. 
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Figure 4.5 Effect of magnetic field on the pseudoelastic response of the 
Ni51.1Mn24.0Ga24.9 single crystals at -70 ˚C. The critical stress levels for inducing the 
phase transformation increase with field up to a certain level and saturate at higher 
fields. The inset shows the change in the critical stresses with applied magnetic field for 
the first and second stages. 

 

 

Figure 4.6 shows the effect of temperature on the compressive stress-strain 

response of the single crystals under zero and 1.6 Tesla, the maximum magnetic field 

can be applied with the current setup. It is clear in Figure 4.6 that the magnetic field 

shifts the stress required to induce the phase transformation to higher levels, i.e. it 

stabilizes the initial phase (either X, I or P phases), without noticeably affecting the 

stress hysteresis and transformation strain. The critical stresses for forward and 
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backward transformations are shown by forward,cσ  and reverse,cσ , respectively under no 

magnetic field and and , respectively under magnetic field as shown on 

the figure. The effect of magnetic field vanishes with increasing temperature and both 

the magnetostress and the transformation strain decreases with increasing temperature. It 

is important to note that during phase transformation at low temperatures, there is a 

plateau region without any strain hardening that changes into a region with significant 

hardening with increasing temperature. This behavior can be attributed to the nucleation 

of single variant martensite at low temperatures and nucleation of multiple martensite 

variants at high temperatures. At higher temperatures the elastic mismatch between the 

parent and product phases increases, which could result in an increase in the stress 

required for phase front propagation and thus, result in the nucleation of multi martensite 

phase fronts. The decrease in transformation strain with increasing temperature can be 

attributed to incomplete transformation/detwinning process under the present applied 

stress levels. However further investigation is needed to clarify this phenomenon.  

H
forward,cσ

H
reverse,cσ

Figure 4.7.a shows the pseudoelastic response for both stages at -60 °C with and 

without magnetic field demonstrating a major difference between the responses of these 

two stages. If the sample is unloaded when the first stage transformation is completed, a 

pseudoelastic loop with very small hysteresis is observed. For both stages, the applied 

field shifts the pseudoelastic loops to higher stress levels. However, in the first stage, the 

field and the resulting magnetostress is sufficient to completely separate the 

pseudoelastic loops with and without magnetic field as shown in the figure. In the 

second stage,  level is not sufficient for the complete separation of the loops due to 

the large stress hysteresis (  in the figure). Figure 4.7.b presents the effect of magnetic 

field on the first stage transformation as a function of temperature in more detail. It is 

clear that the field separates the pseudoelastic loops in a certain temperature interval, i.e.  

whenever the magnetostress is larger than the stress hysteresis.  

magσ

σΔ
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Figure 4.6 Pseudoelastic response of Ni51.1Mn24.0Ga24.9 single crystals as a function of 
temperature and magnetic field under compression along the [100] orientation. cσ : 
Critical stress for the onset of phase transformation. 

 

 

4.5 Magnetic Field-Induced Phase Transformation for the First Stage 

Transformation 

The separation in pseudoelastic loops with and without magnetic field provides a 

unique opportunity as one can induce transformation between the phases by switching 

the field on and off under constant stress levels, which results in a stress-assisted 

reversible field-induced martensitic phase transformation. The crystal can be loaded 

under a magnetic field to a stress level lower than  but higher than . 

When the magnetic field is removed, forward transformation would occur since the 

parent phase (the I phase in the present case) is not stable at that stress level under zero 

field. Using this procedure (Procedure I), the forward and reverse transformation can be 

H
reverse,cσ forward,cσ
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induced cyclically upon switching the field on and off in the stress range between 

 and . forward,cσ
H

reverse,cσ

Similarly, a magnetic field-induced reverse transformation can also be induced, if 

the crystal is loaded under zero field to a stress level above forward,cσ  allowing forward 

transformation to occur and the stress level is kept constant between the  and 

. When the magnetic field is applied, the reverse transformation occurs since the 

martensite (the X phase in the present case) is not stable at that stress level under the 

field.  Figure 4.8.a demonstrates an example of this procedure (Procedure II) with 

accompanying MFIS vs. magnetic field response (Figure 4.8.b) at -55 °C. The stress was 

increased up to point 1 (> ) leading to the I→X transformation and then 

unloaded to point 2 (< ) under zero field. At point 2, the stress was kept constant 

at 22 MPa and the field was applied, which triggers the reverse transformation to the I 

phase at around 0.7 Tesla in the first cycle and at 0.5 Tesla in the following cycles.  

H
reverse,cσ

forward,cσ

forward,cσ

H
reverse,cσ

Switching the field on and off continuously induces forward and reverse 

transformations without significant change in the field magnitudes (points 3 to 6). Thus, 

the field can do work against stress levels above 20 MPa. The MFIS was only about 

0.5% because of the low transformation strain along the [100] orientation accompanying 

the I→X transformation. If the stress is reduced incrementally, the field required to 

trigger the forward and reverse transformations decreases. And at 18 MPa (point 7), the 

field can only induce reverse transformation at 0.2 Tesla because the stress level is lower 

than . forward,cσ
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(b) 

Figure 4.7 (a) The pseudoelastic response of Ni51.1Mn24.0Ga24.9 at -60 ˚C under zero 
(solid lines) and 1.6 T applied magnetic field (dotted lines), (b) Temperature dependence 
of the critical stress levels and stress hysteresis during the first stage transformation with 
and without magnetic field. 
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Figures 4.9 a and b show the stress vs. strain and strain vs. applied magnetic field 

response of the Ni51.1Mn24.0Ga24.9 [100] single crystals at -50 ˚C, respectively. In this 

series of experiments, the specimen was loaded under zero magnetic field till the end of 

the first stage. Then, the magnetic field was cycled twice between 0 and 1.6 T at various 

descending stress levels and the strain response was recorded. It is clear in the figure that 

the MFIS and the critical magnetic fields for the onset of reverse transformation are a 

function of stress. For stress magnitudes higher than 22 MPa, the MFIS is low but fully 

recoverable without significant magnetic hysteresis. Under 20 and 22 MPa, the MFIS is 

as high as 0.25 % and fully reversible upon field removal. The reversible MFIS levels 

shown in Figure 4.9 are lower than the one shown in Figure 4.8 due to higher testing 

temperature where transformation strain decreases with temperature (Figure 4.7.b). 

Under 18 MPa, the magnetic field can induce reverse transformation with 0.3 % strain. 

However, only 0.12 % strain is reversible when the field is cycled. This is because of the 

fact that the stress level is not high enough for complete forward transformation. It is 

important to note that the critical magnetic fields for inducing martensite to parent phase 

transformation decrease with decreasing stress level. This shows that magnetic field 

needs to provide more energy to overcome the energy barrier to induce phase 

transformation at higher stress levels. Under 18, 20 and 22 MPa the critical magnetic 

fields for the reverse transformation are approximately 0.15, 0.23 and 0.32 Tesla, 

respectively. As temperature decreases, the transformation strain and the critical stress 

levels for the first stage transformation increase, but at the same time, the difference 

between  and  decreases. At -70 ˚C, H
reverse,cσ forward,cσ forward,cσ  is already higher than 

 and thus, only one-way field-induced phase transformation is observed.  H
reverse,cσ

Reversible MFIS levels are less than 0.1% above 26 MPa in Figure 4.9.b. The 

small MFIS might be attributed to magnetostriction or elastic strain due to reversible 

martensite twin motion as observed in other NiMnGa MSMAs [18]. Although the 

recoverable strain magnitude is low compared to the phase transformation strain, it is 

still higher than the strain observed in most magnetostrictive materials [18, 94]. 
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(b) 

Figure 4.8 Demonstration of the stress-assisted reversible (cyclic) field-induced phase 
transformation at low field magnitudes at -55 ˚C. Data in (a) and (b) are from the same 
experiments. The number sequence demonstrates the loading path.  
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4.6 Magnetic Field-Induced Phase Transformation for the Second Stage 

Transformation 

Figure 4.10 shows the stress-strain-magnetic field response during the second 

stage transformation from the X phase to 10M martensite at -60 ˚C demonstrating the 

field-induced one way shape memory effect with accompanying strain vs. magnetic field 

response (Figure 4.10.b). The sample was loaded up to 64 MPa under 1.6 Tesla (point 

1), i.e. below  but aboveH
forward,cσ forward,cσ , and then the magnetic field was removed while 

keeping the stress constant. The forward phase transformation took place resulting in a 

2.4% strain (point 2) as the magnetic field was reduced from 0.7 to 0.5 Tesla. The 

reapplication of the field did not trigger reverse transformation at this stress level (point 

3). After the forward transformation, the sample was unloaded to 24 MPa (point 5) under 

zero field, i.e. to a stress level between  andH
reverse,cσ reverse,cσ . Then, the magnetic field 

was applied resulting in 3.1 % MFIS (point 6) due to the reverse transformation at the 

field magnitudes between 0.1 to 0.6 Tesla. When the magnetic field was cycled between 

0 to 1.6 Tesla at 24 MPa, a cyclic MFIS of 0.3% was observed due to the reversible 

field-induced I↔X martensitic phase transformation since the stress level is between 

 and  for the I↔X transformation (the first stage). Unloading the sample 

under 1.6 Tesla completes the pseudoelastic cycle (point 9). This demonstrates that in 

one pseudoelastic cycle it is possible to activate both reversible and one-way field-

induced phase transformation depending on the stress level. 

forward,cσ
H

reverse,cσ

By utilizing the field-induced phase transformation to 10M martensite, the stress 

at which MFIS is observed can be in the range of 30 to 140 MPa and 5 to 120 MPa for 

forward and reverse transformations, respectively, in the temperature range of -70 to -10 

˚C. These stress levels achieved in the second stage transformation is significantly higher 

than the actuation stress levels observed in the first stage transformation and field-

induced martensite variant reorientation in NiMnGa MSMAs . 
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(b) 

Figure 4.9 Demonstration of the reversible (cyclic) field-induced phase transformation 
at low field magnitudes in Ni51.1Mn24.0Ga24.9 single crystals at -50 °C, a) stress vs. strain 
and b) corresponding strain vs. magnetic field response.  
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(b) 

 
Figure 4.10 Demonstration of the field-induced one-way shape memory effect via X to 
10M martensitic transformation or vice versa at low field magnitudes. Data in (a) and (b) 
are from the same experiments. The number sequence demonstrates the loading path.  
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4.7 Magneto-Microstructural Mechanisms for Magnetic Field-Induced Phase 

Transformation 

Figures 4.11.a and 11.b are schematics demonstrating a possible magneto-

microstructural mechanism for reversible magnetic field-induced phase transformation 

under constant stress. Initially, the single crystal sample has the parent phase structure 

(the I phase in the present case) with magnetic domains arranged in such a way that the 

total magnetization is zero (not shown in the schematic). With the application of a 

sufficient magnetic field, magnetization direction of the domains rotates towards the 

applied field direction as shown by 1A in the schematic. When the compressive stress 

along the [100]parent direction is increased up to a stress level above  but below 

, elastic deformation of the parent phase takes place with no change in 

magnetization direction (1B in Fig. 4.11.a). Similarly, slight decrease in the magnetic 

field does not change the magnetization direction (1B in Fig. 4.11.b). When the magnetic 

field is decreased, the parent to martensite (the X phase in the present case) phase 

transformation is triggered because the parent phase is not stable at that stress level 

under zero magnetic field. During the phase transformation, the martensite nucleates and 

grows (1C). Further decrease in the field magnitude leads to the formation of single 

variant martensite (1D). Removing the magnetic field completely after the 

transformation, results in multi magnetic domains with magnetization direction along the 

easy axis (compression direction) to minimize the total magnetization (1D’).  

forward,cσ

H
reverse,cσ

After the transformation is completed, reapplication of the magnetic field triggers 

the martensite to parent phase reverse transformation (Figure 4.11.b). Under the constant 

stress level, applying field perpendicular to the compression direction causes the rotation 

of the magnetization direction of martensite towards the field direction. As the field 

magnitude increases, the rotation angle of the magnetization away from the easy axis 

increases, so does the stored MAE (1E). When the MAE reaches a critical magnitude the 

martensite to parent phase transformation takes place instead of further rotation of 

magnetization (1F), i.e. the parent phase with magnetization direction along the field 

nucleates and grows.  
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(a) 

 
(b) 

Figure 4.11 Schematics of the reversible magnetic field-induced phase transformation 
under a constant stress level. (a) Stress vs. strain and (b) corresponding strain vs. 
magnetic field response.  
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It is important to note that the lower MAE of the parent phase in Ni2MnGa 

results in the rotation of the magnetization at lower magnetic field magnitudes than that 

for the magnetization rotation in martensite. In this mechanism, the evolution of 

magnetic domains is considered in an average sense, however, the real material behavior 

could be more complicated than what is presented here, especially if the specimen shape 

and size, and demagnetization energy are considered.  

 Figure 4.12 is a schematic demonstrating a possible magneto-microstructural 

mechanism for one-way magnetic field-induced phase transformation under constant 

stress levels similar to the experiment shown in Figure 4.10. Initially, the single crystal 

sample is in the parent phase with magnetic domains arranged in such a way that the 

total magnetization is zero (not shown in the schematic). With the application of a 

sufficient magnetic field, magnetization direction of the domains rotates towards the 

applied field direction as shown by 1A in the schematic. When the compressive stress 

along the [100]parent direction is increased up to 1σ , above forward,cσ  but below , 

the elastic deformation of the parent phase takes place with no change in magnetization 

direction as shown by 1B. When the magnetic field is removed under constant stress 

H
forward,cσ

1σ , 

parent to martensite phase transformation is triggered because the parent phase is not 

stable at that stress level under zero magnetic field. During the phase transformation, 

martensite nucleates and grows as shown by 1C. Further decrease in the field 

magnitudes leads to the formation of single variant martensite as shown by 1D. The 

magnetization direction of the martensite should be along the compression direction 

under zero magnetic field since the easy axis of martensite is along that direction. 

Removing the magnetic field completely after transformation will result in multi 

magnetic domains with magnetization direction along the easy axis to minimize the 

magnetization as shown by 1D’ in the schematic. After the parent to martensite phase 

transformation, the reapplication of the field will not result in martensite to austenite 

phase transformation since  < . If not, then the stress needs to be 

unloaded under zero field as in the case of Figure 4. Unloading the stress to σ

H
reverse,cσ

H
forward,cσ

2 (  H
reverse,cσ
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> σ2 > reverse,cσ ) will only result in elastic strain without any change in domain structure 

(1E). At this stress level, applying field perpendicular to the compression direction 

causes the rotation of the magnetization direction of martensite towards the field 

direction. As the field magnitude increases, the rotation angle of the magnetization away 

from the easy axis increases, so does the stored MAE. When the MAE reaches to a 

critical magnitude, i.e. to the critical energy needed for reverse transformation, 

martensite to parent phase transformation starts to take place instead of further rotation 

of the magnetization. The parent phase with magnetization direction along the field 

nucleates and grows as shown by 1F. It is important to note that the lower MAE of the 

parent phase results in the rotation of the magnetization at lower magnetic field 

magnitudes than that for the magnetization rotation in martensite. When the field is 

increased above a critical value, the reverse transformation is completed and unloading 

under the field completes the pseudoelastic cycle, shown as 1A. 

 

4.8 Mechanical Conditions for Reversible and One-Way Field-Induced Phase 

Transformation 

Figure 4.13.a shows the critical stress levels for phase transformations with and 

without magnetic field for the first stage phase transformation as a function of 

temperature. Note that in Figure 4.13 the compressive stresses are shown as positive 

stresses. In the figure, the stress range between forward,cσ  and  forms the area in 

which the reversible field-induced phase transformation can be observed provided that 

 > .  The stress range for which reversible strain is obtained decreases 

with decreasing temperature due to the increasing stress hysteresis and nearly constant 

magnetostress. Above -40 °C, the first stage transformation ceases. As temperature 

increases,  exceeds

H
reverse,cσ

H
reverse,cσ forward,cσ

H
reverse,cσ  

H
forward,cσ  because of strain hardening at higher temperatures. 
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(a) 

 
(b) 

Figure 4.12 Schematic of the magnetic field-induced forward and reverse phase 
transformation under different constant stress levels. (a) stress vs. strain and (b) 
corresponding strain vs. magnetic field response.  
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There is no stress or temperature range in which reversible field-induced phase 

transformation was observed for the second stage phase transformation. Figure 4.13.b 

shows the stress hysteresis and magnetostress levels as a function of temperature for this 

stage extracted from experiments similar to the ones shown in Figure 4.7. Stress 

hysteresis and magnetostress were determined at 50 % of the transformation strain. One-

way field-induced phase transformation can occur at temperatures where magnetostress 

is not zero. The reason for the lack of reversible field-induced phase transformation in 

this stage is the stress hysteresis being larger than the magnetostress. Even though the 

stress hysteresis decreases from 32 MPa to 11 MPa by increasing temperature from -70 

˚C to 10 ˚C, the magnetostress also changes with temperature and the variation in stress 

hysteresis and magnetostress with temperature is not uniform. The figure can be divided 

into three regions depending on the initial phase, i.e. X→10M, I→10M and P→10M 

phase transformation regions. The first region is between -70 ˚C and -50 ˚C where the 

stress hysteresis increases while the magnetostress decreases with temperature. The 

second region is between -50 ˚C and -20 ˚C where stress hysteresis decreases 

considerably with temperature while magnetostress is constant. The last one is above -20 

˚C where the stress hysteresis is almost constant while magnetostress decreases with 

temperature and vanishes above 10 ˚C.  

The possible reasons for the change in magnetostress with the type of parent 

phase and temperature will be discussed in the following sections. The same dependence 

for stress hysteresis can be attributed to different lattice incompatibilities between 10M 

martensite and X, I and P phases. From Figure 4.13.b, it can be concluded that the X and 

10M phases are less compatible while the P and 10M phases are quite compatible. 

Lattice compatibility also changes with stress due to the difference between the changes 

in lattice parameters of transforming phases under stress. Since the stress level for the 

onset of transformation changes with temperature, this indirectly leads to the different  

temperature dependence of the lattice parameters of the transforming phases, and thus, 

brings about the temperature dependence of compatibility and stress hysteresis. 
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(b) 

Figure 4.13 (a) Actuation stress ranges for the reversible and one-way field-induced 
phase transformations in between I-phase and X-phase as a function of temperature. (b) 
Stress hysteresis and magnetostress in the second stage phase transformation as a 
function of temperature. The figure is divided into three regions depending on the type 
of the parent phase as X→10M, I→10M and P→10M phase transformation regions. 
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The following mechanical conditions need to be fulfilled for the realization of 

one-way and reversible field-induced phase transformations in the pseudoelastic 

temperature regime: 

One-way field-induced phase transformation: 

0forward,c
H

forward,c ≠σ−σ  and/or     (4.1) 0reverse,c
H

reverse,c ≠σ−σ

Reversible field-induced phase transformation: 

0forward,c
H

reverse,c >σ−σ  or      (4.2) 0H
forward,creverse,c >σ−σ

These equations are valid if the applied magnetic field changes the critical 

stresses for transformation. If the applied magnetic field decreases the critical stresses, 

i.e. 0 , then the field application would result in martensite to 

parent phase transformation in suitable stress ranges. On the other hand, if the field 

increases the critical stresses (i.e. 0 ), then the field application 

would result in parent to martensite phase transformation.  

forward,c
H

forward,c <σ−σ

forward,c
H

forward,c >σ−σ

 

4.9 Effect of MAE on Phase Transformations in NiMnGa Alloys 

In order to clearly capture the effect MAE on the superelastic response, two 

different paths to induce austenite to single variant martensite phase transformation are 

shown by the two schematics in Figure 4.14. In the first case, the magnetic field is 

applied prior to the stress loading while in the second case, field is applied after stress 

induced phase transformation. In both cases, the initial phase is austenite with multi 

domains where the magnetization direction in the domains is along the easy axis of 

austenite as shown by 1A and 2A. If a magnetic field higher than the critical one for 

magnetization saturation is applied, perpendicular to the compression axis, domain wall 

motion and magnetization rotation will result in single magnetic domain of austenite 

where the magnetization direction is along the field direction. With the application of 

compressive stress, martensite variant nucleates and propagates as shown by 1C. When 

martensite variant forms the magnetization direction will be along the applied field 
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direction since applied magnetic field is higher than the saturation magnetic field of hard 

axis. Further loading will result in single variant of martensite with magnetization 

direction parallel to the field direction. 

In the second case, the sample will be loaded to induce phase transformation 

without magnetic field. As shown by 2B, the stress induced martensite will have multi 

magnetic domains with their magnetization direction along the compressive direction 

which is also their easy axis of magnetization. The critical stress for phase 

transformation under zero field will e lass than the on under magnetic field as shown in 

Figure 4.5. Further loading will result in single variant of martensite with multi magnetic 

domains as shown by 2C. Application of high magnetic field upon transformation will 

result in single magnetic domain of martensite with magnetization direction parallel to 

the field direction where the stress levels in 1D and 2D are same and they are greater 

than the stress level at 2C, 231 σσσ >= .  

The total energies of the first and second cases are the mechanical energy plus 

the MAE of austenite and the mechanical energy plus the MAE of martensite, 

respectively. We can conclude that the increase in critical stresses is due to the 

difference between MAE of austenite and martensite, ΔGMAE, which can be represented 

as; 

( ) ( )parentumartensiteuMAE sinKsinKG θ−θ=Δ      (4.3) 

where  represents maximum MAE and uK θ  is the angle between the applied field 

direction and easy axis of magnetization of each phase. The schematic in Figure 4.14 

presents the fact that the increase of critical stresses under magnetic field is due to the 

MAE of martensite in cases where the MAE of austenite and the difference between 

saturation magnetization of phases are both negligible.  

The controversy in the results reported in the literature whether applied magnetic 

field results in martensite or austenite stabilization could be explained now [57, 58]. First 

of all, it is important to note that martensite is ferromagnetic where austenite is 

paramagnetic or ferromagnetic depending on the composition and it is important whether 

single crystals or polycrystals are used in the aforementioned studies [57, 58]. 
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Figure 4.14 Two schematics showing two different paths to induce austenite to single 
variant and magnetic domain martensite phase transformation. (a) Magnetic field is 
applied prior to the stress loading, (b) magnetic field is applied after the stress induced 
phase transformation. 

 

 

The increase in TTs with magnetic field is reported when paramagnetic austenite 

transforms to ferromagnetic martensite [52]. On the other hand, Kim et al. [95] reported 

that on a single crystal of NiMnGa with both ferromagnetic martensite and austenite, 

TTs decrease a few Kelvin’s with magnetic field under stress resulting in higher critical 

stress for phase transformation under magnetic field, which is also consistent with the 

results presented herein.  

The schematic in Figure 4.15 will be used to explain the effect of applied 

magnetic field on phase transformation in NiMnGa polycrystals depending on whether 

austenite is ferromagnetic (Figure 4.15.a) or paramagnetic (Figure 4.15.b). In the 

schematic, the area shown as M represents the total volume of the martensite phases in 

all grains. It is also assumed that the magnetization direction on each martensite grain is 

along its easy axis due to the high MAE of martensite. Total magnetization direction per 

unit volume of martensite, shown as Mm, is along some arbitrary direction in the 
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schematic since the direction of the short axis of martensite depends on the individual 

grain orientation of grains. Mm
x and Mm

y represent the horizontal and vertical 

components of Mm, respectively. The magnetization direction per unit volume of 

austenite, shown as Ma, is along the applied magnetic field direction due to its low MAE. 

When magnetic field magnitude is increased, the Mm
y is magnetically unfavorable where 

Mm
x and Ma are favorable. If MAE is large, meaning that the energy for the rotation of 

the Mm
y component towards the Mm

x direction is large, and Ma is larger than Mm
x, phase 

transformation from martensite to austenite will occur favoring the increase of total 

magnetization along the applied magnetic field.  

 

 

 
Figure 4.15 A schematic to explain effect of magnetic field on the phase transformation 
of MSMA polycrystals with a) ferromagnetic and b) paramagnetic austenite phase.  
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If austenite is paramagnetic, magnetization of austenite can be neglected with 

respect to magnetization of martensite. When magnetic field magnitude is increased, 

Mm
x component of martensite is the only favorable magnetization component. Since 

magnetization of austenite is neglected, applied magnetic field will result in phase 

transformation from austenite to martensite to increase the total magnetization along the 

applied magnetic field. It is also important to note that, in the second case the phase 

transformation doesn’t depend on the MAE magnitude. The field induced austenite 

stabilization reported by Murray et al. [57] and martensite stabilization reported by 

Jeong et al. [58] on NiMnGa polycrystals under applied stress can be explained by the 

schematics used above where the austenite was ferromagnetic in the former case and 

paramagnetic in the latter one as shown by the two schematics in Figure 4.15. 

Effect of magnetic field perpendicular to the compressive stress in a single 

crystal with ferromagnetic martensite is shown in Figure 4.14 and on polycrystals is 

shown in Figure 4.15.  Based on those observations, a schematic in Figure 4.16 will be 

used to demonstrate the effect of magnetic field on a single crystal in three different 

configurations based on whether austenite is paramagnetic or ferromagnetic and the field 

is applied parallel or perpendicular to compression axis. Figure 4.16.a corresponds to a 

case where austenite is ferromagnetic and the field is parallel to the compression 

direction. In Figure 4.16.b, austenite is paramagnetic and the field is perpendicular to the 

compression axis, and in Figure 4.16.c, austenite is paramagnetic and the field is applied 

parallel to the compression axis. In all cases, the product phase, i.e. martensite, is 

obtained by using two different paths: the field applied first and then loading or vice 

versa, as in the case shown in Figure 4.14. 

In Figure 4.16.a, when magnetic field is applied the domains in austenite will 

align themselves along the magnetic field by only domain wall motion shown as 3B. 

When the sample is loaded, a single variant of martensite will form with easy axis along 

the compression axis which is also the field direction, 3C. Further loading will result in 

transformation of austenite to martensite without any magnetization rotation, 3D. If we 

apply stress first, martensite will form with multi domains as shown by 4B and in the 
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end austenite will completely transform into martensite with multi magnetic domains 

where their magnetization direction is along the compressive direction, 4C. When 

magnetic field is applied domain wall motion will take place and a single magnetic 

domain of single variant martensite will form as shown by 4D. In this two case magnetic 

field plays a role during domain wall motion of both martensite, 4D, and austenite, 3B, 

and during the formation of martensite under magnetic, 3C. The energy required for 

domain wall motion is usually very small with respect to the anisotropy energy and 

mechanical energy and it will be neglected in this discussion. Also the effect of magnetic 

field during transformation can be neglected if saturation magnetization of martensite 

and austenite is close, which is the case when both phases are ferromagnetic. Overall 

there will be no effect of magnetic field in energy terms and corresponding critical stress 

terms.  

The case shown by Figure 4.16.b is similar to the case shown in Figure 4.16.a, 

but in this case austenite is paramagnetic. In paramagnetic austenite there will be no 

magnetic domains as in the ferromagnetic case. The transformation in both paths will be 

same as explained in the previous case. However, in this case magnetic field will favor 

the formation of martensite, 5C, since the saturation magnetization of martensite is much 

higher than austenite. The energy term that originates from the difference between the 

saturation magnetizations of austenite and martensite is called Zeeman energy difference 

and expressed as [15];  
s
parent

s
martensite

MP
mag M.HM.HG −=Δ →       (4.4) 

The critical stress for austenite to martensite phase transformation will decrease 

since magnetic field favors martensite in this case.    

The case shown by Figure 4.16.c is similar to the previous case but this time the 

field is applied perpendicular to the compressive axis. Application of magnetic field 

prior to loading will have no effect in austenite as shown by 7B. However, when 

martensite forms its magnetization direction will form along the applied field direction 

due to high magnetic field, 7C. Additionally since austenite is paramagnetic, magnetic 

field will favor the transformation from paramagnetic austenite to ferromagnetic 
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martensite and a single variant and single magnetic domain of martensite will be 

obtained after complete transformation. The second path of the case is same as in the 

previous case prior to the application of magnetic field. When magnetic field applied, 

8D, magnetization rotation and domain wall motion will take place and the final 

configuration will be a single variant and single magnetic domain of martensite. In this 

case, two energy terms, MAE and the Zeeman energy difference, will act in opposite 

ways. MAE favors austenite and results an increase in critical stresses while Zeeman 

energy favors martensite and results in decrease in critical stresses.  

 

 

 
 

(a) 
Figure 4.16 Effect of magnetic field on a single crystal in three different configurations, 
(a) austenite and martensite are ferromagnetic and field is applied parallel to 
compressive stress, (b) austenite is paramagnetic, martensite is ferromagnetic and field is 
applied parallel to compressive stress, (c) austenite is paramagnetic, martensite is 
ferromagnetic and field is applied perpendicular to compressive stress. 
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(b) 

 

 
(c) 

Figure 4.16 Continued 
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4.10 Actuation Stress and Work Output 

From the present data, the maximum stress level at which the reversible field-

induced first stage phase transformation is possible is about 28 MPa, which is almost an  

order of magnitude higher than the blocking stress levels observed in the field-induced 

martensite variant reorientation in NiMnGa MSMAs. To compare the actuation 

performance of some of the published Ni2MnGa MSMA compositions with the present 

results, the mechanical work output per unit volume was considered as a figure of merit 

and constructed Figure 4.17 in logarithmic scale. It should, however, be noted that for 

the stress assisted field-induced phase transformations, the work output values have 

contributions from both magnetic ( ) and mechanical energy 

( ) terms. In other words, external stress and applied magnetic field 

act in parallel while they act in series in the case of field-induced martensite variant 

reorientation. Actuation performance due to the stress-assisted field-induced phase 

transformation is, thus, considered to be the total work output response of the material, 

triggered reversibly by applied magnetic field. 

maxmag
mag MFISW ×σ=

max
mech MFISW ×σ=

Figure 4.17 is divided into three regions. The first one marked on the left hand 

side shows the actuation stress and work output levels due to field-induced martensitic 

variant reorientation as introduced in Chapter III [26, 31, 46, 48]. The second region 

marked in the lower right hand corner demonstrates the present results for the reversible 

field-induced phase transformation in the first transformation stage (X-phase to 10M 

martensite). The work output in this region is similar to that from the field-induced 

variant reorientation (the first region), however, the actuation stress is almost one order 

of magnitude higher in the former.  The solid line on the upper right hand corner (the 

third region) shows the actuation stress, MFIS, and work output levels from the one-way 

field-induced phase transformation (one-way shape memory effect) in the second 

transformation stage of the present alloy (i.e. between -80 and -40 °C). In this response, 

the work output increases from 660 to 1848 kJm−3 as the temperature increases from -80 

to -40 ˚C demonstrating that it is possible to achieve more than one order of magnitude 

higher work output and actuation stress as compared to that of field-induced variant 
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reorientation. At higher temperatures up to 10 °C, the stress level increases but the 

transformation is only one stage and the effect is one-way, thus, corresponding data 

points were not included in the figure. The third region also includes the area of 

anticipated performance levels that can possibly be achieved in NiMnGa alloys and 

other MSMAs. This requires identification of new alloy compositions and phase 

structures in which magnetic field application would separate the pseudoelastic stress 

hysteresis loops with and without field.  

A work output of 115 kJm−3 was obtained for the cyclic MFIS in the first stage 

transformation under 24 MPa actuation stress. The maximum work output of 1848 kJm−3 

was obtained in the second stage phase transformation at -40 oC under 84 MPa. Note that 

these work output levels are significantly higher than those of currently available 

ferroelectrics and magnetostrictive materials [19, 94, 96].  

It is clear that for the realization of reversible field-induced phase transformation, 

the stress and temperature-induced phase transformation characteristics should be well 

understood in terms of phase structure and temperature dependence of critical 

mechanical and magnetic properties. This is particularly important for NiMnGa alloys in 

which composition, orientation and stress state dependent multi-stage martensitic 

transformations have been reported [55]. As mentioned earlier, the multi-stage phase 

transformations in off-stoichiometric Ni2MnGa alloys can be a part of the four stage 

transformation sequence [55]. The alloy composition studied in this work experiences 

only the first two among which only the first stage was possible to reversibly induce by 

field. However, we also presented above that the mechanical and magnetic properties 

such as pseudoelastic stress hysteresis and magnetostress levels evolve differently with 

temperature for two different martensitic transformations implying the significance of 

temperature dependence of these properties. Therefore, it is crucial to explore the 

possibility of field activation in other transformation stages and clearly understand the 

effect of temperature and orientation on these stages. Note that the multi-stage 

martensitic transformation is not a requirement for the field-induced phase 
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transformation, however, it provides additional parameters to modify, and increases the 

possibility of observing reversible field-induced phase transformation. 
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Figure 4.17 MFIS and total work output vs. the actuation stress plots showing the 
literature data obtained to date utilizing field-induced martensite reorientation 
mechanism and the present results of field-induced reversible and irreversible phase 
transformations in NiMnGa MSMAs. The figure also shows a region of MFIS, actuation 
stress and work output that might possibly be achieved utilizing the simple guidelines 
introduced here and optimizing the suggested parameters. A grid of constant mechanical 
work output hyperbolas ranging from 2 and 2000 kJm−3 has been superimposed. 
Logarithmic scale is used for both axes for easy comparison.  
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CHAPTER V 

PHASE TRANSFORMATION IN NiMnCoIn ALLOYS 
 

NiMnCoIn experiments were carried out on two different batches where 

compression is applied along the [100] crystallographic orientation and magnetic field 

along the [011] orientation. The single crystals for each batch were grown the same way 

under the same conditions however, due to Mn evaporation during the crystal growth 

process [77], the composition of each batch may be different. 

 

5.1 Magnetization Results 

Magnetization experiments were conducted in order to determine the 

magnetization of Ni45.7Mn35.6Co4.8In13.8 alloy as functions of temperature and magnetic 

field using SQUID. The change in magnetization as a function of magnetic field was 

determined cycling the magnetic field from 0 T to 7 T at different temperatures. The 

thermo-magnetic response of Ni45.7Mn35.6Co4.8In13.8 was determined via cycling the 

temperature from about 390K down to 50K under various magnetic fields. The resulting 

data was used to determine the effect of magnetic field on the transformation 

temperatures. 

Figure 5.1 shows the change in magnetization with temperature under constant 

magnetic field for the as cast polycrystal, as grown single crystal and heat treated single 

crystal (at 900 ˚C for 24 hours). It is clear that heat treatment changes the transformation 

temperatures and temperature hysteresis decreases. It is essential to find the optimum 

heat treatment that would result in small stress hysteresis and large difference between 

the saturation magnetizations of transforming phases.  
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Figure 5.1 The change in magnetization with temperature under constant applied 
magnetic field of 500 Oe for the as-cast polycrystal, as-grown single crystal and heat-
treated single crystal of Ni45.7Mn35.6Co4.8In13.8 alloy. The decrease and increase in 
magnetization during cooling and heating indicate forward and reverse transformations 
respectively. The Curie temperature is 390 K. 

 

 

Figure 5.2.a and 5.2.b shows the magnetization versus temperature and the 

corresponding dM/dT curves under constant field of the 0.05 T for batch 1 and 2, 

respectively.  dM/dT curves are used to determine the transformation temperatures. The 

Ms, Mf, As and Af temperatures are determined as 245, 163, 240 and 284 K for batch 1 

and 181, 116, 195 and 248 K for batch 2, respectively. The transformation temperatures 

for batch 1 is higher than the ones of batch 2. This is attributed to the small 

compositional variations between the two batches due to evaporation of Mn during 

crystal growth.  
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     (b) 

 
Figure 5.2 Magnetization as a function of temperature under 0.05 T and its temperature 
derivative for NiMnCoIn, a) batch 1 and b) batch 2 single crystals. Each batch has grown 
with the same initial nominal composition of 45Ni-36.5Mn-5Co-13.5In (in at. %). 
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Figure 5.3.a shows the effect of applied magnetic field on the magnetization 

response of heat treated (900 ˚C for 24 hours) sample from batch 2. Heat treatment is 

done to achieve compositional uniformity through out the sample and remove internal 

stresses if there is any. As the applied magnetic field increases the transformation 

temperatures decrease. Ms decreases from 230 K to 167 K as field is increased from 0.05 

to 5T. This is called austenite stabilization and the reason is attributed to the fact that 

saturation magnetization of austenite is higher than saturation magnetization of 

martensite as it will be discussed in details. The shift in transformation temperatures 

provides us a unique opportunity to induce reversible phase transformation at certain 

temperature interval. Figure 5.3.b shows the change in magnetization as a function of 

applied magnetic field at 220 K and 140 K. At 220 K, the initial increase and following 

plateau till 1.5 T are due to the magnetization of martensite. The following increase in 

magnetization is due to phase transformation from martensite to austenite where it 

reaches its saturation at 4 T where martensite fully transforms to austenite. Unloading 

the magnetic field results in back transformation from austenite to martensite with a 

magnetic field hysteresis. At 140 K, the required magnetic field for the phase 

transformation is higher since we are far away from the austenite start temperature under 

no magnetic field and more magnetic energy is needed for transformation.  

Figure 5.4.a shows the effect of applied magnetic field on the magnetization 

response of heat treated (900 ˚C for 24 hours) sample from batch 1. The effect of 

magnetic field is similar to one observed on batch 2 sample where transformation 

temperatures decrease as field strength increases. Ms decreases from 232 K to 160 K as 

field is increased from 0.05 to 7 T. Figure 5.4.b shows the change in magnetization 

under the applied magnetic field at 250, 200, 150 and 50 K after cooling down to set 

temperatures under 0.05 T as shown in Figure 5.4.c. At 250 K, the initial phase is 

austenite (Figure 5.4.c) and it has a saturation magnetization of 95 emu/g. The increase 

in magnetization after 4 T is not well understood but it might be attributed to small 

amount of residual martensite that transforms to austenite. At 200 K, the initial phase is 

martensite and it transforms to the austenite as field is applied and transforms back to the 

 



 97

 

160

140

120

100

80

60

40

20

0

M
ag

ne
tiz

at
io

n,
 e

m
u/

g

300250200150100
Temperature, K

 0.05 T
 3 T
 5 T
 7 T

NiMnCoIn [100](110) Single Crystal
Batch 2

 
(a) 

160

140

120

100

80

60

40

20

0

M
ag

ne
tiz

at
io

n,
 e

m
u/

g

76543210
Magnetic Field, T

 140 K
 220 K

NiMnCoIn [100](110) Single Crystal
Batch 2

 
(b) 

 
Figure 5.3 Change in magnetization of batch 2 Ni45.7Mn35.6Co4.8In13.8  single crystal as a 
function of a) temperature under constant applied magnetic field and b) as applied 
magnetic field at 140 K and 220 K.  
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martensite when the field is removed and supported by the hysteretic behavior of the 

magnetization response. At 150 K and 50 K application of field does not result in any 

phase transformation up to 7 T. Saturation magnetization of martensite is about 15 

emu/g. It is important to note that the magnetization of martensite is 135 emu/g after 

cooling down to 50 K under 7 T while it is 20 emu/g after cooling down to 50 K under 

0.05 T and then, ramping the field to 7 T. It indicates that the saturation magnetization of 

martensite is path dependent. 
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Figure 5.4 Change in magnetization of batch 1 Ni45.7Mn35.6Co4.8In13.8  single crystals as 
a function of a) temperature under constant applied magnetic field and b) applied 
magnetic field at 50, 150, 200 and 220 K, and c) magnetization versus temperature 
curves for the data shown in (b) where the fields are ramped after cooling down to set 
temperatures under 0.05T. 
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Figure 5.4 Continued 
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Figures 5.5.a and b show the magnetization versus temperature and 

magnetization versus applied field responses of a batch 1 sample. The sample is cooled 

from 300 K to 50 K under 7 T, the start and finish points of cooling process are shown 

by #1 and #2 in the figure. Phase transformation from austenite to martensite occurs 

between 170 K and 120 K during cooling which could also be seen in Figure 5.4.a. The 

field is unloaded from 7 T to 0 T and Figure 5.5.b shows that when the field is decreased 

from 4.5 T to 1 T magnetization decreases substantially from 130 emu/g to 40 emu/g. 

The decrease is similar to change in magnetization during phase transformation (Figure 

5.4.b). The response from 1 T to 0 T (shown by #3) is similar to magnetization response 

of martensite without any phase transformation due to only magnetization rotation and 

domain wall motion. When the field of 7 T is reapplied magnetization saturates at about 

30 emu/g (<1 T) and there is no abrupt change in magnetization up to 7 T (#4). The 

increase in magnetization is linear upto 6 T where after 6 T, the magnetization increases 

more rapidly and reaches to 41 emu/g at 7 T. When the sample is heated under 7 T, the 

phase transformation from martensite to austenite occurs and magnetization increases 

from 40 emu/g to 120 emu/g at 220 K when the transformation completes (#5). Further 

heating results in decrease of magnetization due to thermal effects and at 390 K 

magnetization drops to 45 emu/g (#6). Similar experiments were done under 5, 3, and 1 

T and it has been found that the peculiar behavior shown in Figure 5.5 can be observed 

for samples cooled down under fields higher than 3 T. The difference in magnetization 

between cooling down under a high field and cooling down under low field followed by 

applying high field to reach the same magnetization level as the former might be 

attributed to formation of another martensite phase. This pheonema can be similar to the 

formation of the X-phase in NiMnGa which occurs only under certain applied stress. For 

the NiMnCoIn alloys magnetic field replaces stress and an unknown martensitic phase 

might be forming at high field at certain temperature range. In situ XRD experiments 

under high fields are needed to resolve this issue.  
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(b) 

Figure 5.5 Change in magnetization of batch 1 Ni45.7Mn35.6Co4.8In13.8   single crystal as a 
function of a) temperature and b) applied magnetic field. Sample is cooled down from 
300 K to 50 K. The number sequence demonstrates the loading path. 
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5.2 Effect of Magnetic Field on the Pseudoelastic Response of NiMnCoIn Alloys 

Figure 5.6 shows the compression pseudoelasticity experiments conducted at 0 

°C, 20 °C, and 50 °C on a NiMnCoIn batch 2 specimen where the stress is applied along 

the [100] orientation. As expected, the critical stress for transformation increases with 

increasing temperature. The maximum transformation strain was obtained as 6.5%. The 

stress hysteresis is approximately 100 MPa at 0°C and increases with temperature. The 

pseudoelastic response does not show the complete phase transformation at 50 °C since 

the sample is failed at that temperature.  
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Figure 5.6 Pseudoelastic response under compression along the [100] orientation of the 
Ni45.7Mn35.6Co4.8In13.8 batch 2 single crystal at 0, 20 and 50 ˚C. 
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Figure 5.7 shows the effect of magnetic field on the pseudoelastic response of a 

NiMnCoIn batch 2 single crystal under compression at 0 ˚C. Magnetic field is applied 

along the [110] orientation, perpendicular to the applied stress direction, prior to loading 

and kept constant throughout the experiment. Magnetic field magnitudes ranging from 

0T to 1.6 T with increments of 0.4 T are applied in order to capture the magnetostress 

level as a function of applied field. As it can be seen in the figure, the NiMnCoIn single 

crystal exhibited an increase in the critical stress required for phase transformation with 

increasing magnetic field magnitudes. 
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Figure 5.7 Effect of magnetic field on the pseudoelastic response and the critical stress 
for the field-induced phase transformation of Ni45.7Mn35.6Co4.8In13.8 [100](011) batch 2 
single crystal at 0 ˚C.  

 

 
The magnetostress levels as a function of magnetic field for NiMnCoIn 

[100](011) batch 2 single crystal are determined at 4% strain from the curves shown in 

 



 104

Figure 5.7. The sample exhibits ~30 MPa magnetostress under 1.6T magnetic field. The 

magnetostress of 30 MPa under 1.6 T is much larger than other MSMAs (~5 MPa for 

NiMnGa alloys). The large magnetostress observed under 1.6T indicates that NiMnCoIn 

alloys as a very promising MSMA with high actuation stress output. It is important to 

note that there is no limit for maximum magnetostress in NiMnCoIn alloys and it is 

expected to increase with the field. This is due to the fact that that the available magnetic 

energy for phase transformation in NiMnCoIn alloys stems from the difference in 

magnetization magnitudes of austenite and martensite phases not from MAE which is 

limited by a critical magnetic field. This fact will be discussed in detail in the next 

chapter. 
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Figure 5.8 Magnetostress as a function of  magnetic field for the Ni45.7Mn35.6Co4.8In13.8  
[100](011) batch 2 single crystal determined at 4% strain from the curves shown in 
Figure 5.7. The sample exhibits ~30 MPa magnetostress under 1.6T magnetic field. 
 

 



 105

5.3 Synchrotron X-ray Results 

Synchrotron-based high-energy x-ray diffraction techniques provide an in-situ 

tool for advancing the understanding of many physical processes such as deformation, 

phase transformation, and recrystallization [79]. In the present work, this method is used 

to capture the structural evolutions in the present NiMnCoIn alloy during the phase 

transformation with and without applied magnetic field. Figure 5.9 shows the diffraction 

image plate and the corresponding 2-D intensity versus 2θ graph at 300 K in austenite.  

A mask is put in the center to remove the effect of a residual peak in the image plate. 

The arrows show the cubic directions of the austenite phase. The structure is determined 

to be L21 with lattice constant of a= 0.5979 nm. The peaks shown in Figure 5.9.a are 

indexed and shown in Figure 5.9.b. Figure 5.10 shows the diffraction image plate and 

the corresponding 2-D intensity versus 2θ graph at 180 K in martensite phase. The 

modulations in the structure are pointed in the graph and the structure is determined to 

be 12M. The lattice parameters are determined as a=0.441 nm, b=0.556 nm, c= 2.602 nm 

and =96.2°. 
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Figure 5.9 a) The diffraction image plate and b) the corresponding 2-D intensity versus 
2θ graph of the Ni45.7Mn35.6Co4.8In13.8  single crystal at 300 K. The crystal structure is 
determined to be L21. 
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Figure 5.10 a) The diffraction image plate and b) the corresponding 2-D intensity versus 
2θ graph of the Ni45.7Mn35.6Co4.8In13.8 single crystal at 180 K. The crystal structure 
determined to be 12M where the modulations are marked.  

 

 

In-situ phase transformations with temperature and magnetic field are studied to 

reveal the microstructural details of phase transformations. The sample was cooled down 

from 300K to 10 K and heated up back to 300K and at every 10K increments, the x-ray 

diffraction data is recorded. Figure 5.10 shows the Intensity versus 2θ response during 

cooling till 200 K. The peaks are determined only in the region shown by a rectangle in 

Figure 5.9 for clarity. At 240K, the structure is completely austenite and at 230K 

martensite peaks start to emerge and at 220K it completely transforms to martensite. 

Further cooling down to 10 K only results in minor changes in lattice parameters and 

monoclinic angle. During heating as shown in Figure 5.11 back transformation starts at 

250 K and at 260 K the martensite transforms completely to austenite.  

The same experiments are also conducted under the applied field of 7 T to reveal 

the effect of applied magnetic field, however, no phase transformation is observed down 

to 10 K. This provides an opportunity to induce phase transformation by magnetic field 

similar to the one shown by SQUID experiments (Figure 5.3). The sample is cooled 

down from 300 K to 200 K under no magnetic field and it transformed to martensite.  
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(a) 

 
(b) 

Figure 5.11  2-D intensity versus 2θ plots of the Ni45.7Mn35.6Co4.8In13.8 single crystals 
between 200 K and 300 K during a) cooling and b) heating under no magnetic field. 

 



 108

   

 
(a) 

 
(b) 

Figure 5.12 2-D intensity versus 2θ plots of Ni45.7Mn35.6Co4.8In13.8  single crystals at 200 
K a) magnetic field is applied from 0 T to 7 T and b) field is unloaded from 7 T to 0 T 
with 1 T intervals. 
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Then, magnetic field is applied with 1 T increments up to 7 T. Corresponding intensity 

versus 2θ plots are shown in Figure 5.12.a. Martensite starts to transform to austenite at 

3T and transformation continues up to 5 T. Between 5 T and 6 T all martensite 

transforms to austenite. When the field is removed austenite starts to transform back to 

martensite since it is no longer stable at that temperature range as shown by Figure 

5.12.b. At 4 T small volume fraction of austenite transforms to martensite, at 3 T most of 

the austenite transforms to martensite and at 2 T the structure is completely martensite.  

Figure 5.12 shows in situ reversible field induced phase transformation in NiMnCoIn 

single crystals. 

 

5.4 Theoretical Transformation Strain and Detwinning Strain in NiMnCoIn Alloys 

One of the main actuation properties is the actuation strain. In NiMnCoIn alloys, 

the actuation strain is the transformation strain and it is orientation dependent as in all 

the shape memory alloys. The origin of the orientation dependence of the shape memory 

strain is mainly the crystallographic relation between the applied stress direction and 

possible crystallographic systems (transformation shear plane - also known as habit 

plane - and direction) for parent to martensite transformation. By using “Energy 

Minimization Theory”, it is possible to determine habit plane and direction as well as 

twinning shear and direction for given lattice parameters. For more detailed description 

of the theoretical framework, please refer to [97, 98].  

A CVP is a formal term for two twin related martensite variants and stands for 

“correspondent variant pair”. Each martensite CVP is described by a unique habit plane 

normal, m, and transformation shear, b (see Figure 5.13 for a schematic) [97]. 
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Figure 5.13 Twin (n) and habit (m) planes, and twin shear (a) and macroscopic shear 
(b) of martensite [97]. 

 

 

In NiMnCoIn alloys; parent phase has L21 structure while martensite has 10M, 

12M or 14M monoclinic crystal structures [14, 80]. There are total of 12 variants for 

cubic to monoclinic phase transformation [97]. In the parent phase coordinate system, 

the lattice deformation matrices to obtain these variants can be designated as Ui. 

For a given variant pair, the twin plane n and twin shear a can be determined 

provided that the plane is an invariant plane (unrotated and undistorted) using; 

naUUR ijij ⊗=−         (5.1) 

where Rij is an orthogonal tensor and represents the relative rotation between the two 

variants satisfying  (I is second rank identity tensor and the superscript T 

represents the transpose of a matrix). The 

IRR ij
T
ij =

⊗  represents a dyadic product. The twinned 

martensite is composed of variant pairs with a certain volume ratio. When there are finite 

number of twin layers, the deformation of martensite, FM is represented as; 

 [ ]ijijhM UURRF f)(1f −+=        (5.2) 

where Ui and Uj are two variants in the twinned martensite and (1-f) and f are respective 

volume fractions. The tensor Rh is the relative rotation between the twinned martensite 
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and the parent phase. The habit plane m and transformation shear b can be obtained 

using; 

          (5.3) mbIFM ⊗=-

where I is the identity tensor representing the undeformed austenite. In these equations, 

the known parameters are Ui, Uj, and all the other unknowns can be solved from the 

equations.  

Once the habit plane normal and transformation shear are determined, it is 

possible to find the transformation strain as; 

 ( ) ( )[ mmb.bbmmbI.FF M
T
M ⊗+⊗+⊗==  

2
1-

2
1ε ]     (5.4) 

The detwinning strain can be found by considering the conversion of the small 

fraction variant to the large one. The deformation can be determined as  

ih
dt

M URF =      for  f  < 0.5     (5.5) 

).(R h naUF i
dt

M ⊗+=  for  f  > 0.5     (5.6) 

The total strain by detwinning can be determined similar to equation (5.4) once 

 is known (Equations 5.5 and 5.6). It is important to note that for NiMnGa alloys 

(Figure 1.7) the stress required for detwinning is very low compared to NiMnCoIn [93] 

and NiTi [97] and for these alloys it is better to compare the experimental results with 

the theoretical results with detwinning. 

dt
MF

 The resolved shear stress factor (RSSF) is calculated using 

 RSSF = ( )( ) be.me.b  /          (5.7) 

where e denotes the single crystal loading direction. RSSF can be used to calculate the 

stress required for SIM along different orientations if the critical RSSF is known.  

The lattice parameters determined from high energy X-ray diffraction are used to 

determine volume fraction, habit plane normal, transformation shear and twinning 

direction as shown by Table 5.1 

The RSSFs for cubic to L10 transformation are 0.611, 0.377and 0.531 for the 

[100], [011] and [123] orientations, respectively. From these values, one would expect a 
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lower applied stress to start SIM in the [100] orientation than that required in other 

orientations provided that the materials are in the same thermal condition.  

  

Table 5.1 Volume fraction, habit plane, transformation shear and twinning direction for 
Ni45.7Mn35.6Co4.8In13.8  single crystals determined by energy minimization method.  
 

 
Volume 
Fraction 

f 

Habit plane normal 
m 

 
Transformation shear 

b 

 
Twinning 
direction 

a 
     

12M 0.232 (0.121 0.691  -0.712) <0.101  -0.086  -0.015> {0 -0.148 -0.165} 
12M 0.221 (0.121 0.691  -0.712) <0.101  -0.086  -0.015> {0 -0.148 -0.165} 
12M 0.219 (0.073 0.698  -0.712) <0.001  0.057  0.079> {0 -0.156 -0.164} 

 

 

The experimental and theoretical transformation strains are summarized in Table 

5.2. The maximum strain is obtained along the [100] orientation as 6.76 % where the 

experimental value is 6.5 %. This shows that calculations are in good agreement with the 

experiments. The transformation strains along the [123] and [110] directions are 4.15 % 

and 3.37 % for CVP formation.  The detwinning strains along the [100], [123] and [110] 

orientations are calculated as 6.76 %, 4.59 % and 4.57 %, respectively. Along the [100] 

orientation, detwinning is not expected. The difference between the experimental and 

theoretical strains might be attributed to the detwinning during superelastic deformation 

due to high applied stress.  

 

 
Table 5.2 Comparison of experimentally observed and theoretically calculated phase 
transformation strains for Ni45.7Mn35.6Co4.8In13.8 single crystals along the three 
orientations.  
 % Strain for L21 to 12M phase transformation 
 Experimental Theoretical 
 SME Transformation Detwinned 

100 6.5 6.76 6.76 
123  4.15 4.59 
110  3.37 4.57 
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5.5 Prediction of Magnetostress in NiMnCoIn Alloys  

It is possible to predict the magnetostress as a function of applied field if the 

change of critical stress with temperature (the slope of Classius-Clapeyron curves) and 

the change of transformation temperature with applied field is known. The change in 

critical stress with temperature can be given as; 

 
oo

enth

T
H

T ε
σ Δ

−=
Δ
Δ          (5.1) 

where   is the change in enthalpy during transformation,  is the chemical 

equilibrium temperature, and 

enthHΔ oT

oε  is the transformation strain. The transformation strains 

of single crystals can be calculated as shown in section 5.4 or it can be determined from 

pseudoelasticity and thermal cycling under stress experiments they have been conducted 

on NiMnGa alloy.  

The change in transformation temperatures with applied field can be determined 

from magnetization results as shown in Figures 5.3 and 5.4. Then the magnetostress as a 

function of field can be determined as; 

H
Tx

TH Δ
Δ

Δ
Δ

=
Δ
Δ σσ         (5.2) 

The compressive transformation strains for the [100], [123] and [110] 

orientations are calculated as 6.76, 4.15 and 3.37 in the previous section and Brewer [93] 

reported that these values fit well with the experimental values. From Figure 5.6, the 

change in critical stress with temperature can be determined as 1.72 MPa/ K. Classius-

Clapeyron slopes for other orientations can be calculated assuming the same enthalpy 

and chemical equilibrium temperature for all samples since they are not a function of 

orientation. The change in transformation temperatures as a function magnetic field can 

be determined from Figure 5.4 as 12.6 K/Tesla. This is value is also considered to be 

orientation independent neglecting the effect of MAE if there is any.  Table 5.3 shows 

the calculated magnetostress per applied field as a function of orientation. The 

experimental values are indicated by “*”. The  
ltheoreticaHΔ

Δσ shown in Table 5.3 for the 
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[100] orientation is 21.6 MPa/Tesla which close to 
erimentalH expΔ

Δσ magnitude determined 

as 18.7 MPa/Tesla from Figure 5.8 which shows the good agreement between the 

experimental and theoretical findings.  

 
 
Table 5.3 Orientation dependence of  magnetostress as a function of  applied field. * 
indicates the experimental values where all others are theoretical values. 
 

 oε  
% 

TΔ
Δσ   

MPa/K 
H
T

Δ
Δ  

K/Tesla 
ltheoreticaHΔ

Δσ  

MPa/Tesla 
erimentalH expΔ

Δσ  

MPa/Tesla 
[100] 6.76 1.72* 12.6* 21.6 18.75* 
[123] 4.15 2.8 12.6* 35.3  
[110] 3.37 3.45 12.6* 43.5  

 

 

It is important to note the  
ltheoreticaHΔ

Δσ  along the [110] orientation is 43.5 

MPa/Tesla two times larger than the one in the [100] orientation. However the 

transformation strain along the [110] orientation is half of the transformation strain along 

the [100] orientation. These calculations suggests that if actuation stress is more critical 

than actuation strain, it would be better to choose an orientation with small 

transformation strain e.g [110] orientation or if actuation strain is more important, then 

an orientation with large transformation strain e.g [100] should be chosen. Additionally, 

it would be possible to induce reversible stress-assisted field-induced phase 

transformation at lower magnetic fields in [110] orientation compared to [100] 

orientation by assuming the same stress hysteresis in both orientations. Brewer [93] 

reported that thermal hysteresis along [123] and [100] orientations are similar which is a 

good indication that the stress hysteresis of both orientations could be close too.  It 

should be kept in mind that stress hysteresis is a function orientation, transformation 
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strain, and temperature as well as loading state such as tension, compression, torsion, 

etc. 

         

5.6 Optical Microscopy and Compositional Analysis of NiMnCoIn Alloys 

The stress and temperature hysteresis of NiMnCoIn alloys are large when 

compared to NiMnGa alloys which results in need for high applied magnetic fields for 

phase transformation although the magnetostress per 1 T applied field is much higher 

than NiMnGa alloys.  

Stress hysteresis in SMAs depends on the compatibility between the phases, 

lattice parameters, elastic moduli and the strength of the phases. Similar to thermal 

hysteresis, stress hysteresis or energy dissipation can arise from structural defect 

formation during transformation such as dislocations due to a large degree of lattice 

incompatibility between the parent and martensite phases and frictional energy spent on 

the movement of the phase front which depends on lattice friction and thus the crystal 

structure. Cui et al. [99] reported a theoretical framework that shows the degree of lattice 

incompatibility and how lattice parameters and crystal structures of transforming phases 

affect the incompatibility. They propose two criteria on the transformation matrix (U, 

also known as transformation stretch tensor which maps the martensite lattice to the 

parent phase lattice) that indicate the degree of lattice incompatibility between the two 

phases [99]. They have used this approach in search for low thermal hysteresis 

compositions in the NiTiCu alloy system [99].  

The first criterion for the martensite-parent lattice incompatibility is 

(1/3)Trace(U)=1, which signifies no change in volume due to the transformation [99]. 

The second criterion is that the middle eigenvalue of U (that is the one of intermediate 

magnitude of the three) should be as close to unity as possible. This means that the 

parent phase is directly compatible with a single variant of martensite. In other words, an 

undistorted plane exists between the parent phase and martensite. If this condition is met 

exactly, there is no need for an additional shear, known as the lattice invariant shear, to 

ensure an invariant plane and only rotation is needed. The tensor U is a function of 
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crystal structures of the phases and the lattice parameters [99]. One can easily find U by 

determining the lattice parameters and crystal structure using XRD. Thus, by variation of 

compositions, determining the structures and lattice parameters and using these two 

criteria, one can find out which compositions in an alloy system would result in the 

minimum hysteresis. If this eigenvalue is exactly one, then the elastic energy storage at 

the phase front will be small and martensite does not form internal twins to satisfy lattice 

invariant shear criteria. Therefore, the applied stress or temperature change should not 

need to be high for phase front to move back and forth.  

Note that lattice parameters are a function of temperature, and martensite and 

parent phase lattice parameters can change differently with temperature. Moreover, the 

lattice strength of the phases can also show dissimilar trends as a function of 

temperature. Thus, one also needs to look at how stress hysteresis changes with 

temperature as the compositions with minimum hysteresis may vary with temperature. 

This can only be done by physically measuring the stress hysteresis at different 

temperatures as it is difficult to determine the lattice parameters of two phases at the 

same temperature. Moreover, lattice strength is also important for stress hysteresis. For 

example, off-stoichiometric alloys demonstrate higher strength levels. Even though 

stoichiometric alloys show increase in stress hysteresis with increasing temperature and 

stress levels due to ease of defect generation (such as in NiTi [100]), off-stoichiometric 

alloys can demonstrate the opposite due to their high strength levels (such as in CoNiAl 

and NiTi [38, 39, 100, 101]). 

If the composition is fixed, as in this study, stress hysteresis can be changed by 

heat treatments by forming a second phase (or precipitates) which would have a different 

composition than the matrix. By changing the volume fraction of second phase, the 

composition of the matrix can be engineered. Figure 5.14 shows an optical image of 

NiMnCoIn single crystal heat treated at 900 ˚C for 24 hours. The formation of second 

phase through out the sample can easily be seen.  
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Figure 5.14 Optical micrograph of the heat treated Ni45.7Mn35.6Co4.8In13.8  [100](110) 
single crystal. Formation of second phase is evident.  

 

 

Figure 5.15 shows electron back scattering image of a heat treated NiMnCoIn 

[100](110) single crystal. The formation of the second phase is also evident in this image 

where the contrast changes mean change in average atomic weight. The gray areas are 

the second phases and dark areas are related to sulfur inclusion in the matrix. WDS 

measurements are performed on the sample and the compositions of matrix and second 

phase are determined as Ni45.7Mn35.6Co4.8In13.8 and Ni42.0Mn40.3Co16.0In1.6 where the 

nominal composition is Ni45Mn36.5Co5In13.5 (at%). The second phase is found to be 

cobalt rich. In CoNiAl alloys, formation of Co-rich FCC second phase is found to 

drastically improve the ductility of the alloy. In NiMnCoIn alloys, it is not clear whether 

formation of second phase improves the ductility or not. The tested samples with the 

same heat treatment as the one shown in Figure 5.13 showed brittle behavior in the 

MTM experiments. A systematic investigation is needed to determine the effect of 

second phase on the magnetic and conventional shape memory characteristics of 

NiMnCoIn alloys. However, the possibility of formation of second phase gives us the 

ability to engineer the material without changing the nominal composition. The amount 

of Sulfur content in the samples are determined to be 0.005 wt% using the combustion-
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infrared absorbance method. The low content of sulfur suggests that it is unlikely to be 

the primary reason for the brittleness of the samples.   

 

 

 

 
 

Figure 5.15 Electron back scattering image of the NiMnCoIn [100](110) heat treated 
single crystal. 
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CHAPTER VI 

A THERMODYNAMICAL FRAMEWORK FOR MAGNETIC 

FIELD-INDUCED PHASE TRANSFORMATION 
 

In this chapter, a thermodynamical framework based on the thermodynamics of 

thermoelastic martensitic phase transformations to better understand the energy 

contributions for the magnetic field-induced phase transformation will be discussed. The 

Gibbs free energy difference between the parent and product phases during a 

thermoelastic martensitic transformation can be expressed as [102];  

irr
MP

el
MP

mech
MP

ch
MP

total EGEGTG Δ+Δ+Δ−Δ=Δ →→→→ ),( σ       (6.1) 

where  is the total Gibbs free energy difference that needs to be less than 

zero to trigger the transformation; 

),T(G MP
total σΔ →

chGΔ  is the chemical free energy difference between 

martensite and parent phases (P→M represents the direction of the transformation, i.e. 

from parent phase to martensite); mechEΔ  is the mechanical energy provided by the 

externally applied load during the phase transformation; elGΔ  is the stored elastic 

energy; and  is the dissipation energy due to defect and dislocation generation and 

frictional energy spent on the movement of phase fronts. 

irrEΔ

elGΔ  and  are also 

referred to as  non-chemical energy terms. The chemical free energy difference can be 

expressed as 

irrEΔ

P
ch

M
ch

MP
ch GG.)(G −=Δ−Δ=Δ → STHT enthalpy      (6.2) 

where  and ΔS are the change in enthalpy and entropy, respectively, upon 

transformation.  and  are the chemical free energies of martensite and parent 

phase. 

enthalpyHΔ

M
chG P

chG

Figure 6.1 shows the chemical free energies of austenite and martensite as a 

function of temperature. Gibbs free energy curves are presented straight assuming ΔH 

and ΔS are independent of temperature. 
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Figure 6.1 The chemical free energies of austenite and martensite phase as a function of 
temperature. Gibbs free energy curves are presented straight assuming ΔH and ΔS are 
independent of temperature. 

 

 

The equilibrium temperature, To is defined as the temperature where 

. However the transformation does not start at T=T0)( =Δ →
O

MP
ch TG o because more 

chemical energy is needed to overcome the friction and elastic energies as shown in 

Equation 6.1. When the sample temperature is equal to Ms under no mechanical stress, 

transformation from austenite to martensite occurs and the Equation 6.1 becomes; 

irr
MP

els
MP

chs
MP

total EGMGMG Δ+Δ+Δ=Δ= →→→ )()(0    

)()( s
MP

nonchirr
MP

els
MP

ch MGEGMG →→→ Δ=Δ−Δ−=Δ     (6.3) 
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In the presence of an external magnetic field, one can modify the Equation 6.1 as 

follows; 

   (6.4) MP
MAE

MP
magirr

MP
el

MP
mech

MP
ch

MP
total GGEGEG)H,T(G →→→→→→ Δ+Δ−Δ+Δ+Δ−Δ=Δ

In the above equation magGΔ  represents the magnetic driving energy due to the 

difference between the saturation magnetizations of martensite and parent phase i.e. 

Zeeman energy difference as shown by Equation 4.4.  term has a negative sign 

in Equation 6.4 because the available Zeeman energy difference provides additional 

energy to overcome the chemical energy difference between transforming phases similar 

to external mechanical work. This term is more pronounced when the transformation 

occurs between a paramagnetic parent phase and a ferromagnetic martensite (or vice 

versa).  is the difference between the magnetocrystalline anisotropy energies of 

martensite and parent phase and given by Equation 4.3.  term has a positive sign 

in Equation 6.4 since it represents another energy storage contribution to total free 

energy similar to . Magnetoelastic effects can be taken into account in the 

 term in Equation 6.4, however, they are usually negligible as compared to 

 and  [58, 103]. 

MP
magG →Δ

MP
MAEG →Δ

MP
MAEG →Δ

MP
elG →Δ

MP
elG →Δ

MP
magG →Δ MP

MAEG →Δ

The two separate magnetic energies can oppose or help each other depending on 

the saturation magnetization and MAE differences of the phases, which can be 

controlled with compositional modifications and temperature. In addition, the lattice 

correspondence between parent and martensite phases plays a role in dictating the 

magnitude of . If  is positive, then the parent phase is more 

stable under a magnetic field, in other words, a magnetic field can be used to trigger the 

martensite to parent phase transformation.  If it is negative, the parent to martensite 

phase transformation can be activated with application of a magnetic field. It is also 

possible to maximize or minimize  by simultaneously applying an external stress 

and a magnetic field. This requires the selection of favorable field and axial stress 

directions such that the stress would orient the easy magnetization axis of martensite 

MP
MAEG →Δ MP

MAE
MP

mag GG →→ Δ+Δ−

MP
MAEG →Δ
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perpendicular or parallel to the applied field direction upon phase transformation. For 

example, simultaneous application of the field and compressive stress perpendicular to 

each other in NiMnGa MSMAs, depending on the relationship between magnetic easy 

axis and martensite twinning crystallography), would maximize (  

because the stress would bias the martensite twin variant upon phase transformation with 

. In summary,  mainly depends on composition and temperature, and  

 depends also on the crystallographic direction of the applied stress and the 

magnetic field, and the lattice correspondence between the transforming phases. 

)martensiteu sinK θ

90=θ MP
magG →Δ

MP
MAEG →Δ

Figure 6.2 illustrates four schematics for the available magnetic energy 

contributions for three specific and one more general conditions to observe MFIS via 

either field-induced martensite variant reorientation or phase transformation in magnetic 

shape memory alloys. In Figure 6.2.a, the magnetization response of martensite along 

the easy and hard axes is shown where the area between these two extreme responses is 

defined as Ku, the maximum magnetocrystalline anisotropy energy. Ku is the magnetic 

energy term which is responsible for field-induced variant reorientation of martensite as 

in NiMnGa and FePd alloys [8, 26, 104]. Figure 6.2.b shows the case when MAE of 

transforming phases are negligible and there is a difference in saturation magnetizations 

of the parent and martensite phases. This is the case for NiMn(In,Sn) alloy systems 

where ferromagnetic austenite transforms to paramagnetic or antiferromagnetic 

martensite [14, 53, 54]. The only available energy term is the Zeeman energy due to the 

difference in saturation magnetizations of the transforming phases as shown by the 

shaded area in Figure 6.2.b. The third case shown by Figure 6.2.c corresponds to the 

present case of the stress-assisted field-induced phase transformation in NiMnGa alloys 

where saturation magnetizations of both transforming phases are equal and MAE of 

martensite is not negligible as opposed to the MAE of the parent phase. In this case, 

MAE is the only available magnetic energy term that can be utilized for field-induced 

phase transformations. Figure 6.2.d represents a more general, arbitrary case with 

transforming phases having notably different MAEs and saturation magnetizations, in 

which the shaded area shows the available magnetic energy for the field-induced phase 
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transformation. At this point, it should be noted that MAE does not increase with 

magnetic field after the field reaches to a critical level for saturation, however, Zeeman 

energy term does not consist of any limiting field level and increases continuously with 

applied magnetic field. Moreover, Zeeman energy does not usually depend on the 

relationship between the orientations of the crystal and the applied magnetic field 

direction, thus, it can be utilized to easily trigger phase transformation in polycrystals as 

well.     

Figure 6.3 shows a schematic of the change in Gibbs free energies of parent 

phase and martensite as a function of temperature considering the effect of an applied 

magnetic field. This schematic is constructed specifically for Ni2MnGa, however, the 

contribution of magnetic energy terms on the total energy might be different in other 

alloy systems as described below. Assuming  is positive, i.e. the MAE of 

martensite is higher than the MAE of the parent phase, and the saturation magnetization 

difference (or ) is negligible, thus the total free energy of martensite would shift 

upward. This results in a new equilibrium and the M

MP
MAEG →Δ

MP
magG →Δ

s temperature under a magnetic field 

(Ms(H)) is lower than the Ms without field as shown in the figure. This appears to be the 

case in the present alloy for the I→X, I→10M, P→10M phase transformations in a 

certain temperature range since a decrease in Ms also means an increase in the critical 

stress level for the parent to martensite phase transformation at a given temperature. 

Similarly, if  is negative, then the total free energy curve would shift 

downward. If 

MP
MAEG →Δ

MP
magG →Δ  is positive while  is negligible, then the shift would be 

again downward. The downward shift means that the new M

MP
MAEG →Δ

s is at a higher temperature 

(Ms*(H), Figure 6.3).  If both MAE and saturation magnetization differences play a role, 

then the Gibbs free energy would change by -  and MMP
MAEG →Δ MP

magG →Δ s would be between 

Ms(H) and Ms*(H). Note that although MAE and saturation magnetizations are 

temperature dependent, we have assumed temperature independence in the schematic for 

simplicity. 
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(a) 

 

(b) 

 

 

(c) 

 

 

(d) 

Figure 6.2 Schematics of possible magnetization vs. applied magnetic field responses 
and illustration of available magnetic energy contributions for four possible cases in 
magnetic shape memory alloys, a) martensite variant reorientation as in NiMnGa, b) 
field-induced phase transformation as in NiMnCoIn alloys, c) stress-assisted field-
induced phase transformation as in the present NiMnGa alloys, and d) a more general 
case for field-induced phase transformation between two phases with different saturation 
magnetizations and magnetocrystalline anisotropy energies.   
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Figure 6.3 Gibbs free energy curves of parent and martensite phases of NiMnGa alloy as 
a function of temperature considering the effect of magnetic energy contributions. 
 

 

For the stress-induced martensitic transformation and pseudoelasticity, the 

mechanical energy required for forward and recovered from reverse transformations 

with and without a magnetic field at a temperature above the equilibrium temperature 

can be written with the help of this schematic as: 
MP

MAE
MP

magirr
MP

el
MP

ch
MP

mech GGEGG)H,T(E →→→→→ Δ+Δ−Δ+Δ+Δ=Δ      (6.5) 

PM
MAE

PM
magirr

PM
el

PM
ch

PM
mech GGEGG)H,T(E →→→→→ Δ+Δ−Δ+Δ+Δ=Δ      (6.6) 

irr
MP

el
MP

ch
MP

mech EGG)0,T(E Δ+Δ+Δ=Δ →→→          (6.7) 

irr
PM

el
PM

ch
PM

mech EGG)0,T(E Δ+Δ+Δ=Δ →→→
        (6.8) 

In these equations, the difference between the required mechanical energies for 

the onset of the forward transformation with and without magnetic field stems from the 
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available magnetic energies assuming that the magnetic field does not significantly 

effect the dissipation and stored elastic energy. Considering that the supplied mechanical 

energy can be expressed in terms of the stress level and transformation strain in case of 

no hardening, this difference can be written as, 
MP

MAE
MP

mag
MP

mech
MP

mech GG)0,T(E)H,T(E →→→→ Δ+Δ−=Δ−Δ  

MP
MAE

MP
magoforwardco

H
forwardc GG →→ Δ+Δ−=− εσεσ .. ,,      (6.9) 

where oε  is the transformation strain which is about the same with and without magnetic 

field (Chapter IV). Then, the magnetostress ( magσ ) can be expressed as 

o

MP
MAE

MP
mag

forwardc
H

forwardcmag

GG
ε

σσσ
→→ Δ+Δ−

=−= ,,      (6.10) 

For the reversible field-induced phase transformation to take place, the recovered 

mechanical energy upon reverse transformation under magnetic field ( ) 

should be more than the required mechanical energy for forward transformation under 

zero field (

o
H

reversec εσ .,

oforwardc εσ ., ). Then, the energy condition for the reversible field-induced 

phase transformation can be written as; 

02)0,(),( >Δ+Δ−Δ=Δ+Δ →→→→ PM
MAE

PM
magirr

MP
mech

PM
mech GGETEHTE   (6.11) 

which results in the following universal criterion 

irr
MP

MAE
MP

mag E2GG Δ>Δ+Δ− →→        (6.12) 

From Equation 6.12, the magnetostress requirement can be written, by dividing 

both sides with the phase transformation strain, as 

        (6.13) hysfrictionmag 2 σΔ=σ>σ

where  is frictional stress against the motion of martensite-parent phase interface 

and  is the pseudoelastic stress hysteresis (

frictionσ

hysσΔ reverse,cforward,c σ−σ ).  

For the NiMnGa alloy, the difference between the saturation magnetizations of 

the martensite and parent phase where the parent phase is the I-phase and the  of 

the I phase are negligible [95]. Therefore, 

MAE

magσ  arises only from the MAE of martensite 
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(X or 10M phases) in the present case up to -20 °C. The MAE of martensite ( ) was 

found to be 3.30 x10

uK
5 J/m3 at -95 °C for the present single crystals. If we use this 

with a total transformation strain of 3.8 % for both transformation stages, then the 

magnetostress can be calculated as 8.7 MPa using Equation 6.10, which is close to the 

experimentally observed values of 7 MPa.  

uK  

The positive magnetostress means that the parent phase (I-phase) is more stable 

under a magnetic field than both the X and 10M martensite phases, i.e. the field 

suppresses the Ms temperature. Since the magnetostress increases up to 1 Tesla for both 

transformation stages and then saturates, the transformation temperatures should follow 

a similar trend. In other words, they should drop up to an applied magnetic field of 1 

Tesla and then stay constant with further increase in magnetic field provided that 

 is negligible. Indeed, the recent results by Kim et al. [95] showing the effect of 

a magnetic field on the M

MP
magG →Δ

s temperature of Ni2MnGa as a function of transforming phase 

structures and field level support the general trends observed in this work for the I→X, 

I→10M, and P→10M phase transformations.   

As temperature increases, the MAE of martensite decreases due to the decrease 

in the saturation magnetization [13]. Moreover, there is a difference between the 

saturation magnetizations of the parent phase (P phase) and martensite (10M) at higher 

temperatures [95]. For example, Heczko and Straka [13] reported a 15% difference in 

saturation magnetizations of stress-induced martensite and parent phase at room 

temperature. Thus, the decrease in MAE of martensite and the increase in the difference 

between saturation magnetizations of transforming phases in the present case resulted in 

vanishing magnetostress at 10 ˚C for the P→10M transformation . In other words, 

-  became negligible.  MP
MAEG →Δ MP

magG →Δ

It was shown for a polycrystalline NiMnGa MSMA that the applied field had a 

small effect on the transformation temperatures if the parent phase is ferromagnetic [54] 

demonstrating that -  is small. An increase in transformation 

temperatures with magnetic field was reported when the paramagnetic parent phase 

MP
MAEG →Δ MP

magG →Δ
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transforms to ferromagnetic martensite [95] emphasizing the effect of . The 

field-induced parent phase stabilization  (decrease in M

MP
magG →Δ

s)  reported by Murray et al. [46] 

and field-induced martensite stabilization (increase in Ms) reported by Jeong et al. [36] 

on NiMnGa polycrystals under stress could, then, be due to the ferromagnetic parent 

phase in the former and the paramagnetic parent phase in the latter study.  

In NiMnCoIn alloys, the transformation temperatures decrease with applied field 

when ferromagnetic austenite transforms to paramagnetic martensite or martensite with 

lower saturation magnetization. The decrease in transformation temperatures is due to 

the large negative  and negligible MAE of the parent and martensite phases or 

small MAE of martensite. In other words, -  becomes very large. In this 

case, both the MAE and  terms result in stabilization of austenite. Figure 6.4 

shows a schematic of the change in Gibbs free energies of parent phase and martensite as 

a function of temperature considering the effect of an applied magnetic field in the 

NiMnCoIn alloy. Both the MAE and  can be considered as additions to the free 

energy of martensite.  

MP
magG →Δ

MP
MAEG →Δ MP

magG →Δ

MP
magG →Δ

MP
magG →Δ

In the pseudoelastic experiments, the large -  value results in 

large and continuous shift in critical stress for phase transformation with applied field. 

Additionally,  is limited to a critical field where the saturation magnetization 

along the hard axes reaches to saturation magnetization, however there is no limit for  

 as far as there is a difference between the saturation magnetization of austenite 

and martensite phases. This suggests that for any temperature it might be possible to 

separate the pseudoleastic loops in NiMnCoIn alloys and observe reversible stress-

assisted field-induced phase transformation provided that test temperature is below the 

Curie Temperature. The key point here is to decrease the critical field for this reversible 

phase transformation.   

MP
MAEG →Δ MP

magG →Δ

MP
MAEG →Δ

MP
magG →Δ
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Figure 6.4 Gibbs free energy curves of parent and martensite phases of the NiMnCoIn 
alloy as a function of temperature considering the effect of magnetic energy 
contributions. 

  

 

It is clear in Equations 6.12 and 6.13 and from the above discussion that the 

stress range ( ) for reversible field-induced phase transformation can 

be increased by either increasing - , or decreasing dissipation (i.e. 

pseudoelastic stress hysteresis).  depends on temperature, applied magnetic field 

and stress directions with respect to the easy axis of magnetization and composition [13, 

30] while pseudoelastic stress hysteresis depends on temperature, crystal orientation, 

loading type (tension vs. compression), composition, resistance to dislocation generation 

(matrix strength), compatibility between parent and martensite phase boundary and 

transformation strain. Similiarly, it is also possible to maximize  by selecting a 

system where one of the transforming phases is paramagnetic as in the case of 

forward,c
H

reverse,c σ−σ

MP
MAEG →Δ MP

magG →Δ

MP
MAEG →Δ

MP
magG →Δ
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NiMnCoIn. Clearly, there are many parameters that can be optimized to observe field-

induced phase transformation, which makes this class of alloys promising candidates for 

future research.  

One challenge, however, is to find alloys in which both magnetic energy terms 

promote the phase transformation instead of opposing each other. For example, if a 

composition is selected for transformation from a ferromagnetic austenite to 

paramagnetic martensite for maximizing ,  will always oppose  

if MAE of austenite is not negligible. In such a case, it is more desirable that  is 

negligible. Similarly, in transformations where  is large, then the parent phase 

usually has lower saturation magnetization than martensite making the  

contribution opposite to . Therefore, it is necessary to find alloy compositions 

that would maximize one of the magnetic energy terms while the other one is negligible 

for achieving wide stress ranges for reversible field-induced phase transformation. 

MP
magG →Δ MP

MAEG →Δ MP
magG →Δ

MP
MAEG →Δ

MP
MAEG →Δ

MP
magG →Δ

MP
MAEG →Δ

In the above thermodynamics consideration, it has been assumed a very simple 

domain structure both in martensite and parent phases and suggested that the domain 

walls vanishes when a small magnetic field is applied. In other words, effects of the 

specimen size and shape effect, domain wall motion and demagnetization energy are 

neglected. This appears to be a valid approximation for NiMnGa alloys as suggested by 

O’Handley [8], but in other alloys the demagnetization energy should be taken into 

account in the Gibbs free energy formulation. Similarly, one could carefully determine 

the effect of temperature on  and , and construct more accurate Gibbs 

free energy representation which is a challenging task. It is possible though to find out, 

indirectly and relatively more easily, the trends in the temperature dependence of the 

-  term either by determining the change in M

MP
MAEG →Δ MP

magG →Δ

MP
MAEG →Δ MP

magG →Δ s temperature under a 

magnetic field above the saturation field like Kim et al. [95] did or by determining the 

magnetostress as a function of temperature as in the present study.  
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CHAPTER VII 

SUMMARY AND CONCLUSIONS 
 

The magneto-thermomechanical response of the Ni2MnGa single crystals 

oriented along the [100] direction was investigated under the simultaneous application of 

external stress and magnetic field considering the effect of field cycles, temperature and 

field rate on the magnetic field induced strain, blocking stress and magnetostress, 

magnetoelasticity and magnetoplasticity. The magnetic field and external stress were 

applied perpendicular to each other. The present work demonstrated that magnetic field-

induced phase transformation is possible in Ni2MnGa single crystals under low field 

magnitudes and the effect is repeatable under cyclic field applications. This mechanism 

can overcome the current limitations of MSMAs by easily increasing the actuation stress 

levels by at least one order of magnitude. The field-induced phase transformations and 

shape memory characteristics of NiMnCoIn alloys were also studied. High 

magnetostress levels are reported however reversible field-induced phase transformation 

can be only achieved under high magnetic fields. The following conclusions can be 

drawn from this study: 

1. The maximum MFIS level is a function of constant bias stress. Increasing stress 

decreases the MFIS and no MFIS is observed above the blocking stress. The 

blocking stress in the present study was about 5 MPa two times higher than the 

maximum MFIS reported in the literature.  The maximum MFIS was 5.8% which 

is close to the theoretical maximum reorientation strain for the 10M tetragonal 

martensite.  

2. The cyclic MFIS evolution is different than the one observed during the first field 

cycle and significant irrecoverable MFIS may exist in the first cycle depending 

on the stress level. These were attributed to the competition between the stress 

and magnetic field favored martensite variants during the forward and backward 

reorientation. The MFIS in the first cycle is considerably higher than the one in 

the following cycles at low stress values.  
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3. The magnetic field rate has a significant effect on the MFIS evolution. At lower 

field rates (< 150 kG/sec), a rate dependent two stage reorientation was observed 

where the maximum MFIS magnitude increased with the field rate. This was 

attributed to the difference between the nucleation and propagation barrier 

strength for twins. 

4. The stress induced martensite reorientation under constant magnetic field led to 

the observation of magnetoelasticity, i.e recoverable martensite reorientation, 

similar to the pseudoelasticity due to the recoverable stress induced phase 

transformation in conventional shape memory alloys. The constant magnetic 

field caused an increase in the stress levels during reorientation, i.e. 

magnetostress. The maximum magnetostress was 5.7 MPa in the present study, 

highest reported to date. 

5. The high magnetostress (5.7 MPa), high blocking stress (5 MPa) and the 

maximum MFIS (5.8%) combination of this study is the highest reported to date 

for NiMnGa alloys with 10M martensite structure. This was a consequence of 

both the large gap between the operating temperature (-95 °C) and the Curie 

temperature and the small difference between the operating temperature and the 

martensite start temperature. The former leads to increase in the 

magnetocrystalline anisotropy energy and the latter provides low detwinning 

stress which are what is needed to maximize the blocking stress and 

magnetostress.  The magnetocrystalline anisotropy energy was calculated to be 

3.30 x 105 J/m3 at -95 °C which was reported as 2.65 x 105 J/m3 at room 

temperature. 

6. A magnetic field applied perpendicular to the compressive stress increases the 

flow stress levels during the two-stage phase transformation. The magnetostress 

levels were on the order of 7 to 10 MPa. The pseudoelastic stress hysteresis loops 

with and without magnetic field were separated in the temperature range of -60 

°C to -40 °C for the first stage transformation. The separation of the 

pseudoelastic loops with and without magnetic field was identified as the 
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necessary mechanical condition for the reversible field-induced phase 

transformation in MSMAs.  

7. A magneto-microstructural mechanism is proposed to better understand the 

mechanisms responsible for the reversible field-induced phase transformations. 

The proposed mechanism can capture the evolution of magnetic field-induced 

strain vs. magnetic field response of the present alloy under constant stress 

during cyclic field applications.  

8. Actuation stress and work output levels achieved by employing stress-assisted 

field-induced phase transformation in this study are more than one order of 

magnitude higher than the results previously reported for NiMnGa MSMAs.  

9. The field-induced reversible phase transformation in NiMnCoIn alloys is 

determined by both measuring the change in magnetization and using high 

energy x-ray diffraction with in situ magnetic field capability. The required 

magnetic fields for reversible phase transformation were found to be high (>4 T) 

compared to field-induced variant reorientation and stress-assisted field-induced 

phase transformation in NiMnGa alloys (<1.5 T) 

10. The crystal structure of austenite and martensite phases of NiMnCoIn single 

crystals used in this study is determined to be L21 and 12M, respectively. 12M 

structure is determined for the first time in NiMnCoIn alloys. 

11. Theoretical transformation strains by CVP formation and detwinning are 

determined for NiMnCoIn alloys employing “Energy Minimization Theory”. The 

transformation strains along the [100], [123] and [110] directions are 6.76 %, 

4.15 % and 3.37 %, respectively for CVP formation.  The detwinning strains 

along the [100], [123] and [110] orientations are calculated as 6.76 %, 4.59 % 

and 4.57 %, respectively. 

12. Theoretical magnetostress levels for any direction can be calculated if the 

transformation strain and Classius-Clapeyron slope along the one orientation and 

rate of change of transformation temperatures with applied field are known. 

Theoretical calculation of magnetostress along the [100] orientation (21.6 
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MPa/Tesla) fits well to the experimental value (18.75 MPa/Tesla). The predicted 

magnetostress level along the [110] orientation is 43.5 MPa/Tesla for CVP 

formation.    

13. A thermodynamical framework is developed considering the available magnetic 

energies to understand the magneto-mechanical conditions for reversible field-

induced phase transformation. The Zeeman and magnetocrystalline anisotropy 

energies are responsible for the separation of the pseudoelastic hysteresis loops. 

The framework can be used to understand the energetics of the field dependence 

of transformation temperatures for any phase transformation.  

14. Necessary magnetic and mechanical conditions, and materials design and 

selection guidelines are proposed to search for field-induced phase 

transformation in other ferromagnetic materials that undergo thermoelastic 

martensitic phase transformation. MAE, Zeeman energy, the differences between 

the TTs, Curie temperature and To, stress and temperature hysteresis, the lattice 

parameters of transforming phases, relative directions of applied magnetic field 

and stress, and stress state are important parameters for selection of new 

materials.  
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