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ABSTRACT

THE TENSILE BEHAVIOR, FRACTURE, AND POWER HARVESTING

POTENTIAL OF NICKEL-MANGANESE-GALLIUM MAGNETIC SHAPE

MEMORY ALLOYS

Glen J. D’Silva

The shape memory effect in Ni2MnGa MSMAs is driven by the magnetic field-

induced or stress-induced motion of twin boundaries. The Ni2MnGa microstructure

consists of tetragonal martensite variants with magnetic easy axis aligned with the

short axis (of the unit cell), which aligns in either the direction of the applied mag-

netic field or mechanical stress causing a reorientation of the microstructure. The

reorientation strain and the change in the material’s magnetization during variant

reorientation, drive the development of MSMA-based applications. The overarching

objective of this dissertation study is to inform the development of new MSMA-based

applications and to improve the efficiency and reliability of current MSMA-based ap-

plications by studying the tensile behavior, fracture mechanics, and power harvesting

potential of Ni2MnGa MSMAs. Historically, MSMAs have been studied extensively

under combined compressive and/or magnetic loads, and applications only use MS-

MAs in compression. The tensile study investigates the strain fields developed in

Ni2MnGa samples, with fine and coarse twin structures when loaded in tension and/or

with a magnetic field. The strain fields are recorded using digital image correlation,

which allowed for the observation of the evolution of the strain field over the entire

sample, concurrent with the evolution of the sample’s twin microstructure. The re-

sults show that the twin density, the uniformity of the magneto-mechanical loading

along the sample, and the presence of pinning sites are all contributing to the pro-

file of the tensile strain field; the presence of pinning sites along the sample inhibits
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variant reorientation and recovery. Both samples showed no visible signs of damage

during tensile testing, and the magneto-mechanical response in tension was found to

be comparable to that in compression for both sample types. The fracture mechanics

study involves the experimental research of the fracture mechanisms in MSMAs and

the development of an MSMA fracture mechanics modeling framework; the brittle na-

ture of Ni2MnGa MSMAs causes cracks to develop in them hampering their function

in MSMA-based applications. The phase-field method is proposed for the modeling

framework since this method is able to capture complex crack patterns, and Vickers

microindentation is used for the experimental study to determine the fracture energy

of the material and study crack evolution characteristics under magneto-mechanical

loading. The Vickers microindentation results suggest that transverse magnetic fields

facilitate crack growth and decrease the fracture energy of the MSMA, while the axial

compressive stress impedes crack growth and increases the fracture energy. Lastly,

the power harvesting study reports new power harvesting data generated with a bi-

axial magnetic field and a surrounding coil, and full strain field data for an MSMA

subject to load similar to what is seen during power harvesting, then compares the

performance of MSMA-based power harvesters with different designs to determine

which give the best output. For this comparison, a framework for evaluating the

performance of (side coil and surrounding coil type) MSMA-based power harvesters

reported in the literature is developed. This framework involves normalizing the re-

sults to the design characteristics of the respective harvesters. The strain maps reveal

the potential for perpendicular twin boundaries that limit variant reorientation and

correspondingly the harvester’s power. The power harvesting study concludes that

the largest change in magnetic flux density, which is the driver for power harvesting,

occurs in the side coil setup with an optimized magnetic circuit and it recommends us-

ing this configuration for future MSMA-based power harvesters for maximum power.
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Chapter 1

INTRODUCTION

1.1 Introduction to Magnetic Shape Memory Alloys (MSMAs)

Smart materials are capable of changing physical properties signi�cantly in a con-

trolled fashion by external stimuli, such as stress, temperature, electric, or magnetic

�elds. The most commonly focused and successfully used smart materials include

piezoelectric materials, magnetostrictive materials, and shape memory alloys. Piezo-

electric materials exhibit a low strain of about 0.1% but have a high response fre-

quency of about 1 MHz. Magnetostrictive materials like Terfenol-D also exhibit a low

strain with a response frequency of about 100 kHz. Shape memory alloys exhibit a

large strain of about 6-8%, with a signi�cantly low response time of about 5 Hz [1,2].

Hence, the former two smart materials are known for their considerably low response

frequency while the latter is famous for its large magnitudes of strain [3].

Shape memory alloys (SMAs) are materials that remember their pre-deformed

shape after mechanical deformation, by going through a reversible phase transforma-

tion, from the high-temperature austenite to the low-temperature martensite phase.

Starting from the austenite phase, cooling an SMA transforms it into the twinned

martensite phase (consisting of two variants). Now, if we apply an external force

and deform the SMA in the twinned martensite phase, it exhibits a macroscopic

strain, and by simply rearranging the martensite variants, the SMA forms a new mi-

crostructure called the detwinned martensite phase (consisting of a single variant).

On heating the SMA in the detwinned martensite phase, it will transform back to the

square lattice of the austenite phase, restoring the macroscopic shape of the specimen
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to the original. On cooling the SMA, the crystal structure will further transform to

the twinned martensite phase and will be ready for new mechanical deformation. This

ability of the material is called the shape memory e�ect [4]. Since the output actua-

tion in SMAs happens through temperature change for an input signal, it is di�cult

to get a fast response to the input signal at frequencies high than 5 Hz, because the

thermal conductivity of the alloys is a rate-determining factor of the response. This

fatal drawback limits the use of SMAs as actuators. Magnetic shape memory alloys

in which a rapid output strain is obtained by the application of a magnetic �eld have

the potential to overcome this obstacle [5].

Magnetic shape memory alloys (MSMAs) constitute a subgroup of shape memory

alloys that also exhibit ferromagnetic behavior [1]. The primary di�erence between

MSMAs and SMAs is in that MSMAs exhibit the shape memory e�ect through mi-

crostructure rearrangement that can be induced by either a magnetic �eld or me-

chanical stress, while SMAs exhibit the shape memory e�ect through a phase change

that is induced by a temperature gradient. This gives MSMAs the unique advantage

of exhibiting large strains with a low response time. From a technological point of

view, MSMAs combine the large strain capability of ordinary SMAs with the fast

and remote actuation or sensing that is possible using magnetic �elds or mechanical

loads. Therefore, MSMAs o�er prospects for novel applications and embody a novel

mechanism for converting between magnetic and mechanical energies.

Numerous magnetic shape memory materials have been explored over the past

few decades, including Ni2MnGa, FePd, FePt, CoNiAl, NiCoMnIn, NiMnCoSn, Fe-

CoNiTi, and CoNiGa are all examples of MSMAs, di�erentiated by the magnetic

�elds under which they exhibit the shape memory e�ect (0.8 T-7.0 T) [6]. Of these

alloys, the largest magneto-strains, up to 10% at 1 kHz, were achieved in Ni2MnGa,

making this alloy the most studied MSMA [7]. Ni2MnGa also requires the small-
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est magnitude of magnetic �eld (0.8-1.0 T) making it the most feasible MSMA for

practical applications.

Ni2MnGa MSMAs can be grown as single crystals or as polycrystals. Most prac-

tical applications use single-crystal samples since they exhibit larger reorientation

strains than polycrystalline samples. The polycrystalline NiMnGa exhibits a low

magnetic �eld-induced strain (about 0.7% [8]) since the strain in them is inhibited

by the constraints from the grain boundaries [9]. Ullakko et al. [10] were the �rst to

report a magnetic �eld-induced strain of 0.2% in a single crystal of Ni2MnGa in 1996.

Subsequently, Tickle et al. [11] observed 1.3% strain, Tickle and James [12] observed

4.3% strain and Murray et.al [13] reported 6% strain in Ni2MnGa martensites at room

temperature. In 2003, Sozinov et al. [14] reported a magnetic-�eld-induced strain of

approximately 10% in Ni2MnGa single crystals under a magnetic �eld of about 1 T.

Single crystal Ni2MnGa is also the alloy investigated in this dissertation study.

1.2 Introduction to the MSMA Microstructure

Ni2MnGa is a full Heusler inter-metallic alloy that exhibits ferromagnetism [15].

The austenite phase of Ni2MnGa has a cubic L21 Heusler structure, which is formed

by four interpenetrating face centered cubic (FCC) sub-lattices (see Figure 1.1(a))

[15{17]. The Ni ions occupy the 4b Wycko� positions (x = 1/4, y = 1/4, z = 1/4).

The Mn ions occupy the 4a positions (x = 0, y = 0, z = 0) and the Ga ions are placed

at the 4b sites (x = 1/2, y = 1/2, z = 1/2). Both the Ni and Mn atoms have eight

nearest neighbors at the same distance. Mn has eight Ni atoms as nearest neighbors,

while for Ni there are four Mn and four Ga atoms [18]. In Ni2MnGa MSMAs, a cubic

high-temperature austenite to approximately tetragonal low-temperature martensite

(see Figure 1.1(b)) transformation occurs when the material is cooled below a char-

acteristic martensite start temperature, which is well above room temperature. Note
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Figure 1.1: (a) The FCC L21 Heusler structure of Ni2MnGa in the austenite phase. b) Reduced

body-centered-tetragonal cell in the [110] direction, in the Ni2MnGa martensite phase. Black, gray,

and white circles in the �gures represent Ni, Mn, and Ga atoms respectively [16].

that the thermal shape memory e�ect is beyond the scope of this work, and the

shape memory e�ect in this study was only induced by magnetic �elds and mechani-

cal stresses.

The cubic symmetry of austenite permits three possible symmetry-related degen-

erate states in the martensite phase called variants that have tetragonal unit cells with

slight monoclinic distortion [2,19,20]. In this study, Ni2MnGa samples with only two

variants have been used, and hence the microstructure of a two-variant Ni2MnGa,

consisting of martensite variants: variant 1 (V1) and variant 2 (V2) (see Figure 1.2)

at room temperature, is discussed in further detail. For simplicity, the unit cells are

approximated as tetragonal. For each martensite variant, the a-axis (aax) is the long

axis, while the c-axis (cax) is the shortest crystallographic axis. The short axis corre-

sponds to the axis along which magnetization is easier and is thus de�ned as the easy

axis of magnetization [21]. The large strain exhibited by Ni2MnGa MSMAs is a di-

rect consequence of the rearrangement of the crystal's martensite twin microstructure

toward a con�guration with lower free energy. If more than one martensite variant
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