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ABSTRACT

Ni-Mn-Ga is a magnetic shape memory alloy (MSMA) that exhibits large
recoverable strains. The magnetic field induced strain (MFIS) occurs through twin
boundary motion resulting in reorientation of the crystal structure, which is coupled to the
magnetic moment of the material. The shape memory capabilities of the material make it
promising for applications including microactuators, sensors, microfluid pumps,
refrigeration, energy harvesting, and data storage.

In order for Ni-Mn-Ga to become a viable option for use in commercial
applications, the performance and reliability must be on par with industry standards.
Ni-Mn-Ga has been shown to achieve high cycles at low strains, but there is little data on
the fatigue life of samples that are actuated near the theoretical strain limit. 10M
Nis1 2MngesGagz2 single crystal samples were magneto-mechanically cycled in a rotating
magnetic field under minimal mechanical constraints to study the effects of crystal
imperfections on fatigue life and fracture mechanics with a consideration of surface
roughness. High surface roughness and areas of high local stress concentration lead to
crack initiation. Cracks tended to propagate in <110> directions at an angle of 45° to the
axis about which the magnetic field rotated. Crystal defects, surface imperfections, and

total strain should be minimized to achieve long operational life.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS. ... iv
ABSTRACT ettt b et e b e e e a bt e bt e e bt e be e nb e e be e nnneenneeanne s \
LIST OF TABLES ...ttt ettt be e e b ee e IX
LIST OF FIGURES ...ttt bttt n e nne e Xi
LIST OF ABBREVIATIONS. ... .o XXIi
CHAPTER ONE: INTRODUCTION ......ooiiiiiiiieecee e 1
CHAPTER TWO: MOTIVATION.....coiiiiieii et 4
CHAPTER THREE: BACKGROUND ......ociiiiiiieiiieee e 6
TN V- To 1= S o USSP OPUSTRPPIO 6

3.1.1 MAgNetiC IMOMENTS .....couviivieiieie ettt et 6

3.1.2 Ferromagnetic MaterialS ..........cccoevveiieiiesi e 7

3.1.3 CUIE TEMPEIALUIE ...c.vveveeeeesieete e siee e ereesteeste e sreestesneesreenaeeneesreeaeenes 10

3.1.4 Magnetocrystalline ANISOIIOPY .......ccuerueeiriieerrerieseerie e e sie e e 11

3.1.5 Shape ANISOLIOPY ....coivieieiiieiiieie ettt 14

3.2 Shape MEMOIY ALLOYS ...ccueiiiieiieie et nneas 16

3.2.1 PRENOMENOIOQY....ccueiiiieiiiieiieeie ettt 16

3.2.2 Martensitic Transformation ............ccccooeveriiinencineee e 17

3.2.3 TWINNING c.teitieiteeie ettt ste et e e e te e e sraesaeeneenreeneeanes 18

3.3 Ferromagnetic Shape Memory AlOYS ..o 21

Vi



3.3.1 Magnetic Field Induced TWINNING......ccoooeiieriniiniieesie e 21

3.3.2 IMAGNELOSIIESS ... .eeiveieieeeee ettt ettt ettt sbe e e b e eeneeees 24

B NT-IMIN-GA. bbbt bbbt 26
3. 4.1 HEUSIEN AOYS ..ottt 26

3.4.2 Crystallography.......coveieiieiiece e 27

3.4.3 Magnetomechanical Properties........cccoouueieerenieneenie e 29

3.4.4 Fatigue and Fracture MeChaniCs ........cccuviviiiiiiiniieecesee e 30
CHAPTER FOUR: EXPERIMENTAL ...ttt 34
4.1 Single Crystal GrOWLN..........cceiiieeciece e 34
4.1.1 Master Alloy and Final Alloy Casting.........ccovevviiiereeresieseese e, 34

4.1.2 Single Crystal Growth via Bridgman-Stockbarger Technique............... 35

A.1.3 ANNEALING ....oeiitiiieiie ettt nae e 39

4.2 CharaCteriZatiON ..........coeiuiiiiiieiee et 39
4.2.1 X-Ray Diffraction (XRD) ......ccccceriiiiiiiiiieiieneeie e 39

4.2.2 Energy Dispersive X-Ray Spectroscopy (EDS) .....c.ccccevvvvveeiveiesiennnnn, 41

4.2.3 Sample Preparation ...........cociveieeiesieese e 43

4.2.4 Vibrating Sample Magnetometer (VSM).......cccvovviieiveieciee e, 46

4.2.5 ComMPressioN TESHING ....ccvvivriieieiie et 49

4.2.6 Optical Profilometry ... 50

4.2.7 Differential Interference Contrast (DIC) MIiCroSCOPY ......cccevvververveennnn. 51

G Lo U L= =T [ o SR 52
CHAPTER FIVE: RESULTS ... 58
5.1 CharaCteriZALION .......c.eeeeeeieiie ittt 58

vii



S5.LLIXRD @Nd EDS ..o 58

5.1.2 MagNetiC PrOPEITIES ....cccveieeieieieeiesiee ettt 61

5.1.3 ComMPression TESHING ...ccvecververieie e e s 66

5.1.4 SUrface ROUGNNESS.......ccviieiieice s 67

5.2 FatigUE RESUIES.....c.eiieieciee et 68

5.2.1 Crack Propagation...........ccceieerenieiienesie sttt 68

5.2.2 Notched Fatigue SampIEs .........ccooeiiiriiiiiiee s 75

5.2.3 MICTOSEIUCIUIE ...t 77

5.2.4 FatigUe LiT ...ciieiiie et 82

CHAPTER SIX: DISCUSSION ...ttt 84
CHAPTER SEVEN: CONCLUSIONS ..o 90
CHAPTER EIGHT: FUTURE WORK ..ottt 91
REFERENGCES ...ttt ettt ettt et e e bbbt e i e e be e eneenne e 92
APPEND X bbb nes 98

viii



Table 5.1

Table 5.2

Table 5.3

Table 5.4

Table 5.5

Table 5.6

Table A.1

Table A.2

Table A.3

LIST OF TABLES

Lattice parameters for single crystals used in fatigue tests and compression
tests. The short axis, c, is aligned with the easy axis of magnetization.
Using the pseudo-tetragonal unit cell for the 10M structure two axes,
a, Will be of equal 1ength..........cooveiieii e, 58

Compositional range (atomic-%) over the length of the 10M portions

of single crystals used in fatigue tests and compression tests. The first
value in each column corresponds to the composition of the 10M portion
nearest to the seed end of the crystal and the second value corresponds

to the composition of the 10M portion farthest away from the seed. ....... 60

Average absolute deviation from the nominal composition of
Nis1.2Mng Gays » for the 10M portion and 14M portion for each
single crystal used in this thesis. .........ccoiiiiiiii i 62

Effective twinning stress for groups of samples with a specified

surface preparation pertaining to a respective single crystal.

Measurements were made prior to fatigue testing. See appendix

for individual sample results. ... 67

Average blocking stress and twinning stress for compression samples
CULTIOM CIMLBL......oiiiiiiiiecce ettt e re e 68

Average surface roughness and standard deviation of samples with a
specified surface preparation pertaining to a respective single crystal.
See appendix for individual sample results. ........c.ccccovevieviiieicieiecenn, 70

Average composition (atomic-%) over the length of the 10M portions
of single crystals used in fatigue tests and compression tests................. 102

Average composition (atomic-%) over the entire length of the crystals
used in fatigue tests and COMPreSSION teSES. .......ccvvverereereerierin e 102

List of samples used in fatigue testing including average switching

field with H applied parallel and perpendicular to the sample face

as well as the respective level of mechanical polish and whether

or not the sample was NOLChEd. ..........ccoveiiiicie e, 106



Table A4 List of samples used in fatigue testing including the calculated stress
required to initiate twin boundary motion, fatigue life, and average
surface roughness. Notched samples were not cycled to fracture. ........ 107



Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

LIST OF FIGURES

Atoms of a diamagnetic material have no magnetic moment associated
with them. When a magnetic field is applied (right image), magnetic
moments are induced in the opposite direction of the applied magnetic
FIEI. e e 8

Magnetic moments in a paramagnetic material are randomly oriented
(left). In an applied magnetic field (right), the moments will align
parallel to the applied magnetic field in the same direction. ...................... 9

Magnetic moment models of ordered magnetic materials. In the image on
the left, the magnetic moments of ferromagnetic materials remain aligned
parallel to one another without the presence of a magnetic field. Nearest
neighbor antiferromagnetic moments align anti-parallel relative to one
another. Ferrimagnetic materials contain separate lattices with anti-
parallel aligned magnetic MOMENLS. ........ccccvvveieere e 10

Magnetization as a function of temperature for a material that exhibits
ferromagnetic properties at low temperatures. At low temperatures,

below T, the magnetic moments of the material are aligned. At high
temperatures, above T, the thermal energy overcomes the order

of the magnetic moments and the material exhibits paramagnetic
[O100] 1<) LT F TSP 11

Hysteresis loop for the magnetization of a ferromagnetic material.

The material starts out as demagnetized at the origin. An increasing
magnetic field induces alignment of the magnetic domains to saturation

of the magnetization. Ferromagnetic materials retain magnetization

when the magnetic field is removed. An increasingly negative field

will decrease the magnetization of the material to its original state.

As the negative field is continuously applied, the magnetization

will saturate in the negative direction. This process can be repeated

IN €ItNET AIFECTION. ..c.eiiiiiiiiceie e 12

Magnetization as a function of magnetic field for a ferromagnetic
material exhibiting magnetocrystalline anisotropy. The area between
the curves and the magnetization axis is the energy required to achieve
saturation magnetization. The blue shaded area is the magnetic
anisotropy energy. The anisotropy field is the magnetic field required

Xi



Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

to saturate the sample’s magnetization when the magnetic field
is applied parallel to the hard axis of magnetization.............cccccceeuvrvenenn. 14

a) Magnetic field lines within and outside of a magnetic material.

b) Induction field lines within and outside of a magnetic material.

The magnetic field lines within a magnetized material point in the
opposite direction of the induction field lines. On the outside of the
material, the lines point in the same direction. ..........ccccccevvivviverecienenn, 15

Representation of the martensitic transformation and shape memory
effect of NiTi alloy. Reprinted with kind permission from [23]............... 17

Transformation temperature diagram. The red line indicates the
magnetization as a function of temperature as the temperature is

increased. The blue line indicates the magnetization temperature

as a function of temperature as the temperature is decreased. .................. 18

The top structure represents an undistorted lattice. Atoms would be
located at the intersections of the crystal lattice. Slip deformation

can occur via lattice dislocation motion. Deformation via twinning

occurs Vvia shearing Of alOMS. .......cccveivieiiieie e 19

a) Twinning elements K, Ky, #1, and 7. #1 and 7 lie on the shear plane,

S. The K; plane lies along a row of atoms after twinning from the K’,
plane. b) Secondary view normal to the shear plane. K is the twinning
plane and 7 is the shear direction of the atoms. a) Redrawn from

Acta Materialia, vol. 58, P. Mullner and A. H. King, Deformation

of hierarchically twinned martensite, pp. 5242-5261, (2010), with
permission from Elsevier. b) Redrawn from Thermo-Mechanical
Processing of Metallic Materials, 1% Edition, B. Verlinden, J. Driver,

I. Samajdar, and R. D. Doherty, Alternative Deformation Mechanisms,

pp. 121-123, (2007), with permission from ElseVier. ...........ccccoevvivennenn. 20

Schematic of twinning dislocations propagating through a material.

As the twinning dislocations move to the left along the shear direction,

the twinned matrix grows at the expense of the parent matrix. A
dislocation creates a step height in the twinning plane. The twinning

plane, Ky, is the interface between the two matrices.............cccccvevviiennenn, 21

Diagram representing the three different types of twinning occurring

in Ni-Mn-Ga martensite. Type | twin boundaries are parallel to the
<100> directions. Type Il twins deviate from <100> directions by
approximately 7°. Compound twins are mirror planes reflecting the
modulation direction of the crystal structure. Reprinted from Acta
Materialia, 59, L. Straka, O. Heczko, H. Seiner, N. Lanska, J.
Drahokoupil, A. Soroka, S. Féhler, H. Hanninen, and A. Sozinov, Highly

xii



Figure 3.14

Figure 3.15

Figure 3.16

Figure 3.17

Figure 4.1

Figure 4.2

mobile twinned interface in 10M modulated Ni-Mn-Ga martensite:
Analysis beyond the tetragonal approximation of lattice,
pp. 7450-7463, (2011), with permission from Elsevier [33]. .........ccc...... 23

Conceptual diagram representing martensite twin variant reorientation

in an applied magnetic field. The white arrows represent an applied
magnetic field. The initial state (left) contains a large twin with two
different variants, yellow and pink. The two diagonal lines within the

blue region represent the twin boundaries. The easy axis of magnetization,
represented by the small arrow within the unit cell, will preferentially
align parallel with an increasing magnetic field (middle), causing the

pink variant to grow at the expense of the yellow variant. At a

sufficiently high magnetic field (right), the yellow variant will

disappear as the structure reorients into a single variant. .............c..c....... 24

NioMnGa L2; structured Heusler alloy. Manganese is located at the
green sites, Gallium is at red, and Nickel is at blue. The austenite
cubic phase is shown in this diagram.........cccccevereniiniinenie e, 27

Diagram relating various actuator characteristics. FSMAs are attributed
with high actuation response and large strain. Common actuators are
typically associated with having either a large strain potential or high
actuation frequency, but Ni-Mn-Ga exhibits both of these traits

[2, 4,58, 83, B4]..ceeiiieeieeieeee et 30

Progression of stress vs. strain loops for a Ni-Mn-Ga sample actuated

to nearly 1 x 10° cycles. The maximum stress achieved increases

from approximately 0.8 MPa to 1.6 MPa over the course of testing.
Reprinted with Kind permission from [17].....ccccccovvviiiiiiiiniinneece e, 33

The target composition for the crystals used in the following experiments
was 51.2% Ni, 26.6% Mn, and 22.2% Ga and was determined based

off of previous results that yielded large sections of the desired 10M
martensite structure. This ternary diagram contains EDS and XRD

data from 31 crystals of varying composition. EDS and XRD data

was taken along the length of each crystal every 2 mm and plotted

Single crystal growth assembly. a) Schematic of the single crystal

growth assembly (not drawn to scale). The tantalum wire that separates
the quartz tube from the alumina tube is not shown. b) Tantalum wire
wrapped around alumina tube. ¢) The assembly used to drive the single
crystal into and out of the hot zone. d) The bottom of the single crystal
assembly showing the gas inlet adapter and the thermal couple inserted
through the aSSEMDBDIY. ..o e 37

Xiil



Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Coherent interference of incident x-rays will occur when the Bragg
condition is satisfied, nA = 2d sin©. This will only occur at specific
angles that depend on the periodic structure of the material. ................... 40

XRD scan of 10M Ni-Mn-Ga single crystal. Crystal was oriented
such that the [004] was parallel to the stage plane and the [040] was
normal to the Stage Plane. ........ccooveiiiiie e 41

XRD and EDS diagram for CM132 a Nis; ;Mnys6Gaz,.» (at-%) single
crystal used in fatigue testing. Data points represent crystal composition
and shaded areas represent crystal structure. The face of the (001)s plane
at crystal length 0 mm is the face that was exposed from cutting the seed
off of the crystal. The data was obtained along the length of the crystal
corresponding to the image of the crystal shown below the diagram.

The letters in the bottom left corner of the diagram correspond to the
locations of samples that were cut from the crystal. Reference

Table A.3 for EDS and XRD pertaining to the other single crystals

USE 1N TS TNESIS. ...veeiiiiecie e 43

Cylindrical wafers were cut along the (001) plane for fatigue testing
using a Princeton Scientific wire saw. The coordinate axes indicate
the sample coordinate SYSIEM. ........ccooiiiiiieniie s 44

DIC mosaic image of a sample notched with a Princeton Scientific
precision wire saw in the [100]s and [110]s directions to control
fatigue crack initiation POINTS..........cevverieiiieieee e 45

a) Vibrating Sample Magnetometer. b) Sample holder shown in between
electromagnetic poles with the pickup coils lowered. ¢) Pickup coils
raised and now surrounding the sample..........cccooeveiieiienn e, 47

Switching field diagram for a cylindrical sample with the magnetic

field applied parallel to the sample face. The sharp increase in
magnetization correlates with the reorientation of the crystal structure.

The arrows indicate the path of magnetization as the magnetic field

is increased and subsequently decreased. .........cccceovvieevieieciene e, 48

Schematic identifying the axes and associated directions of the
compression samples. The shortest side of the crystal was designated
as Xcr and the longest axis was designated @S Zc.....coovvverereeneeneniennen, 50

Differential interference contrast image of a cylindrical Ni-Mn-Ga single
crystal used in rotary fatigue testing. The contrast in colors between

the different twin variants is useful for analyzing images of twinned
SAMPIES. ...ttt nre e enes 52

Xiv



Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 5.1

Figure 5.2

a) Rotary fatigue testing instrument. b) Sample holder retaining samples
in a stationary position during testing. ¢) The sample holder slides
into the sleeve containing the rotating permanent magnets. ..................... 53

a) Rotating permanent magnets. The sample holder sleeve fits into

the slot between the cylindrical and rectangular magnets. b) The

magnets consist of a cylindrical diametrically aligned magnet and

two rectangular magnets that help increase the magnetic field that is
applied parallel to the sample face..........cocoveriiniinii e, 54

As the magnetic sleeve rotates, a maximum field of 0.41 MA/m is

applied parallel to the sample face in the [010]s direction. When

the sleeve rotates 90°, a maximum field of 0.52 MA/m will be

applied perpendicular to the sample face in the [001]s direction. ............ 55

Diagrams representing the magnetic field as a function of angle

for the magnetic field applied parallel to the sample face (blue dots)

and the magnetic field applied perpendicular to the sample face (black
dots). (a) The magnetic field as a function of angle only including

the diametrically aligned magnet. (b) The magnetic field as a function

of angle including all three permanent magnets. The red lines indicate

the typical switching field required to reorient twin boundaries. ............. 56

Diagram representing the maximum possible effective magnetostress

as a function of magnetic field for CM154 G prior to fatigue testing.

The maximum field applied parallel to the sample face in the [010]s
direction is 0.41 MA/m (red). The maximum field applied perpendicular
to the sample face in the [001]s direction is 0.52 MA/m (blue). .............. 57

XRD and EDS diagram for CM132 a Nis; 2Mnys6Gaz,» (at-%) single
crystal used in fatigue testing. Data points represent crystal composition
and shaded areas represent crystal structure. The face of the (001)s

plane at crystal length 0 mm is the face that was exposed from cutting

the seed off of the crystal. The data was obtained along the length

of the crystal corresponding to the image of the crystal shown below

the diagram. The letters in the bottom left corner of the diagram
correspond to the locations of samples that were cut from the crystal.
Reference Table A.3 for list of samples tested in the rotary instrument... 60

a) Switching field test performed with the magnetic field applied

parallel to the face of the sample. b) Switching field test performed

with the magnetic field applied perpendicular to the sample face.

The blue curve represents the magnetization as a function of applied
magnetic field. The red curve represents the magnetization of the sample
as a function of the effective magnetic field considering the
demagnetization TaCtOr. .........cccvevveiieii e 62

XV



Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

a) Depicts the switching field measurement for CM154 J. b)
Magnetostress diagram corresponding to an increasing magnetic

field up to the point of reorientation. The magneto stress diagram in a)
correlates to the switching field diagram in a). The blue curve represents
the applied magnetic field. The red curve represents the effective

magnetic field considering the demagnetization factor. ...........c.cccccvenee. 63

a) Switching field measurement from CM154 V with the magnetic

field applied perpendicular to the sample face prior to any fatigue.

b) Switching field measurement from CM154 V after being cycled

to 405,000 revolutions with the magnetic field applied perpendicular

to the sample face. The blue curve represents the magnetization as a
function of applied magnetic field. The red curve represents the
magnetization of the sample as a function of the effective magnetic

field considering the demagnetization factor. ...........ccoccevveiiiiiiin e, 64

Effective magnetostress calculated from switching field data as a function
of effective magnetic field for three stages of fatigue testing for CM154 N.
The data is plotted to the point at which the switching field is reached.

The maximum compressive magnetostress is the effective twinning

] (= PO T OO PR OPRPPR 65

Stress-Strain diagram for uniaxially compressed rectangular prism CM161
B1. Average twin plateau stress is 0.8 £ 0.1 MPa. Once the initial barrier
stress is overcome, the stress remains relatively constant while twin
boundaries are moving and the twin variant is reorienting. When the
element has completely reoriented, the stress increases sharply at

the onset of elastic deformation. ............ccoceviiiiinieeie e 67

DIC microscopy mosaic images of CM143F after 30,000 revolutions.

The left image is the top of the sample and the right image is the bottom
of the sample. Three different types of cracks are present on the faces

of the samples. a) Cracks propagating in the <110>g direction. b) Cracks
propagating in a general [100]s direction. c) Cracks that follow low

angle grain DOUNANIES. .........ccviiiiieiiiie e 69

DIC microscopy mosaic images of CM132B after 90,000 revolutions.
a) Top of the sample. b) Bottom of the sample. Cracking occurring
on the surface follows <110>sand a macroscopic {111} plane. .............. 69

Schematic illustrating the fracture plane in reference to a unit cell.

The black cylinder represents the sample. The red cubes represent

the orientation of the unit cell (austenite). The blue plane represents

the fracture plane and is characteristic of {111}s planes. The unit cell
depicted on the right represents the intersection of the fracture plane

WIth the UNIE CEILL...veiee e 70

XVi



Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.14

Figure 5.15

Figure 5.16

Figure 5.17

Figure 5.18

Figure 5.19

DIC microscopy image of CM158N after 2,000 revolutions. Fatigue
cracks propagating in a general [100]s direction, but following [110]s
CraCK dIFECLIONS. ....eovieiieiie et ereas 71

DIC microscopy mosaic images of CM154A prior to fatigue cycling.
Small angle grain boundaries are indicated by white arrows. .................. 71

DIC microscopy images of CM54A after 20,000 revolutions. a) Twins
decompose into multiple fine twins across the SAGB. b) Twin

boundaries are kinked where they cross over SAGBs. SAGBs

indicated by white dotted 1INe. .........ccocovevviieiiiiiecc e 72

DIC microscopy mosaic images of fatigue samples indicating crack
initiation points. a) CM132 B after 50,000 revolutions. b) CM132 B

after 60,000 revolutions. Cracks initiating in the central part of the

sample indicated by black arrows. ¢) CM154 T after 10,000 revolutions.

d) CM154 T after 20,000 revolutions. Multiple cracks initiating from

the edges of the samples indicated by white arrows. .........c.cccccevveiiennnens 73

SEM image of CM132 E {111} macroscopic fracture plane. Fracture
plane is characterized by jagged striations indicating brittle fracture.

The river marking on the fracture surface point towards internal defects

as indicated by the white arrows. The internal defect is circled by

the dOtted TINe........ooveee e, 74

SEM image of CM32 E sample surface and fracture surface. Twin
boundaries are pinned at the corners of the jagged fracture surface.
Examples are indicated by the white arrows. The fracture surface

impedes twin boundary MotioN............ccocveiiienienie s 75

DIC microscopy image of CM154] after 10,000 revolutions. Cracks
propagated in the 110s and the 110s directions outward from the
[L00]5 NOLC. ..o 76

DIC microscopy image of CM154N after 10,000 revolutions. The
fracture plane separates two active portions of the sample...................... 77

DIC microscopy image of CM132 E after 40,000 revolutions. Twin
microstructure near fracture surface is composed of fine Type I and Il
twins. Farther away from the fracture surface, the active twin variants

are relatively thicker Type I tWins. ......c.ccoevieieiiieii e 78

DIC microscopy image of CM132 E after 40,000 revolutions. Twin
microstructure farthest from the fracture surface is composed of
compound twins within thick type 11 twins. The compound twins are
continuous and extend across the type Il twin boundaries as indicated

XVii



Figure 5.20

Figure 5.21

Figure 5.22

Figure 5.23

Figure 5.24

Figure 6.1

Figure 6.2

Figure A.1

by the white dashed lines. Near the fracture surface the twins decompose
into a mixture of type I and Il twins. The c-axis of the unit cell is parallel
to [001]s within the green twin and parallel to [010]s within the pink

AN OFaNQE TWINS. ...evieiecie e e e esaeannenneas 79

DIC microscopy image of CM132 F after 60,000 revolutions. The wedge
shape of the vertical compound twins running parallel to [010]s can
clearly be seen on the left side of the image indicated by the white arrow.
The compound twins do not extend completely across the sample

in the way that type 1 or HH tWins d0. ......cccoeoviiieiieccce e, 80

DIC microscopy mosaic images of CM154 A. a) Cycled to 10,000
revolutions. b) Cycled to 30,000 revolutions. The refined twin structure
indicated by white arrows is composed of many thin twins and does

not evolve through fatigue testing. The larger twins on the right side

and top portion of the sample indicated by black arrows remain

4 0] o] =SS 81

DIC microscopy images of CM132F. a) Image taken after 10,000
revolutions. b) Image taken after 70,000 revolutions. Compound twins
developed in areas that they were previously absent. The compound

twins were perpendicular to the active Type I and Il twin boundaries..... 81

Diagram identifying the total number of samples reaching a threshold
number of revolutions. The number of revolutions achieved per sample
was rounded to the nearest 10,000 revolutions. ..........ccccecevvverveieveernene 82

Diagram representing the average number of revolutions by samples

with a specific average surface roughness indicated by the blue bars.

The black error bars represent the standard deviation in the average.

The minimum and maximum number of revolutions achieved by

a sample in each group is represented by the gold bars. ............ccccovennen, 83

DIC mosaic image of CM154 Q after 10,000 cycles. CM154 Q was
electropolished and the surface is rough and heavily pitted along
the outer edge of the sample. ........ccovevveie e 85

DIC image of CM154 L after 12,000 cycles. The twin structure near

the notch is refined containing Type | and Il twin boundaries in a variety
of orientations; location indicated by black arrows. The twin structure
within the bulk material contains larger mobile twins.........c...cc.ccccovennne. 88

XRD and EDS diagram for Nis; 2Mns6Gazz 2 (at-%) single crystals,
CM142 and CM143, with length below 100 mm used in fatigue testing.
Data points represent crystal composition and shaded areas represent
crystal structure. The seed end of the crystal is located at 0 mm.

xviii



Figure A.2

Figure A.3

Figure A.4

Figure A5

Figure A.6

The letters in the bottom left corner of the diagram correspond to the
locations of samples that were cut from the crystal. Reference
Table A.3 for list of samples tested in the rotary instrument.................... 99

XRD and EDS diagram for Nis; 2Mngg sGaz,» (at-%) single crystals,
CM154 and CM158, with lengths longer than 100 mm used in fatigue
testing. Data points represent crystal composition and shaded areas
represent crystal structure. The seed end of the crystal is located

at 0 mm. The letters in the bottom left corner of the diagram correspond

to the locations of samples that were cut from the crystal. Reference

Table A.3 for list of samples tested in the rotary instrument................... 100

XRD and EDS diagram for Nis; 2MngssGazy 2 (at-%) single crystal

with length below 100 mm used in compression testing. Data points
represent crystal composition and shaded areas represent crystal structure.
The seed end of the crystal is located at 0 mm. The letters and numbers

in the bottom left corner of the diagram correspond to the locations

of samples that were cut from the crystal. Reference Table 5.5 for list

Of COMPression SAMPIES. .......coveiiiiiiiere e 101

CM154 J a) Effective switching field measured for prior to testing through
12,000 revolutions with the magnetic field applied parallel to the sample
face in the [010]s direction. b) Effective switching field measured for
prior to testing through 12,000 revolutions with the magnetic field applied
perpendicular to the sample face in the [001]s direction. c) Effective
compressive stress as a function of magnetic field applied parallel

to the sample face in the [010]s direction prior to testing through 12,000
revolutions. d) Effective compressive stress as a function of magnetic

field applied perpendicular to the sample face in the [001]s direction

prior to testing through 12,000 revolutions.............ccooceveiienvncn e 105

CM154 K a) Effective switching field measured prior to testing through
12,000 revolutions with the magnetic field applied parallel to the sample
face in the [010]s direction. b) Effective switching field measured prior

to testing through 12,000 revolutions with the magnetic field applied
perpendicular to the sample face in the [001]s direction. c) Effective
compressive stress as a function of magnetic field applied parallel

to the sample face in the [010]s direction prior to testing through

12,000 revolutions. d) Effective compressive stress as a function of
magnetic field applied perpendicular to the sample face in the [001]s
direction prior to testing through 12,000 revolutions. ...........cccccovevvennee. 106

CM154 L a) Effective switching field measured for prior to testing
through 12,000 revolutions with the magnetic field applied parallel
to the sample face in the [010]s direction. b) Effective switching field
measured for prior to testing through 12,000 revolutions with the

Xix



Figure A.7

Figure A.8

Figure A.9

Figure A.10

magnetic field applied perpendicular to the sample face in the [001]s
direction. c) Effective compressive stress as a function of magnetic

field applied parallel to the sample face in the [010]s direction prior

to testing through 12,000 revolutions. d) Effective compressive stress

as a function of magnetic field applied perpendicular to the sample

face in the [001]s direction prior to testing through 12,000

TEVOIULIONS. ...t e 107

CM154 M a) Effective switching field measured for prior to testing
through 12,000 revolutions with the magnetic field applied parallel
to the sample face in the [010]s direction. b) Effective switching field
measured for prior to testing through 12,000 revolutions with the
magnetic field applied perpendicular to the sample face in the [001]s
direction. c) Effective compressive stress as a function of magnetic
field applied parallel to the sample face in the [010]s direction prior
to testing through 12,000 revolutions. d) Effective compressive stress
as a function of magnetic field applied perpendicular to the sample
face in the [001]s direction prior to testing through 12,000
TEVOIULIONS. ...t 108

CM154 N a) Effective switching field measured for prior to testing
through 12,000 revolutions with the magnetic field applied parallel

to the sample face in the [010]s direction. b) Effective switching field
measured for prior to testing through 12,000 revolutions with the

magnetic field applied perpendicular to the sample face in the [001]s
direction. c) Effective compressive stress as a function of magnetic

field applied parallel to the sample face in the [010]s direction prior

to testing through 12,000 revolutions. d) Effective compressive stress

as a function of magnetic field applied perpendicular to the sample face

in the [001]s direction prior to testing through 12,000 revolutions. ....... 109

CM154 O a) Effective switching field measured for prior to testing
through 30,000 revolutions with the magnetic field applied parallel

to the sample face in the [010]s direction. b) Effective switching field
measured for prior to testing through 30,000 revolutions with the magnetic
field applied perpendicular to the sample face in the [001]s direction.

c) Effective compressive stress as a function of magnetic field applied
parallel to the sample face in the [010]s direction prior to testing

through 30,000 revolutions. d) Effective compressive stress as

a function of magnetic field applied perpendicular to the sample

face in the [001]s direction prior to testing through 30,000

TEVOIULIONS. ...t e 110

CM154 Q a) Effective switching field measured for prior to testing

through 20,000 revolutions with the magnetic field applied parallel
to the sample face in the [010]s direction. b) Effective switching field

XX



measured for prior to testing through 20,000 revolutions with the

magnetic field applied perpendicular to the sample face in the [001]s
direction. c) Effective compressive stress as a function of magnetic

field applied parallel to the sample face in the [010]s direction prior

to testing through 20,000 revolutions. d) Effective compressive stress

as a function of magnetic field applied perpendicular to the sample

face in the [001]s direction prior to testing through 20,000

TEVOIULIONS. ...ttt 111

XXi



at-%

DIC

EDS

FCC

FSMA

MFIS

NM

PID

SCFH

SEM

SMA

SME

VSM

XRD

LIST OF ABBREVIATIONS

Atomic Percent

Differential Interference Contrast
Electron Dispersive X-Ray Spectroscopy
Face-Centered Cubic

Ferromagnetic Shape Memory Alloy
Magnetic Field Induced Strain
Non-Modulated

Proportional Integral Derivative controller
Standard Cubic Feet per Hour

Scanning Electron Microscope

Shape Memory Alloy

Shape Memory Effect

Vibrating Sample Magnetometer

X-Ray Diffraction

XXii



CHAPTER ONE: INTRODUCTION

Magnetism is one of the oldest phenomena in the history of science. Magnetism is
used in many applications including data storage, speakers, power transformers, and
electric motors, etc. Magnetism is a force of attraction or repulsion that acts at some
distance away from a magnetic material due to the magnetic field of that material. The
magnetic field produces a force that will be experienced by an electric charge passing
through the field, the torque on a magnetic dipole, or reorientation of spins on electrons
in certain atoms [1]. A change in magnetic flux near a conductive material will induce a
current of electrons

Recent discoveries have been made where certain alloys will change shape in a
magnetic field. Ferromagnetic shape memory alloys (FSMA) such as Ni-Mn-Ga have
recently emerged as a new class of materials that exhibit large magnetic field induced
strains (MFIS) [2]. MFIS occurs through the reorientation of the crystal structure in an
applied magnetic field. FSMAs share similarities with magnetostrictive materials such as
Terfenol-D, which also exhibit strains in an applied magnetic field. The highest strains
measured for Ni-Mn-Ga is 12% compared to 0.2% for Terfenol-D [3, 4]. The main
difference between these two types of materials is that the strain associated with FSMAs
is due to a crystallographic reorientation whereas the strain associated with

magnetostriction is due to a homogeneous straining of bonds [5].



Large MFIS make Ni-Mn-Ga an ideal solution for unique magnetic actuation
applications. A novel micro-pump application has been developed by Ullakko et al. using
a Ni-Mn-Ga element as the pumping mechanism that could one day be used with
compact lab-on-a-chip applications [6]. The Ni-Mn-Ga element is sealed against a glass
plate with an inlet and outlet. The device acts like a swallow pump in that a magnetic
field is used to induce shrinkage in a localized area near an inlet of liquid. The pocket
filled with liquid can be transported by manipulating the magnetic field and thus the
location of the shape change. The only movement is in the localized change of shape of
the Ni-Mn-Ga element, so the overall complexity, compared to other mechanical pumps
containing many moving parts, is kept to a minimum. Ni-Mn-Ga alloys have also been
synthesized into polycrystalline foam structures that act similarly to single crystalline
samples with strains as high as 8.7% [7]. Bruno et al. used a Ni-Mn-Ga element in a
constant magnetic field and actuated the sample with a strain controller within a pickup
coil to harvest energy from the crystal reorientation [8]. It is even possible to create a four
state memory device with Ni-Mn-Ga as opposed to the typical binary memory devices
that are prevalent now [9].

Ni-Mn-Ga appears to be a versatile alloy and its shape changing properties have
been studied for nearly 20 years. However, there are no commercially available devices
that utilize Ni-Mn-Ga. This is partly because device designers lack confidence in the
reliability of the actuating mechanisms. Many properties of Ni-Mn-Ga have been
extensively characterized, including transformation behavior, transformation
temperatures, magnetostress and strain, and magneto-caloric properties [10-14]. These

properties are important to understand when considering this material for commercial



applications; however, a phenomenon that is not widely studied in the Ni-Mn-Ga
community is fatigue. When FSMA s are cycled thousands or even millions of times,
cracks begin to initiate and propagate through the material [15]. In order for this material
to become a viable option for use in commercial applications, the reversibility,
repeatability, and consistency of the crystal reorientation must meet the needs of the
application. In high frequency operation of a FSMA, it is important to understand the
fatigue life and properties of the material. This thesis studies fatigue life and fracture
mechanics of Ni-Mn-Ga single crystalline samples tested in a purely magnetic actuation

mode.



CHAPTER TWO: MOTIVATION

Ni-Mn-Ga is an exciting material with potential uses in actuation, micro-pumps,
sensors, and energy harvesting [2, 8, 16]. Commercial applications require that a device
is sufficiently dependable to justify production costs, complexity, and implementation.
One of the largest benefits to Ni-Mn-Ga FSMA devices is their simplicity due to having
very few moving parts. A Ni-Mn-Ga micro-pump only utilizes the shape change of an
FSMA element to transport liquid between an inlet and outlet. A typical mechanical
pump or actuation device will contain many moving parts that could contribute to failure.
This makes FSMAs ideal for applications that require a small footprint and minimal
energy usage.

This research investigates the fatigue and fracture mechanics of Ni-Mn-Ga single
crystals grown via the Bridgman-Stockbarger method. Aaltio et al. have performed long
term fatigue testing using an oscillating mechanical force to linearly actuate single
crystalline Ni-Mn-Ga samples up to 2 x 10° cycles at a frequency of 250 Hz and a strain
of £1% [17, 18]. This type of testing was purely mechanical, but commercial applications
will involve the use of magnetic fields to actuate the FSMA. Therefore, fatigue testing
should be performed in such a way that the performance is replicated.

A large number of samples should be analyzed to achieve a statistical
understanding of the behavior of Ni-Mn-Ga at high cycles. Previous methods used for

fatigue testing are time intensive because only one sample can be tested at a time. A task



of this study was to develop a method with which many samples can be tested
simultaneously. The instrument should also utilize a rotating magnetic field to actuate
samples in a similar method that would be used in commercial applications.

Chmielus et al. have performed magnetic field actuated fatigue testing on samples
constrained in a strain measuring fixture in a rotating magnetic field [19]. Constraints
from testing instrument fixtures minimize the maximum strain exhibited by a sample and
could limit capabilities in applications. The goal of this thesis is to research the fatigue
life and fracture mechanics of Ni-Mn-Ga single crystals that are unconstrained in a

rotating magnetic field with a consideration of surface properties.



CHAPTER THREE: BACKGROUND

3.1 Magnetism

3.1.1 Magnetic Moments

The magnetization, M, of a material represents the response of a magnetic
material to an applied magnetic field, H. The magnetic moment determines the amount of
torque, T, a magnetic dipole or a current loop will experience in an external magnetic
field [1]. A magnetic dipole or current loop model is typically used to describe
magnetism. The magnetic field produced by a current loop is similar to that of the field
produced by two magnetic poles. The torque on a moment can be represented by
T=mXxB (3.2)
where m is the magnetic moment and B is the magnetic induction. The magnetic
induction is the flux density of the magnetic field and will induce alignment of the
magnetic moment to be parallel to the induction. In a ferromagnetic material, each atom
has a magnetic moment associated with it. A magnetic material can be described by
approximating the material as a collection of magnetic moments. Magnetization is the
summation of these moments per unit volume.

Magnetic materials contain volumes, called domains, of magnetic moments. All
of the magnetic moments within a domain are aligned in parallel with each other.

Neighboring domains will become randomly oriented in order to minimize the



magnetostatic energy. The domains in magnetic materials will preferentially align in an
applied magnetic field.

When a magnetic material is placed in a magnetic field, the induction within the
material will be altered due to that materials permeability. The permeability of a material
IS a quantity that measures the extent of magnetization that a material will experience
within an external magnetic field. The permeability of free space, u,, is a constant that
represents the ability of a magnetic field to form in a vacuum. The magnetic induction, B,
and magnetic field intensity, H, are related by the free space permeability in the
following equation
B = pu,(H + M) (3.2)
where M is the magnetization of the material. The field lines of B and H point in the
same direction on the outside of the material, but on the inside of the material they point
in opposite directions [1]. The negative direction of magnetic field lines within the
material relative to the external magnetic field lines is the demagnetizing field. The
demagnetizing field is dependent on the geometry of the material, magnetization, and the
intensity of the surrounding magnetic field.

3.1.2 Ferromagnetic Materials

There are several types of magnetic materials including diamagnetic,
paramagnetic, ferromagnetic, anti-ferromagnetic, and ferrimagnetic materials. Magnetic
materials are classified according to their magnetic susceptibility. Magnetic susceptibility
is a constant that describes the extent to which a material will be magnetized in a
magnetic field [20]. An atom can be considered a magnetic dipole with an associated

magnetic moment if the atom contains unpaired electrons. Diamagnetic materials have



filled electron shells and therefore have no magnetic moment without the presence of a
magnetic field; see Figure 3.1. When a material is placed in a magnetic field, the
electrons orbiting atoms will experience a force resulting in a reduced magnetic moment.
Diamagnetic materials oppose an applied magnetic field; they have a negative magnetic

susceptibility due to an oppositely induced moment according to Lenz’ Law.
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Figure 3.1  Atoms of a diamagnetic material have no magnetic moment associated
with them. When a magnetic field is applied (right image), magnetic moments are
induced in the opposite direction of the applied magnetic field.

Atoms in paramagnetic materials contain unpaired electrons. The magnetic
moments associated with the unpaired electrons are allowed to freely orient themselves.
The magnetic susceptibility is positive, but relatively small for paramagnetic materials,
meaning the magnetic moments will align parallel to an applied magnetic field; see

Figure 3.2.
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Figure 3.2  Magnetic moments in a paramagnetic material are randomly oriented
(left). In an applied magnetic field (right), the moments will align parallel to the
applied magnetic field in the same direction.

Atoms in ferromagnetic materials also contain unpaired electrons with magnetic
moments that will tend to align with an applied magnetic field. The moments in
ferromagnetic materials remain aligned with each other without the presence of an
applied magnetic field; see Figure 3.3. Anti-ferromagnetic materials are similar to
ferromagnetic materials in that they retain an ordered structure, except the nearest
neighbor moments are anti-parallel to each other. Ferrimagnetic materials are another
type of anti-ferromagnet, but one set of atoms contains a smaller moment relative to the

anti-parallel moments.
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Figure 3.3  Magnetic moment models of ordered magnetic materials. In the image
on the left, the magnetic moments of ferromagnetic materials remain aligned
parallel to one another without the presence of a magnetic field. Nearest neighbor
antiferromagnetic moments align anti-parallel relative to one another.
Ferrimagnetic materials contain separate lattices with anti-parallel aligned
magnetic moments.

3.1.3 Curie Temperature

At high temperatures, ferromagnetic materials lose their magnetization. This
temperature is known as the Curie temperature, T.. This is the temperature at which a
material transitions from ferromagnetic to paramagnetic; see Figure 3.4. Above the Curie
temperature, the thermal disorder overcomes the weak interactions of the magnetic
moments and the moments become randomly oriented. Below the Curie temperature, the
material is ferromagnetic and the magnetic dipoles are all aligned parallel to one another

creating a magnetic field.
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Figure 3.4  Magnetization as a function of temperature for a material that
exhibits ferromagnetic properties at low temperatures. At low temperatures, below
T., the magnetic moments of the material are aligned. At high temperatures, above
T, the thermal energy overcomes the order of the magnetic moments and the
material exhibits paramagnetic properties.

3.1.4 Magnetocrystalline Anisotropy

The magnetic moments of neighboring domains exhibit different orientations.
When these domains are aligned with each other, the material is in a fully magnetized
state. When they are randomly oriented, the material is demagnetized. When a magnetic
field is applied to a demagnetized ferromagnetic material, the magnetic domains and
moments will preferentially align with the magnetic field; see Figure 3.5. When all of the
magnetic moments have aligned via domain wall motion, the material has reached its
saturation magnetization and the magnetization will not increase upon further increase of
the magnetic field. As the magnetic field is removed, the magnetization of ferromagnetic

materials only slightly decreases because the moments will remain aligned with each
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other. If a negative magnetic field is applied in the opposite direction, the magnetic
moments will become disordered as the moments realign themselves. The magnetization
will become zero when the moments are randomly oriented. As the negative field
increases, the material will become saturated once again as it becomes negatively
magnetized. The magnetization of a ferromagnetic material forms a hysteresis loop as a

function of applied magnetic field.

N N _J
Figure 3.5  Hysteresis loop for the magnetization of a ferromagnetic material.
The material starts out as demagnetized at the origin. An increasing magnetic field
induces alignment of the magnetic domains to saturation of the magnetization.
Ferromagnetic materials retain magnetization when the magnetic field is removed.
An increasingly negative field will decrease the magnetization of the material to its
original state. As the negative field is continuously applied, the magnetization will
saturate in the negative direction. This process can be repeated in either direction.

Due to the shape of their atomic crystal structure, some ferromagnetic materials

require higher magnetic fields applied in specific directions in order to fully magnetize
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the material [21]. If a structure contains an easy and a hard axis of magnetization, this is
what is known as magnetocrystalline anisotropy; see Figure 3.6. The initial slope of the
M-H curve in the easy axis is higher than the hard axis curve. A single crystal
ferromagnetic material with a magnetic field applied parallel to the easy axis of
magnetization will reach saturation magnetization with a lower field than if it was applied
parallel to the hard axis. The shape of the magnetization curve depends on the
temperature, constituents of the material, crystal structure, and composition.

The energy required to fully magnetize a sample is larger when the magnetic field
is parallel to the hard axis of magnetization. The difference between the energy required
to magnetize a sample to saturation in the easy and hard axis is known as the magnetic
anisotropy energy. The magnetic field required to saturate the magnetization of a sample

along the hard axis is the anisotropy field.
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Figure 3.6  Magnetization as a function of magnetic field for a ferromagnetic
material exhibiting magnetocrystalline anisotropy. The area between the curves and
the magnetization axis is the energy required to achieve saturation magnetization.
The blue shaded area is the magnetic anisotropy energy. The anisotropy field is the
magnetic field required to saturate the sample’s magnetization when the magnetic
field is applied parallel to the hard axis of magnetization.

3.1.5 Shape Anisotropy

The shape of a magnetic material has an effect on the magnetic field experienced
within the finite volume of that material. This is known as shape anisotropy. A
magnetized sample will develop oppositely charged north and south poles on its surface.
The magnetic field lines of a material travel from the north pole to the south pole; see
Figure 3.7. Therefore, there is an internal magnetic field known as the demagnetizing
field, Hg, which will oppose an applied magnetic field. The magnetization vector, M, and

the magnetic induction lines, B, travel from the south pole to the north pole.
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Figure 3.7  a) Magnetic field lines within and outside of a magnetic material. b)
Induction field lines within and outside of a magnetic material. The magnetic field

lines within a magnetized material point in the opposite direction of the induction
field lines. On the outside of the material, the lines point in the same direction.
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The demagnetizing field in a sample is proportional to the magnetization by the
following equation
Hy=-N4M (3.3)
where Ny is the demagnetizing factor, which depends on the geometry of the sample and
depends on the orientation of the sample within the magnetic field. The effective field,
Hesr, within the sample is the vector sum of the applied field and the demagnetizing field:

H i = Happ — NgM (3.4)
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where Happ is the applied magnetic field. When measuring magnetic properties of a
material it is necessary to exclude error from measurements by taking the demagnetizing
field into account in order to determine the effective field.

3.2 Shape Memory Alloys

3.2.1 Phenomenology

The shape memory effect (SME) is generally attributed to the ability to reverse a
large stress-induced deformation at low temperature by heating the material to a high
temperature. Nickel titanium, or Nitinol, is the most commonly known SMA and is
currently used in many applications such as arterial stents, orthodontics, and actuators.
Nitinol was discovered in 1959 by William J. Buehler and Frederick E. Wang of the U.S.
Naval Ordnance Laboratory [22]. The shape memory effect is related to a diffusionless
phase transformation. The low temperature martensite phase is heavily twinned. Nitinol
exhibits SME when it is heated from the deformed martensite state to the austenite phase;
see Figure 3.8. The reverse phase transformation returns the material to its original shape.
The phase transformation can also be stress induced through deformation in the austenite
phase. In this case, the austenite phase recovers upon unloading, resulting in super-elastic

properties.
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Figure 3.8  Representation of the martensitic transformation and shape memory
effect of NiTi alloy. Reprinted with kind permission from [23].

3.2.2 Martensitic Transformation

Shape memory alloys (SMA) exhibit a structural transformation upon cooling
from a high temperature, high symmetry austenite phase to a lower temperature, lower
symmetry martensite phase. The phase change is abrupt and the change in lattice
parameter is significant and discontinuous, but the change occurs without diffusion and
the relative position of the atoms remains unchanged [24, 25]. There is no shuffling,
which means that each phase can be obtained through a distortion from the previous
phase.

Upon cooling from the martensite phase, the austenite phase starts to form at the
austenite start temperature, As. The point at which all of the martensite phase has
transformed completely to austenite is the austenite finish temperature, As. During the
martensite transformation, physical properties change if the material is ferromagnetic. For
example, the magnetization at low magnetic field changes during the phase

transformation; see Figure 3.9. Upon cooling, when the temperature reaches the
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martensite start temperature, M, the martensite phase will start to become stable and
nucleate within the sample. The martensite and austenite transformation temperatures are
dependent on composition and will vary slightly [26]. When the sample has transformed
completely, the martensite finish temperature has been reached, Mz. The transformation is
reversible, meaning no intermediate phases are formed during the phase transformation

from austenite to martensite and vice versa.
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Figure 3.9  Transformation temperature diagram. The red line indicates the
magnetization as a function of temperature as the temperature is increased. The
blue line indicates the magnetization temperature as a function of temperature as
the temperature is decreased.

3.2.3 Twinning

There are two main modes of deformation known as slip and twinning; see Figure
3.10. Slipping occurs by the motion of lattice dislocations. The crystal structure on either
side of a slip plane is identical to each other. Twins are two adjacent crystals that are

related to each other by a reflection about a common plane or a rotation of  about a
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common direction. One region is related to another by a homogeneous simple shear of
the crystal lattice. The plane interface intersecting the two regions is called the twin
boundary. In deformation through twinning, there is no long range motion of atoms
resulting in a movement that is less than their interatomic spacing. The tendency for a
material to deform by slipping or twinning is dependent on the type of material, chemical
composition, temperature, etc. Deformation by twinning occurs typically in alloys with

low symmetry and large lattice constants.
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Figure 3.10 The top structure represents an undistorted lattice. Atoms would be
located at the intersections of the crystal lattice. Slip deformation can occur via
lattice dislocation motion. Deformation via twinning occurs via shearing of atoms.

Twinning is characterized by four twinning elements K, Ky, 71, and 7; see Figure
3.11 [27]. The twinning plane, Ky, is the interface between the parent matrix and the
twinned matrix. The shear direction, 7, is the direction that an atom is shifted when
transforming from the parent location to the twinned location. The second plane is the
conjugate plane, K;, containing the conjugate twinning direction, 7, and these two
components describe the twin [28]. K’; is the position of K, prior to twinning. 71 and 7
lie on planes K1, and Ky, respectively. The shear plane S is perpendicular to K; and

contains 71 and #2 where 71 lies along the intersection of S and K; Because the crystal
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lattice parameters do not change on either side of the twinning plane after shear, there are
three different types of twins possible, including type I, type Il, and compound twins
[29]. Type I twins are described with a mirror symmetry about the K; plane where K; and
12 are the only elements with rational indices. Type Il twins are characterized by a
rotation of m about 7, with rational elements K, and #;. All of the twinning elements in

compound twins are rational .
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Figure 3.11 a) Twinning elements K;, Ky, #1, and #,. 1 and #, lie on the shear
plane, S. The K; plane lies along a row of atoms after twinning from the K’; plane.
b) Secondary view normal to the shear plane. K; is the twinning plane and #; is the
shear direction of the atoms. a) Redrawn from Acta Materialia, vol. 58, P. Mllner
and A. H. King, Deformation of hierarchically twinned martensite, pp. 5242-5261,
(2010), with permission from Elsevier. b) Redrawn from Thermo-Mechanical
Processing of Metallic Materials, 1% Edition, B. Verlinden, J. Driver, I. Samajdar,
and R. D. Doherty, Alternative Deformation Mechanisms, pp. 121-123, (2007), with
permission from Elsevier.

The mechanism in which twin boundaries propagate through a material is through
twinning dislocation motion. A twinning dislocation is a partial dislocation containing a
Burgers vector parallel to the interface plane K; [30]. The Burgers vector of a twinning
dislocation is smaller than a lattice vector. A twinning dislocation creates a step height
equal to the d-spacing of the twinning planes; see Figure 3.12. An applied stress, referred

to as the twinning stress, will cause a dislocation to glide along the twinning plane. As a
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twinning dislocation propagates through the material, one crystal grows at the expense of
the other. Because the Burgers vector is parallel to the glide plane of the dislocation, the

dislocation can move along the twin boundary without requiring diffusion [28].
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Figure 3.12 Schematic of twinning dislocations propagating through a material.
As the twinning dislocations move to the left along the shear direction, the twinned
matrix grows at the expense of the parent matrix. A dislocation creates a step height
in the twinning plane. The twinning plane, K, is the interface between the two
matrices.

3.3 Ferromagnetic Shape Memory Alloys

3.3.1 Magnetic Field Induced Twinning

During martensite transformation, the crystal forms a very complex
microstructure in order to accommodate for internal strains and twins form within the
martensite variants [31]. There are a number of different types of twins that have been
observed in martensite Ni-Mn-Ga, including type I, type 11, and compound twins; see
Figure 3.13 [32, 33]. Type | twins exhibit relatively higher twinning stresses (~1 MPa)

that are dependent on temperature and the austenite start temperature, while type 11 twins
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exhibit lower twinning stresses (~0.2 MPa) and a nearly constant twinning stress over a
wide range of temperatures [34, 35]. The relative angle between type | and type Il twins
is approximately 7° [33]. This is because the type Il K; plane is irrational. The type I
twins are reflections about a mirror plane while the type Il twins are 180° rotations about
the shear direction.

In addition to temperature induced phase changes, FSMAs are also reactive to
mechanical stress and applied magnetic fields [36, 37]. In a highly twinned crystal with
magnetic anisotropy, the magnetic moments are aligned in a zigzag pattern according to
the twinned microstructure. In an applied magnetic field, the magnetic moments will
align with the magnetic field and become misaligned with the easy axis of magnetization
of the crystal structure. This results in an increase in the energy of the crystal. The energy
difference between the two states will apply a driving force on a twin boundary; see
Figure 3.14. If the driving force is larger than the twinning stress, the twin boundary will
move, resulting in plastic deformation. The maximum strain, &, for a martensitic single

crystal is related to the length of the lattice parameters: e = 1 — c/a.
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Compound Twins

Type | Twins Type Il Twins

Figure 3.13 Diagram representing the three different types of twinning occurring
in Ni-Mn-Ga martensite. Type | twin boundaries are parallel to the <100>
directions. Type Il twins deviate from <100> directions by approximately 7°.
Compound twins are mirror planes reflecting the modulation direction of the
crystal structure. Reprinted from Acta Materialia, 59, L. Straka, O. Heczko, H.
Seiner, N. Lanska, J. Drahokoupil, A. Soroka, S. Fahler, H. Hanninen, and A.
Sozinov, Highly mobile twinned interface in 10M modulated Ni-Mn-Ga martensite:
Analysis beyond the tetragonal approximation of lattice, pp. 7450-7463, (2011), with
permission from Elsevier [33].

The shape change is diffusionless, resulting in extremely fast actuation response
and can be cycled with frequencies as high as 2 kHz, resulting in complete field induced
strain in as little as 250 ps [38]. If the magnetic field is removed, the martensite variants
will remain in their current state. In order to reorient the crystal structure and change the
shape of the material, the magnetic field would have to be rotated by 90° relative to the
previously applied field [39]. There are usually many twin variants that contribute to the
overall shape change and variants will either nucleate or be eliminated when exposed to

an external stress.
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Figure 3.14 Conceptual diagram representing martensite twin variant
reorientation in an applied magnetic field. The white arrows represent an applied
magnetic field. The initial state (left) contains a large twin with two different
variants, yellow and pink. The two diagonal lines within the blue region represent
the twin boundaries. The easy axis of magnetization, represented by the small arrow
within the unit cell, will preferentially align parallel with an increasing magnetic
field (middle), causing the pink variant to grow at the expense of the yellow variant.
At a sufficiently high magnetic field (right), the yellow variant will disappear as the
structure reorients into a single variant.

3.3.2 Magnetostress

Numerous theoretical models have been proposed to describe the deformation of
ferromagnetic martensite that focus on the thermodynamic analysis of the MFIS [10, 40-
42]. L’vov et al. developed a phenomenological model to describe the changes in
magnetic properties of ferromagnets within the martensite phase referred to as the

phenomenological magnetoelastic model [43, 44]. The inhomogeneous strains that
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become present in the martensite phase cause the changes in magnetic properties. It was
shown that the magnetocrystalline anisotropy of the martensite phase exceeds that of the
austenite phase. Therefore, the inhomogeneous strains govern the magnetization of
martensite. A model of L’vov from [45] is based on the framework of the
phenomenological magnetoelastic model for crystals containing two variants with
different orientations. The model is based on the Gibbs potential of a cubic crystal

expressed as

G=F,+F,+F, —%(azuz + 03u3) (3.4)
where

u, = \/§(sxx - syy) (3.5)
U = 265, — €y — Exx (3.6)
02 = V3(00e — 0, (3.7)
03 = 20,7 — Oyy — Oy (3.8)

where g;; and ¢g;; are strain and stress tensor components, respectively. The coordinate
axes X, Yy, and z are oriented along [100], [010], and [001], respectively. When g;; < 0,
the stress state is in compression and when a;; > 0 the stress state is in tension. The first
term, Fe, on the right in Eq. (3.4) is the Helmholtz free energy of strains and expresses the
ordinary elastic energy of a cubic crystal. The second term in Eq. (3.4), Fn, is the free
energy of the magnetic subsystem of the crystal. The third term in Eq. (3.4), E.,
describes the relationship between the magnetic vector and the diagonal strain
components.

From the Gibbs potential, Chernenko and L’Vov derived the effective

magnetostress as a function of magnetic field expressed as
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(3.9)

2172 2
oI (i) = {12511\/1 H?/H: H< HS}

126,M?,  H > H;
where §; is the magnetoeleastic constant and Hg is the magnetic saturation field [45-47].
The magnetic saturation field is the point at which the magnetization of a sample no
longer increases in an increasing applied magnetic field because all magnetic moments
are perfectly aligned with the magnetic field [47]. This relationship is applicable to a two
variant system with the easy axis of magnetization aligned in either the x or y axis. If a
magnetic field is applied in the x direction, no stress will be imposed on the x variant
because the easy axis of magnetization is parallel to the magnetic field so the magnetic
dipole cannot be rotated by the field. An effective compressive stress will only be
imposed on the second y variant because the easy axis of magnetization is perpendicular
to the applied magnetic field. The maximum magnetostress is the maximum stress that a
twin domain that is orthogonal to the applied magnetic field would experience in an
applied magnetic field larger than the saturation field. The magnetic saturation field can
be approximated by

Hg =12|6(1 — c/a)| M (3.10)
where ¢ and a are lattice parameters, Ms is the saturation magnetization, and § = §, /M?
[48].

3.4 Ni-Mn-Ga

3.4.1 Heusler Alloys

In 1903, Heusler discovered that Cu,MnAl exhibited ferromagnetic properties
while the pure form of the elements Cu, Mn, and Al are all non-ferromagnetic [49]. X-
Ray and neutron diffraction experiments have shown that Cu,MnAl has the ordered L2;

structure; see Figure 3.15 [50, 51]. Heusler alloys are ternary intermetallics with a
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stoichiometry of X,YZ. The X sub-lattice is occupied by a transition element and the Z
sub-lattice is an element from the 111A-VA groups of the periodic table. When the Y
element is manganese, the resulting alloy is ferromagnetic. In 1960, Hames reported that
NioMnGa exhibited ferromagnetic properties associated with the ferromagnetic coupling
of manganese atoms [52]. The austenite parent phase of Ni-Mn-Ga has the ordered face-
centered cubic (FCC) L2, Heusler structure [53]. The magnetic and structural properties

of Ni-Mn-Ga FSMAs depend strongly on composition [10].

Figure 3.15 Ni,MnGa L2; structured Heusler alloy. Manganese is located at the
green sites, Gallium is at red, and Nickel is at blue. The austenite cubic phase is
shown in this diagram.

3.4.2 Crystallography

Manganese occupies the eight corners of the unit cell as well as the 6 faces
resulting in a face-centered cubic structure. Gallium occupies the sites in between the
manganese atoms at the middle of each edge and in the center of the unit cell and also
forms an FCC sub-lattice. Nickel atoms occupy the ¥4,%4,%4 sites of the unit cell forming a

cubic sub-lattice.
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There are several martensite structures that will form upon cooling from the
austenite phase depending on the composition of the alloy, the temperature, and external
stresses [54]. The 10M and 14M structures exhibit a layered and modulated monoclinic
crystal structure. The denotation of 10M and 14M comes from the stacking pattern of the
structures and M refers to monoclinic. The non-modulated structure exhibits tetragonal
symmetry.

Righi et al. have determined the 10M and 14M crystal structures to be monoclinic
[55, 56]. However, the 10M and 14M structures are also referred to as pseudo-tetragonal
and pseudo-orthorhombic, respectively. The 10M and 14M stacking sequences are (32);
and (52), in Zhdanov notation, respectively [54]. This (XY)z notation indicates the
modulation of the structure’s unit cell. The X indicates the number of atoms that are
aligned in a certain direction, and the Y indicates the number of atoms that are aligned in
a separate direction creating a zigzag pattern. The Z identifies the number of times that
the stacking pattern is repeated in the unit cell. Thus, the 10M structure gets its name
because the unit cell contains 10 layers of modulated atoms.

The austenite phase has a higher symmetry compared to the martensite structure.
The martensite structure can form in a number of variants depending on the loss of
symmetry of the structure. For example, if the unit cell of a martensite phase is tetragonal
there are a total of three possible variants with the c-axis parallel to the [100], [010], or
[001] directions. If the unit cell was orthorhombic, there are a total of six variants
because there would be two unique orientations when the c-axis is parallel to [100],
[010], or [001]. If the material is allowed to cool from austenite to martensite without any

externally applied forces, the microstructure will be composed equally of each of the
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possible variants. This is because the martensite phase will nucleate simultaneously at
different parts of the crystal. This is known as self-accommodation and occurs because
the orientation of the many variants produces an overall net distortion of zero. When the
material is deformed, it is no longer self-accommodated because the variants become
reoriented preferentially with the applied stress.

3.4.3 Magnetomechanical Properties

Ni-Mn-Ga exhibit MFIS when in the low temperature martensite phase [2]. The
magnetic moments in Ni-Mn-Ga are coupled to the short c-axis of the unit cell and easy
axis of magnetization [57-62]. The c-axis preferentially reorients to align with the
magnetic field. The shape change is diffusionless, so the atoms shift in order to
accommodate an imposed strain. This means that shape memory effect can be induced
without heating and cooling the material, which allows for faster actuation responses with
strains as high as 9.6% for Ni-Mn-Ga alloys [63]. Ni-Mn-Ga based alloys with small
additions of copper and cobalt have even been found to exhibit strains as high as 12% [4].
See Figure 3.16 for a comparison of various actuator performances, including actuation

response and elongation.
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Figure 3.16 Diagram relating various actuator characteristics. FSMAs are
attributed with high actuation response and large strain. Common actuators are
typically associated with having either a large strain potential or high actuation
frequency, but Ni-Mn-Ga exhibits both of these traits [2, 4, 58, 63, 64].

The highest twinning strain measured at room temperature for the 10M structure
IS 7.1% [12]. The 14M structure exhibits strains as high as 10.6% [13]. The non-
modulated (NM) tetragonal martensite exhibits strains as high as 20.5% [65]. If the
martensite transformation temperature is higher than the Curie temperature, the NM
structure will be present, and when the transformation temperature is below the Curie
temperature, the 10M or 14M can be observed [66]. This thesis utilizes samples with a
10M martensite structure because it has the lowest twinning stress requiring smaller
magnetic fields to produce MFIS.

3.4.4 Fatigue and Fracture Mechanics

Millner et al. performed the first high cycle testing on 10M and 14M single

crystals [67, 68]. The samples were trained by heating into the austenite phase and
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cooling with a constant compressive stress parallel to the [010] direction. This was done
to prevent self-accommodation of martensite and allow the material to cool into a single
martensite variant in the case of the 10M structure. The 14M structure, however, forms a
minimum of two martensite variants because the unit cell is pseudo-orthorhombic. It has
been shown previously that Ni-Mn-Ga alloys characterized with low twinning stress
required a higher stress to initiate twin boundary motion in a sample containing a single
variant than in a crystal containing twin boundaries, but the strain is highest in a single
variant single crystal [69].

The test set-up for the fatigue tests in [67] involved rotating a magnetic field
around a stationary sample in the (100) plane with the sample attached to strain gauge. A
thermo-mechanical treatment was applied to the samples at the beginning of the tests and
after 1000 cycles. The 10M sample exhibited a repeatable maximum strain throughout
testing because only two possible martensite variants can be present during fatigue
cycling, allowing for a clear twin boundary motion path. The 14M sample exhibited a
decrease in strain with increased cycling prior to the second thermo-mechanical
treatment. This is due to the twin structure changing with each cycle and the interaction
of twinning dislocations preventing twin boundary motion. The maximum strain in the
10M and 14M sample increased with an increased number of cycles when a second
thermo-mechanical treatment was performed [67]. Because the 10M structure is more
stable throughout fatigue cycling, it was chosen for the experiments in this thesis.

The amount of training that is performed on an actuator element is a factor that
affects the performance of FSMAs [19, 70]. Thermo-mechanical training was mentioned

previously where a stress is applied while cooling into the martensite phase. The second



32

kind of training is magneto-mechanical where an actuator is cyclically deformed in two
directions either by mechanical stresses, magnetic induced stresses, or both [67].
Samples with effective training performed prior to fatigue testing resulted in fewer than
100,000 cycles of magneto-mechanical cycles prior to failing, however the maximum
initial strain was near the theoretical limit [19, 39]. Effectively trained samples contain a
few twins and minimal self-accommodation resulting in large strains that are increased
through magneto-mechanical cycling. Samples with no prior training were cycled to
beyond 10x10° cycles with increasing strain due to magneto-mechanical cycling [19].
Sample constraint has been shown to have a significant impact on the overall
performance of Ni-Mn-Ga actuators [19, 71]. Chmielus et al. showed that a 10M sample
constrained on both ends with super glue exhibited a strain of 0.6%, but when the sample
was only constrained on one end and a decoupler was used on the other end the strain
increased to 2.7% [71]. In a sample that has been trained into a single variant with
constraints on either end, multi-variant twins will nucleate near the constraints. As the
sample is cycled, mobile twins will interact with the constrained twins causing localized
stress that leads to fracture. In samples that are untrained and contain many thin twins,
the microstructure will remain relatively unchanged at the constrained portion of the
sample while the unconstrained portion of the sample will become trained or develop into
a few mobile twins. In another study, it was shown that internal constraints affect
performance through the synthesis and analysis of a porous Ni-Mn-Ga structure. The
porous structure allows for single crystal like strain responses as high as 8.7%, a value
that is much higher than any previously recorded MFIS in polycrystalline Ni-Mn-Ga [7].

This occurs because each of the struts that connect the pores acts like a single crystal due
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to the thickness of the strut being smaller than average grain size. For maximum MFIS,
constraint should be kept to a minimum.

Another method used for fatigue testing is linear actuation. Aaltio et al. used a
linear actuator to induce an oscillating mechanical stress with up to 2% strain, achieving
2x10° fatigue cycles for 10M single crystals [17]. Larger induced strains and higher
actuation frequency lead to lower fatigue life [18]. The experimental setup used in these
experiments was purely mechanical in that an actuator was used to cycle the deformation
of the sample uniaxially with frequencies ranging from 75-344 Hz. The range in strain
measured in these tests was 0.5-3.8%, so it is less than the maximum strain reported in
the 10M single crystals used at 6.5% [17, 72]. When a constant strain of 2% was
implemented, it was found that the twinning stress increased up to 1.6 MPa after cycling
up to 900 x 10° times; see Figure 3.17 [17]. This means that the material is hardening

and it requires a higher stress in order to actuate at higher cycles.
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Figure 3.17 Progression of stress vs. strain loops for a Ni-Mn-Ga sample actuated

to nearly 1 x 10° cycles. The maximum stress achieved increases from

approximately 0.8 MPa to 1.6 MPa over the course of testing. Reprinted with kind
permission from [17].
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CHAPTER FOUR: EXPERIMENTAL

The fracture mechanics and fatigue life of 10M Ni-Mn-Ga single crystal samples
were investigated through rotating field testing. The 10M crystal structure was selected
because it exhibits the lowest twinning stress for Ni-Mn-Ga. The twinning stress is
related to the magnetic field required to reorient the microstructure. Samples were
individually characterized and cycled to fracture. The samples were analyzed throughout
cycling to document crack propagation and measure the effects of fatigue life on material
properties.

4.1 Single Crystal Growth

Oriented Ni-Mn-Ga single crystals were grown via the Bridgman-Stockbarger
technique. 99.999% nickel, 99.9999% gallium, and 99.99% manganese were the high
purity metals used in casting master alloys and final alloys. Nickel, manganese, and
gallium have melting temperatures of 1455 °C, 1246 °C, and 29 °C, respectively. The low
melting temperature of gallium helps bring the melting temperature of the alloys down
below 1200 °C, the temperature at which the melt was held at throughout growth.

4.1.1 Master Alloy and Final Alloy Casting

The initial master alloy elements were weighed out so that the nominal
composition would be 75.7 at-% nickel and 24.3 at-% gallium. Gallium was alloyed with
nickel at this stage to lower the melting temperature of the alloy. Manganese was not yet
added because it has the highest partial vapor pressure and tends to evaporate easily at

high temperatures. The elements are added to an alumina crucible. The crucible was
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placed in a fused silica quartz tube. The quartz tube was connected to a turbo pump
vacuum assembly and evacuated to approximately 1 x 10" mbar. The system was then
purged with argon to a pressure of 5 x 10° mbar. The system was again evacuated to
approximately 5 x 10" mbar and purged with argon to remove as much oxygen as
possible to reduce oxidation. The Quartz tube was sealed off and transferred to a Reitel
Induret Compact induction furnace. The alloy was heated to melting where it was held
for 30 minutes to enable mixing. The heat of the furnace was manually adjusted to be
high enough to enable mixing but also low enough to prevent extensive evaporation of
manganese. The alloy was then left to cool in the open furnace to room temperature then
crushed to a powder.

Manganese and additional gallium were then added to achieve a desired final
alloy composition of Nis; sMnye sGags 2 at-%. The process for evacuating the crucible
assembly, melting, and mixing the final alloy was identical to the master alloy process. A
slice of the alloy was cut with a diamond wafer saw. The section was ground down to
1200 grit to prepare a flat surface for electron diffraction spectroscopy (EDS). Several
EDS area and point scans were performed to verify the composition of the alloy. If the
alloy composition was as expected, the alloy was crushed to a fine powder until the
particles passed through a number 16 U.S.A. Standard Testing Sieve, with 1.18 mm
openings. This powder was used in the growth of single crystals via the Bridgman-
Stockbarger technique.

4.1.2 Single Crystal Growth via Bridgman-Stockbarger Technigue

Large MFIS is generally attributed to single crystalline structure on account of

grain boundaries inhibiting twin boundary motion. The MFIS is negligible in
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polycrystalline alloys with extremely fine grains and random texture [73]. It is for this
reason that single crystalline samples were used in the fatigue testing presented in this
thesis. Ni-Mn-Ga single crystals of nominal composition Nis; :Mnys sGag, 2 at-% were
grown in a modified MTI Corporation tube furnace capable of temperatures as high as
1400 °C. The melting temperature of stoichiometric NisgpMn,sGays is 1109 °C with the
melting temperature ranging from 1073 °C to 1122 °C for compositions NisgMn3sGass
and NispMn1sGags, respectively [74]. The composition was chosen based off of previous

results from crystals that yielded a large portion of 10M crystal structure (Figure 4.1).
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Figure4.1  The target composition for the crystals used in the following
experiments was 51.2% Ni, 26.6% Mn, and 22.2% Ga and was determined based off
of previous results that yielded large sections of the desired 10M martensite
structure. This ternary diagram contains EDS and XRD data from 31 crystals of
varying composition. EDS and XRD data was taken along the length of each crystal
every 2 mm and plotted here.

The crushed Ni-Mn-Ga powder was weighed out and placed in a growth

assembly; see Figure 4.2 [75]. The assembly consisted of a hollow copper rod, hollow



37

steel rod, seed holder, single crystal seed, 6 mm inner diameter alumina tube, and fused
quartz tube. The rods acted as spacers to position the single crystal seed and powder as
well as act as a heat sink to draw heat from the Ni-Mn-Ga seed. The smaller steel rod was
placed next to the seed because it has a higher melting point than copper. Copper was

used for the bottom rod because of its high thermal conductivity.
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Figure4.2  Single crystal growth assembly. a) Schematic of the single crystal
growth assembly (not drawn to scale). The tantalum wire that separates the quartz
tube from the alumina tube is not shown. b) Tantalum wire wrapped around
alumina tube. c) The assembly used to drive the single crystal into and out of the hot
zone. d) The bottom of the single crystal assembly showing the gas inlet adapter and

the thermal couple inserted through the assembly.

The single crystal Ni-Mn-Ga seed was placed in an alumina seed holder and
pushed into the alumina assembly tube with the steel spacer. To prevent reaction of
quartz and a-alumina at temperatures below 1100 °C, a tantalum wire was wrapped

around the alumina tube as a spacer between the alumina and quartz [76]. The assembly
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was placed in the fused quartz tube and slid through the tube furnace. A finger clamp was
used to attach the assembly to a linear actuator located on top of the furnace. Machined
aluminum heat sinks were positioned on the outside of the quartz tube at the openings of
the furnace. The top and bottom of the quartz tube were connected to a vacuum and inert
gas purging system. A thermocouple was inserted through the bottom vacuum system
connector until the tip of the thermocouple touched the bottom of the Ni-Mn-Ga seed.
The temperature of the bottom of the Ni-Mn-Ga seed was monitored with this
thermocouple throughout the growth process.

A copper cooling jacket was located at the bottom of the furnace to create a
thermal gradient that will aid in the growth of a crystal. Again copper was used for its
high thermal conductivity. A water-glycol mixture at a temperature of 18 °C was
circulated through the copper cooling jacket. The temperature of the cooling jacket face
was 23 °C when the temperature of the hot zone was at 1000 °C. The assembly was
positioned inside the furnace so that the seed and crushed powder were below the hot
zone of the furnace. The system was evacuated to a pressure of 1 x 10 mbar. The
furnace was set to 1200 °C and the assembly was driven into the hot zone at a speed of
0.56 mm/min. When the thermocouple at the bottom of the seed reached a temperature of
850 °C, the assembly was stopped. At this point the powder and top part of the single
crystal seed were molten. The assembly was now driven down at a speed of
0.08 mm/min. The vacuum pump was stopped and Ar/H,(6%) was introduced and
allowed to flow through the system at a rate of approximately 1 standard cubic feet per
hour (SCFH) during the growth of the crystal. Ar/H,(6%) was used to prevent oxidation

at high temperature by purging oxygen from the system and any remaining oxygen reacts
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with the hydrogen. As the crystal exited the hot zone, the solid-liquid interface traveled
from the tip of the seed to the top of the crystal.

4.1.3 Annealing

In order to obtain a highly ordered structure, a long term heat treatment is
necessary [77]. After the crystal exited the hot zone and had completely solidified, the
temperature of the furnace was reduced to 950 °C. The Ar/H,(6%) gas was switched to
pure argon to reduce hydrogen embrittlement of the crystal during annealing. The crystal
was raised back into the hot zone to anneal for 48 hours. The temperature was then
further reduced to 750 °C and the crystal was left to anneal for 12 hours. The first
annealing step aids in homogenization of the crystal and the second step aids in short-
range ordering [75]. The furnace was then turned off and the crystal was cooled to room
temperature in the furnace with the argon flowing continuously.

4.2 Characterization

The crystals were characterized using a number of methods including X-Ray
Diffraction (XRD), Energy Dispersive X-Ray Spectroscopy (EDS), Vibrating Sample
Magnetometer (VSM), compression testing, and optical profilometry. These
characterization methods were used to determine crystallographic structure and
orientation, composition, magnetic properties, mechanical properties, and surface
roughness, respectively. These methods will be described in detail below.

4.2.1 X-Ray Diffraction (XRD)

A Bruker D8 Discover X-Ray Diffractometer with a Cu Ko source and area
detector was used in determining the crystallographic structure, orientation, and lattice

parameters of single crystals; see Figure 4.3. Incident x-rays will interact with the atoms
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in the surface layers of a material. When the atoms occupy a periodic structure,
constructive interference of scattered radiation occurs in certain directions. There will be
an increase in the intensity of the x-rays reaching the detector due to coherent
interference when the Bragg condition is met. The Bragg condition is met when

nd = 2dSin0 4.2)
where n is an integer, 4 is the wavelength of the x-ray, d is the spacing between crystal
planes, and @ is the angle between the incident x-ray and the lattice plane. Destructive
interference occurs when the Bragg condition is not met. XRD scans allow for the
measurement of plane d-spacing by simply measuring the angle at which diffraction

occurs and by knowing the wavelength of the x-ray source.

d sin®
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Figure 4.3  Coherent interference of incident x-rays will occur when the Bragg
condition is satisfied, nA = 2d sin©. This will only occur at specific angles that
depend on the periodic structure of the material.

Polycrystalline materials contain many randomly oriented grains, which make it
easy to perform XRD on because the incident beam will always satisfy the Bragg
condition with some grains. With a single crystal, this is not the case. The crystal must be
specifically oriented in order to satisfy the Bragg law. The crystals were grown with the

[001] direction parallel to the long axis of the crystal. The crystals were rotated about the
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long axis of the crystal incrementally and scanned until the signal intensity of the {400}
peaks was maximized; see Figure 4.4. XRD scans were taken along the length of the
crystal in 2 mm increments to determine the crystal structure. Each scan consisted of
rotating and simultaneously oscillating the sample. The 26 angle was set to 64° because
the {400} planes were used in determining the crystal structure. All of the {400} peaks
for the various Ni-Mn-Ga structures fall within the range of the area detector at this
angle. Peak positions were determined at the highest intensity of the peak with an error of
+ 0.01°. The scans were analyzed to determine the crystal structure based off of

diffraction patterns created in CrystalMaker software.
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Figure4.4  XRD scan of 10M Ni-Mn-Ga single crystal. Crystal was oriented such
that the [004] was parallel to the stage plane and the [040] was normal to the stage
plane.

4.2.2 Energy Dispersive X-Ray Spectroscopy (EDS)

The composition of the final alloys and single crystals were measured in a Hitachi
S-3400N Scanning Electron Microscope (SEM) equipped with an Oxford X-Max 50mm?

EDS detector. The Hitachi 3400N SEM utilized a Tungsten filament as an electron
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source. When the electrons contact the bulk specimen, they are scattered throughout the
sample. As they interact and bounce off of atoms in the specimen, they lose energy. Some
electrons will lose enough energy to be absorbed into the material. Others will be
scattered away from the surface; these are backscattered electrons. The primary incident
electron can contain enough energy to eject an electron from the electron shell of an
atom. When an electron from an outer electron shell moves to fill the missing electron in
an inner shell, a characteristic x-ray is emitted. The energy of this x-ray is specific to the
type of shell transfer of electrons as well as the type of atom. An EDS detector can be
used to determine composition of elements in an alloy based on relative peak intensities.
The EDS detector was calibrated using a 99.999% nickel standard. A face was
ground into the side of the crystal with 1200 grit SiC to obtain a uniform flat surface for
scanning. The flat face was parallel to the (100) plane. An area EDS scan was performed
every 2 mm along the length of the crystal to determine the composition. Figure 4.5
shows an example of a compositional EDS scan along the length of the crystal, including

XRD data. The 10M portion of crystals was used in experiments.
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Figure45 XRD and EDS diagram for CM132 a Nis; 2MnyssGag2 (at-%) single
crystal used in fatigue testing. Data points represent crystal composition and shaded
areas represent crystal structure. The face of the (001)s plane at crystal length 0 mm
is the face that was exposed from cutting the seed off of the crystal. The data was
obtained along the length of the crystal corresponding to the image of the crystal
shown below the diagram. The letters in the bottom left corner of the diagram
correspond to the locations of samples that were cut from the crystal. Reference
Table A.3 for EDS and XRD pertaining to the other single crystals used in this
thesis.

4.2.3 Sample Preparation

Five single crystals named CM132, CM142, CM143, CM154, and CM158 were
used in rotary fatigue testing. The number in CMXYZ refers to the sequential growth
number of a single crystal. The designation [XYZ]s or (XYZ)swill be used in this thesis
to designate directions and planes related to the sample coordinate systems (Figure 4.6).
See Table A.3 in the appendix for a list of all samples and their respective preparation
method.

The seed was cut from the base of the crystal with a Princeton Scientific precision

wire saw to expose a face parallel to (100)s. The wire saw was used to cut cylindrical
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wafers with an approximate thickness of 1.5 mm and a 6 mm diameter along the length of
the 10M portion of the crystal. The location of samples cut from their respective single
crystal is indicated in the bottom left corner of Figure 4.5 and Figures A.1-A.3 in the
appendix. The complete list of samples used in testing is provided in Table A.3 in the
appendix. The wafers were cut along the {001} plane normal to the <001> growth
direction of the cylindrical crystal; see Figure 4.6. 45 samples were mechanically
polished with SiC and water down to 4000 grit then diamond slurry polished down to 3
pm using a Struers LaboPol. Three samples were further polished down to 1 um and 5
were polished down to 0.04 um. 10 samples were electropolished in a solution of 17 ml
of nitric acid and 33 ml of methanol. The power supply settings were set to 15 volts and 1
amp. The temperature of the solution was cooled to -20 °C using liquid nitrogen. The

samples were submerged for 30 seconds.

v 4 [010]

Figure4.6  Cylindrical wafers were cut along the (001) plane for fatigue testing
using a Princeton Scientific wire saw. The coordinate axes indicate the sample
coordinate system.
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1 £ 0.2 mm notches were introduced to six mechanically polished samples and
five electropolished samples using a Princeton Scientific precision wire saw. A notch was
introduced in the [100]s direction and are in the [110]s direction on each of the eleven

samples; see Figure 4.7.

1T mm
[ ]

®
[001]s [100] 5
Figure 4.7  DIC mosaic image of a sample notched with a Princeton Scientific

precision wire saw in the [100]s and [110]s directions to control fatigue crack
initiation points.

Magnetomechanical training was effectively performed on the fatigue samples
through measuring the magnetic properties of the samples in different orientation. The
procedure for testing for these properties is discussed in the next section. After training,
the samples were predominantly a single martensite variant.

Rectangular samples were cut from the 10M portion of an additional single

crystal, CM161, to be used in compression experiments to determine the twinning stress
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for the specified composition of Nis; ,MnysGazs ., (at-%). The five samples used in
testing were named A1-C1. The samples were cut so that the {100} (austenite) planes
were parallel to the sample faces. The faces of the samples were mechanically polished to
1 pum.

4.2.4 Vibrating Sample Magnetometer (VSM)

Prior to fatigue testing, each cylindrical sample was tested to analyze its magnetic
properties in a vibrating sample magnetometer (VSM) DSM Model 10; see Figure 4.8.
The VSM measures the magnetization of a sample by vibrating the sample in between a
pair of pickup coils at a frequency of 75 Hz, inducing a voltage in the pickup coils
according to Faraday’s law. The instrument was calibrated prior to making measurements
by using a Nickel standard with a known magnetization of 54.9 emu/g. The induced
voltage can then be converted into magnetization because the change in voltage is
proportional to the change in magnetic flux density.

Phase transformation and magnetic properties of samples from each crystal were
measured in the VSM by recording the magnetization as a function of temperature with
an applied magnetic field of 0.02 MA/m. This was done by heating a sample with
proportional integral derivative (PID) controlled resistively heated air at a rate of 3.7
°C/min to a temperature of 130 °C. The sample was then cooled with nitrogen gas back

down to a temperature of 20 °C.
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sample holder

pickup coils

Figure4.8 a) Vibrating Sample Magnetometer. b) Sample holder shown in
between electromagnetic poles with the pickup coils lowered. ¢) Pickup coils raised
and now surrounding the sample.

Each fatigue sample was loaded into the instrument so that the [010]s direction
was parallel with the applied magnetic field, and the [100]s direction was parallel to the
sample holder rod. An increasing magnetic field up to 1.6 MA/m was applied parallel to
the [010]s direction and the sample was magnetized to saturation. This is known as the
virgin curve and indicates the saturation magnetization in a magnetic field. It is necessary
because when cooled through the Curie temperature, a magnetic sample is demagnetized.
If there are any twins in the sample, they will reorient so that the c-axis or easy axis of
magnetization aligns with the applied magnetic field.

The magnetization of Ni-Mn-Ga will be highest if the crystal structure is
completely homogeneous and the easy axis of magnetization of each unit cell is aligned
parallel to each other. An increasing applied magnetic field perpendicular to the easy axis

of magnetization will induce a stress on the magnetic moments of the material.
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Eventually the magnetic field will cause the easy axis of magnetization of the crystal
structure to become reoriented parallel with the magnetic field. The threshold magnetic
field required to reorient the crystal structure is known as the switching field. When the

reorientation occurs the magnetization increases discontinuously (Figure 4.9).
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Figure 4.9  Switching field diagram for a cylindrical sample with the magnetic
field applied parallel to the sample face. The sharp increase in magnetization
correlates with the reorientation of the crystal structure. The arrows indicate the
path of magnetization as the magnetic field is increased and subsequently decreased.

After measuring the virgin curve, the sample was then rotated by 90° so that the
[001]s direction of the sample was aligned parallel to the direction of the applied
magnetic field so that the magnetic field direction was perpendicular to the sample face.
The switching field was measured by applying an increasing magnetic field up to 0.8
MA/m. The sample was then rotated back by 90° so that the [010]s direction was again

aligned with the magnetic field, i.e. so the magnetic field was parallel with the sample
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face. When the field was applied, the twins reoriented again and the switching field was
measured in this orientation. In this way, the switching field was measured three times in
each direction, effectively training the samples into mostly a single martensite variant.
Switching field measurements were taken for every sample prior to fatigue testing.
Switching field measurements were performed prior to fatigue testing and at intervals of
10,000 revolutions for samples CM154 J-O and Q.

4.2.5 Compression Testing

The designation [XYZ]cr or (XYZ)crwill be used to indicate directions and
planes related to the compression sample coordinate systems (Figure 4.10). Five
parallelepiped samples with dimensions approximately 2 mm x 3 mm x 6 mm were tested
in uniaxial compression experiments. Compression tests were performed to measure the
twinning stress. Prior to testing, the samples were magnetized along the short x-axis in
the [100]cr direction of the crystal so that the easy axis of magnetization was parallel to
the [100]cr direction and the crystal extended as much as possible in the [001]cT
direction. The dimensions of the sample were measured before and after compression
testing.

Samples were loaded into a Zwick compression testing instrument equipped with
a 500 N load cell so that the long axis of the crystal or the [001]ct direction was parallel
to the axis of compression. The samples were initially loaded to 0.05 MPa at a crosshead
speed of 8.3x10® m/s to preload the sample. Mechanical compression testing was
performed at a constant crosshead speed of 2x10° m/s until a maximum stress of 5 MPa
was achieved. The samples were then unloaded at a constant crosshead speed of 4x10°

m/s until a minimum stress of 0.05 MPa was reached. The resolution of the instrument



50

was better than 0.5 N in force and 10 nm in displacement. Three compression tests were
performed on each sample. In between compression testing, a magnetic field was applied

in the [100]ct direction to elongate the sample in the [001]cr direction for the next test.

[001]er

ZcT T

[010]cr

—>
Yer

[100]cr ¥ xcr

Figure 4.10 Schematic identifying the axes and associated directions of the
compression samples. The shortest side of the crystal was designated as Xct and the
longest axis was designated as zcr.

4.2.6 Optical Profilometry

The surface roughness of the rotary fatigue samples was measured using a VVeeco
Wyko NT1100 optical profilometer. An optical profilometer measures height differences
in the topography of the surface over a defined area. A path of light is split in the
instrument directing light towards a reference surface, which is made to be as flat as
possible, and the test surface. The two beams reflect off of the two surfaces and
recombine as the beam is focused towards a digital camera. The phase shift of the two

beams is proportional to the path difference. Constructive and destructive interference
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patterns from the two beams appear lighter and darker to the camera, respectively. The
profiler scans the surface of the material vertically. The software identifies when a
specific area is in perfect focus and contrast by analyzing the fringe patterns while
scanning. With this information, a height map can be created for a specified area. Three
measurements were taken per side for every single crystal and averaged. The
measurements were taken within a single twin domain to ensure that the average surface
roughness measurement was not taking the twin relief of multiple twin boundaries into
account.

4.2.7 Differential Interference Contrast (DIC) Microscopy

DIC optical microscopy was used to image samples throughout testing. Polarized
light and light wave interference emphasize differences in topography and slope of
surfaces. Different twin domains have their own orientation and will reflect the light
differently. Polarized light is split using a Nomarski prism and focused on the sample.
Due to differences in topography, the length of the reflected beams will vary slightly
compared to one another as they are combined back together at the Nomarski prism on
the way to the eye piece or camera. Different polarizing filters can be used to adjust the

contrast and colors that appear on the image; see Figure 4.11.
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[100]s

[001]s

Figure 4.11 Differential interference contrast image of a cylindrical Ni-Mn-Ga
single crystal used in rotary fatigue testing. The contrast in colors between the
different twin variants is useful for analyzing images of twinned samples.

4.3 Fatigue Testing

Rotary fatigue testing was performed in a modified Jet lathe; see Figure 4.12. The
tailstock was replaced by a machined Delrin polymer sample holder. The sample holder
accommodated up to 60 samples that could be tested simultaneously. Samples were held
in place with rubber o-rings on each face of the sample and are not constrained on their
ends, which would prevent complete reorientation of the twin variants [19, 71, 78]. The
samples were positioned in the slots of the sample holder so that [100]s was parallel to
the axis of rotation. A piece of foam and tape held the o-rings and sample inside of the
pockets in the sample holder. The active twin boundaries were parallel to the [100]s
direction, so the sample could be removed and replaced by aligning the horizontal twin

boundaries such that they were parallel to the axis of rotation.
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Rotating
Permanent Sample
Magnets Holder

°) I .
Figure 4.12 a) Rotary fatigue testing instrument. b) Sample holder retaining
samples in a stationary position during testing. c) The sample holder slides into the
sleeve containing the rotating permanent magnets.

The spindle of the lathe was modified to contain several permanent magnets that
rotated around the samples. A large diametrically aligned magnet was mounted in the
center with two rectangular magnets placed in a Delrin polymer sleeve surrounding the
central magnet; see Figure 4.13. The sleeve containing the rectangular magnets was
oriented such that the magnetic flux through the magnets was parallel with that of the
diametrically aligned magnet. The sleeve increased the magnetic field that was applied
parallel to the sample face during testing; see Figure 4.14. Figure 4.15 displays the
magnetic field as a function of angle and compares the test set up with and without the
sleeve containing the rectangular magnets providing an extra 0.16 MA/m to the magnetic
field applied parallel to the sample face. The peaks are also thinner, resulting in a more

concentrated application of the magnetic field.
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The frequency of the rotary magneto-mechanical cycling was 17 Hz. The
frequency in Aaltio’s linear fatigue experiments ranged from 75-344 Hz [17, 72].
Frequency in rotary fatigue tests performed by Mullner and Chmielus was approximately
130 Hz [7, 67, 68]. Actuation response has been measured to be as low as 250 ps [38].
Therefore, the samples used in these fatigue tests and tests performed by others were

actuated well below the maximum actuation frequency.

Figure 4.13 a) Rotating permanent magnets. The sample holder sleeve fits into the
slot between the cylindrical and rectangular magnets. b) The magnets consist of a
cylindrical diametrically aligned magnet and two rectangular magnets that help
increase the magnetic field that is applied parallel to the sample face.
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H,, = 0.41 MA/m

[010]s

Figure 4.14 As the magnetic sleeve rotates, a maximum field of 0.41 MA/m is
applied parallel to the sample face in the [010]s direction. When the sleeve rotates
90°, a maximum field of 0.52 MA/m will be applied perpendicular to the sample face
in the [001]s direction.

Over the course of one revolution, the sample will endure two magneto-
mechanical cycles [39]. This means that the crystal structure will reorient 4 times per
revolution, resulting as the easy axis of magnetization rotates to remain parallel with the
magnetic field lines. As the magnet is rotated, a maximum field of 0.41 MA/m is applied
parallel to the sample face in the [010]s direction, and after rotating another 90° a
maximum field of 0.52 MA/m is applied perpendicular to the sample face in the [001]s,
direction; see Figure 4.15. In both directions, the maximum magnetic field was at least

two times the typical switching field measured in fatigue samples.
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Figure 4.15 Diagrams representing the magnetic field as a function of angle for
the magnetic field applied parallel to the sample face (blue dots) and the magnetic
field applied perpendicular to the sample face (black dots). (a) The magnetic field as
a function of angle only including the diametrically aligned magnet. (b) The
magnetic field as a function of angle including all three permanent magnets. The red
lines indicate the typical switching field required to reorient twin boundaries.

The maximum possible effective stress was approximately 2.5 MPa parallel to the
sample face and approximately 3.5 MPa perpendicular to the sample face for
unconstrained samples; see Figure 4.16. The maximum magnetostress depends on the
geometry of the sample, the saturation magnetization, and magnetic saturation field. In a
cylindrical sample where the thickness is less than the diameter, an increase in thickness
or diameter results in a larger magnetic field required to achieve the same magnetostress.
An increase in saturation magnetization or magnetic field saturation results in an increase

in the maximum effective magnetostress.
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Figure 4.16 Diagram representing the maximum possible effective magnetostress
as a function of magnetic field for CM154 G prior to fatigue testing. The maximum
field applied parallel to the sample face in the [010]s direction is 0.41 MA/m (red).
The maximum field applied perpendicular to the sample face in the [001]s direction
is 0.52 MA/m (blue).
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CHAPTER FIVE: RESULTS

This chapter presents the results from XRD, EDS, and VSM characterization in
the first section. The second section contains the results from rotary fatigue testing,
including crack propagation and fatigue life. Supplemental tables and figures related to
the results are located in the appendix.

5.1 Characterization

5.1.1 XRD and EDS

X-Ray diffraction of the single crystals at room temperature was used to
determine the lattice parameters, orientation, and crystal structure. The lattice parameters
are listed in Table 5.1 and range from 5.937-5.964 A for a and 5.568-5.591 A for c. The
crystals were oriented so that they could be placed in the fatigue setup with the [100]s
direction of the crystal parallel to the axis of rotation of the spinning magnets.

Table 5.1 Lattice parameters for single crystals used in fatigue tests and
compression tests. The short axis, ¢, is aligned with the easy axis of

magnetization. Using the pseudo-tetragonal unit cell for the 10M
structure, two axes, a, will be of equal length.

Single Crystal | Lattice Parameter, a (A) | Lattice Parameter, ¢ (A)
CM132 5.964 + 0.002 5.569 + 0.002
CM142 5.937 + 0.002 5.569 £ 0.002
CM143 5.943 + 0.002 5.569 + 0.002
CM154 5.944 + 0.002 5.582 + 0.002
CM158 5.950 £ 0.002 5.591 £ 0.002
CM161 5.950 + 0.002 5.568 + 0.002

The range in composition calculated from EDS data for the 10M portions of the

single crystals used in fatigue testing and compression testing is listed in Table 5.2. The
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range starts at the location closest to the seed end of the crystal and ends at the location
farthest away from the seed within the portion of the crystal corresponding to a specific
crystal structure.

Table 5.2 Compositional range (atomic-%) over the length of the 10M portions
of single crystals used in fatigue tests and compression tests. The first
value in each column corresponds to the composition of the 10M

portion nearest to the seed end of the crystal and the second value
corresponds to the composition of the 10M portion farthest away from

the seed.

Single Crystal Ni (at-%) Mn (at-%) Ga (at-%)
CM132 50.8-50.4 + 0.2 25.9-27.2+0.2 23.3-22.4+0.2
CM142 51.1-50.1 £ 0.2 24.8-25.6 +0.2 24.1-23.7+0.2
CM143 51.2-50.9 + 0.2 24.8-25.4+0.2 24.0-23.7+0.2
CM154 51.5-51.1+0.2 25.0-26.6 + 0.2 23.5-22.3+0.2
CM158 51.7-51.6 + 0.2 25.5-26.5+0.2 22.8-22.0+0.2
CM161 51.6-51.4+0.2 25.8-27.2+0.2 22.7-21.4+0.2

The composition of nickel and gallium decreases towards the end opposite of the
seed while manganese increases as seen in Figure5.1. See the appendix for additional
EDS/XRD diagrams of single crystals used in experiments. Samples used in testing were
cut from the 10M region of the single crystals, shown in pink, in the diagrams. Single
crystals that were grown longer than 100 mm exhibited a more gradual change in the
composition of elements. CM158 did not appear to have the same type of variation in
composition towards the end of the crystal. CM158 did not contain any non-modulated
structure at the end of the crystal, however it did contain the most variation within each
portion of the crystal. The 10M/14M regions are identified when diffraction peaks from
both crystal structures are present in XRD measurements. Typical single crystals with

this composition, exemplified by CM132 in Figure 5.1, start with a 10M structure and
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progress into a mixture of 10M and 14M, followed by 14M, and finally a small section of

non-modulated structure at the opposite end of the crystal.

CM 132
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Figure5.1  XRD and EDS diagram for CM132 a Nis; 2MnyssGaz, (at-%) single
crystal used in fatigue testing. Data points represent crystal composition and shaded
areas represent crystal structure. The face of the (001)s plane at crystal length 0 mm
is the face that was exposed from cutting the seed off of the crystal. The data was
obtained along the length of the crystal corresponding to the image of the crystal
shown below the diagram. The letters in the bottom left corner of the diagram
correspond to the locations of samples that were cut from the crystal. Reference
Table A.3 for list of samples tested in the rotary instrument.

Table 5.3 presents the average absolute deviation from the nominal composition
of each single crystal in the 10M and 14M portions. The maximum average absolute
deviation in the 10M portions of the crystals was 0.6 at-%, 1.8 at-%, and 1.9 at-% for
nickel, manganese, and gallium, respectively. The maximum average absolute deviation
in the 14M portions of the crystals was 1.7 at-%, 3.4 at-%, and 1.9 at-% for nickel,

manganese, and gallium, respectively. The crystal composition deviates more towards the
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end furthest away from the seed end due to chemical segregation at the liquid-solid
interface during melting.
Table 5.3 Average absolute deviation from the nominal composition of

Nis1 2Mnys 6Gazs 2 for the 10M portion and 14M portion for each single
crystal used in this thesis.

10M 14M
Ni (at-%) | Mn (at-%) | Ga (at-%) | Ni (at-%) | Mn (at-%) | Ga (at-%)
CM132 0.6 0.4 0.7 1.7 3.4 1.7
CM142 0.2 1.8 1.9 0.8 1.2 0.4
CM143 0.3 15 1.7 0.8 1.4 0.5
CM154 0.2 0.9 0.9 1.0 2.1 1.1
CM158 0.4 0.4 0.3 0.9 0.8 0.3
CM161 0.3 0.4 0.3 0.8 2.7 1.9

5.1.2 Magnetic Properties

Due to the anisotropy of the crystal structure, the magnetization of the sample
measured by the pickup coils in the VSM will depend on how the twin variants are
oriented. The magnetization of the sample was the highest when the element was in a
single variant state and the easy axis of magnetization was parallel with the applied
magnetic field. A table containing the average initial switching field measurements for all
fatigue samples is located in the appendix. The as measured switching field for samples
measured with the magnetic field applied parallel to the sample face, [010]s, was lower
than the switching field measured with the field perpendicular to the sample face, [001]s;
see Figure 5.2. The effective switching field was determined by factoring in the
demagnetizing field. The effect is more prevalent in the case of the switching field
measured perpendicular to the sample face because of the larger demagnetization factor.

The difference is due to the geometry of the sample.
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Figure5.2 a) Switching field test performed with the magnetic field applied
parallel to the face of the sample. b) Switching field test performed with the
magnetic field applied perpendicular to the sample face. The blue curve represents
the magnetization as a function of applied magnetic field. The red curve represents
the magnetization of the sample as a function of the effective magnetic field
considering the demagnetization factor.

The switching field measurements in Figure 5.2 depict a sudden increase in
magnetism when the crystal structure reorients. The slope of the increase switches from
positive to negative when the demagnetization factor is included in the applied magnetic
field. This is due to the demagnetizing field increasing from the increase in magnetization
while the applied magnetic field increases very little. It is necessary to include the
demagnetizing field in calculations for magnetostress on the reorientation of Ni-Mn-Ga
crystal structures.

The effective compressive stress, in a domain with the c-axis perpendicular to the
magnetic field, as a function of magnetic field was calculated using models based on [10,
40-42]; refer to Section 3.3.2. See the appendix for a list of fatigue samples including the
effective twinning stress. By including the demagnetization field, the stress required to
initiate twin boundary motion corresponds with the jump in the switching field

measurements; see Figure 5.3. In the presented magnetostress vs. field image, there is a
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shift in magnetic field that corresponds to the switching field required to reorient the twin

variant.
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Figure 5.3 a) Depicts the switching field measurement for CM154 J. b)
Magnetostress diagram corresponding to an increasing magnetic field up to the
point of reorientation. The magneto stress diagram in a) correlates to the switching
field diagram in a). The blue curve represents the applied magnetic field. The red
curve represents the effective magnetic field considering the demagnetization factor.

Figure 5.4 presents the switching field results of CM154 V prior to rotational
fatigue testing and after the sample had been cycled to 405,000 revolutions. There are no
large jumps in magnetization after the sample has been cycled to 405,000 revolutions.
The effective magnetic field is essentially zero until the applied magnetic field overcomes
the demagnetizing field of the sample. At a high number of cycles, when a sample

contains many cracks the ability for twin variants to reorient decreases.
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Figure 5.4  a) Switching field measurement from CM154 V with the magnetic
field applied perpendicular to the sample face prior to any fatigue. b) Switching
field measurement from CM154 V after being cycled to 405,000 revolutions with the
magnetic field applied perpendicular to the sample face. The blue curve represents
the magnetization as a function of applied magnetic field. The red curve represents
the magnetization of the sample as a function of the effective magnetic field
considering the demagnetization factor.

The effective twinning stress calculated from switching field measurements for
each sample can be found in the appendix in Table A.4. The average twinning stress
calculated for samples with similar preparation methods is located in Table 5.4.
Electropolished samples had the highest average twinning stresses due to their respective
high surface roughness. For a majority of the samples that were monitored throughout
testing, the slope of the magnetostress curves is steeper at higher cycles; see Figure 5.5.
See Appendix Figures A.4-A.10 for details regarding the rest of the samples that were

analyzed throughout testing.
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Table5.4 Effective twinning stress for groups of samples with a specified
surface preparation pertaining to a respective single crystal.
Measurements were made prior to fatigue testing. See appendix for
individual sample results.

Effective Effective
_ Sample Twinning Stress Twinnin_g Stress
Single Crystal Preparati Parallel to Perpendicular to
paration
Sample Face Sample Face
(MPa) (MPa)
CM132 3um -0.4+0.2 -0.6+0.2
CM132 1um -0.20 £ 0.07 -0.66 £ 0.02
CM142 3um -0.3+0.1 -0.3+0.2
CM143 3um -0.3+£0.2 -0.7+04
CM154 3um -0.30 £ 0.09 -05+£0.2
CM154 HNO; -0.20 £ 0.08 -1.0+0.3
CM154 0.04pm -0.27 £ 0.07 -0.50 £ 0.07
CM158 3um -0.3+0.1 -0.24 £ 0.06

CM154 N H Perpendicular to Face

0.0
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=
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= 12 000
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Effective Magnetic Field (MA/m)

Figure 5.5  Effective magnetostress calculated from switching field data as a
function of effective magnetic field for three stages of fatigue testing for CM154 N.
The data is plotted to the point at which the switching field is reached. The
maximum compressive magnetostress is the effective twinning stress.
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5.1.3 Compression Testing

The results for the compression tests from single crystal CM161 are listed in
Table 5.5. The average twin plateau stress was calculated from the average stress from
strain ranging arbitrarily from 1% to 5%. The average maximum twin nucleation stress
occurred below 1%. The stress required to initiate twin boundary motion was very low,
suggesting that there were multiple martensite variants present in the crystal structure, so
a large stress was not required to initiate twin boundary motion. The twinning plateau
stress is below 1 MPa for all crystals, which is typical of single crystals with 10M
structure that are grown with high purity elements [40]. The stress-strain curves for the
samples were similar in characteristics regarding the twin nucleation stress and twin
plateau stress; see Figure 5.6. There was an initial threshold stress that must be overcome
due to nucleation of twin boundaries and the stress required to initiate twin boundary
movement [69]. As the twin boundaries moved and the variant was reoriented, the stress
remained constant. The plateau region extended to just over 6% strain, which means the
crystal was nearing its theoretical strain limit. As the strain approaches 6%, there is a
sharp increase in the stress because the sample has completely reoriented and the stress is
only inducing elastic deformation at this point.

Table 5.5 Average blocking stress and twinning stress for compression samples

cut from CM161.

. Compression Aver'age Maxw_num Average Twin Plateau
Single Crystal Sample Twin Nucleation Stress (MPa)
Stress (MPa)

CM161 Al 0.96 + 0.09 05+0.2
CM161 A2 1.15+0.07 0.3£0.2
CM161 Bl 1.2+0.1 0.8+0.1
CM161 B2 1.1+£0.2 0.8+0.1
CM161 Cl 1.44 +0.08 0.45 + 0.08
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Figure 5.6  Stress-Strain diagram for uniaxially compressed rectangular prism
CM161 B1. Average twin plateau stress is 0.8 = 0.1 MPa. Once the initial barrier
stress is overcome, the stress remains relatively constant while twin boundaries are
moving and the twin variant is reorienting. When the element has completely
reoriented, the stress increases sharply at the onset of elastic deformation.

Al and A2 were cut from the section of crystal that was closest to the seed. This
section had the lowest average twin plateau stress. B1 and COMP 4 were cut from the
next section of grown single crystal and had the highest average twin plateau stress. C1
was cut from the last useable section of single crystal and the average twin plateau was
lower than the previous section.

5.1.4 Surface Roughness

The average surface roughness was measured for each group of samples with
similar preparation methods; see Table 5.6. The samples exhibiting the highest surface
roughness were those that were electropolished prior to testing. Samples prepared by

mechanically polishing to 1 um and 0.04 um had the lowest average surface roughness.
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See Table A.3 in the appendix for a complete list of the average surface roughness of
each sample used in fatigue testing.

Table 5.6 Average surface roughness and standard deviation of samples with a
specified surface preparation pertaining to a respective single crystal.

See appendix for individual sample results.

_ Sample Ra, Average Surface
Single Crystal Preparati Surface Roughness Range
paration
Roughness (nm) (nm)
CM132 3um 22+5 17-26
CM132 lpm 14+7 9-19
CM142 3um 35+ 16 25-51
CM143 3um 29+6 25-35
CM154 3um 77 + 44 20-125
CM154 HNO; 128 + 66 84-232
CM154 0.04pm 16+6 13-22
CM158 3um 19+9 13-31

5.2 Fatigue Results

5.2.1 Crack Propagation

Samples tested in the rotary fatigue instrument exhibited three different
characteristic cracks; see Figure 5.7. The first type of crack (type-a) tended to propagate
straight in the <110>s direction; see Figure 5.8. Aaltio reported that cracking occurs on
twinning planes [17, 72]. However, the cracking occurring in these fatigue experiments is
not only occurring on the active twinning planes. The active twinning planes in Figure
5.8 are parallel to (011)s, yet the crack direction is <110>g and the macroscopic fracture

planes are close to {111}s. This is schematically represented in Figure 5.9.
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Figure 5.7  DIC microscopy mosaic images of CM143F after 30,000 revolutions.
The left image is the top of the sample and the right image is the bottom of the
sample. Three different types of cracks are present on the faces of the samples. a)
Cracks propagating in the <110>g direction. b) Cracks propagating in a general
[100]s direction. c) Cracks that follow low angle grain boundaries.
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Figure 5.8  DIC microscopy mosaic images of CM132B after 90,000 revolutions.
a) Top of the sample. b) Bottom of the sample. Cracking occurring on the surface
follows <110>sand a macroscopic {111} plane.
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Figure 5.9  Schematic illustrating the fracture plane in reference to a unit cell.
The black cylinder represents the sample. The red cubes represent the orientation of
the unit cell (austenite). The blue plane represents the fracture plane and is
characteristic of {111}s planes. The unit cell depicted on the right represents the
intersection of the fracture plane with the unit cell.

The second type of crack (type-b) tended to propagate macroscopically along
[100]s. On a smaller scale, type-b cracks propagated in the <110]s direction zigzagging
back and forth horizontally across the sample face; see Figure 5.10. The pink horizontal
lines in the top part of Figure 5.10 are twins. There are no twin boundaries in the bottom
portion of the image; lines in the bottom portion are due to surface topography from
polishing.

The third type of crack (type-c) tended to occur in samples that were close to the
seed end of the crystal (Figure 5.7). These type of cracks were observed in single crystals
CM143, CM154, and CM158. On many of the samples, low angle grain boundaries were
present, suggesting that the material is not completely single crystalline. The cracks

appear to follow small angle grain boundaries (SAGB) that can be seen in Figure 5.11.
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Figure 5.10 DIC microscopy image of CM158N after 2,000 revolutions. Fatigue
cracks propagating in a general [100]s direction, but following [110]s crack
directions.

[100]s

[001]s

Figure 5.11 DIC microscopy mosaic images of CM154A prior to fatigue cycling.
Small angle grain boundaries are indicated by white arrows.

The twin boundaries still move freely between two areas separated by SAGBs,
however it is clear that the grain boundaries influence the structure of the twin boundaries
locally; see Figure 5.12. In the first image, the twin boundaries on the right are vertically
higher than those on the left and the twins running across the boundary divide up into

smaller twins. In the bottom image, the twins are clearly kinked across the SAGB.
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_ 200 um
Figure 5.12 DIC microscopy images of CM54A after 20,000 revolutions. a) Twins

decompose into multiple fine twins across the SAGB. b) Twin boundaries are kinked
where they cross over SAGBs. SAGBs indicated by white dotted line.

Fracture initiated from within the bulk of the material as well as from the edges of

the samples; see Figure 5.13. Crack initiation occurring in the middle of the sample
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tended to occur when a sample had been cycled to a higher number. Cracks propagated
from the edges of samples most prominently. Cracking from the edges occurred after

only 2,000 revolutions for some samples.

[010]s7 §

[001]s [100]s

Figure 5.13 DIC microscopy mosaic images of fatigue samples indicating crack
initiation points. a) CM132 B after 50,000 revolutions. b) CM132 B after 60,000
revolutions. Cracks initiating in the central part of the sample indicated by black
arrows. ¢) CM154 T after 10,000 revolutions. d) CM154 T after 20,000 revolutions.
Multiple cracks initiating from the edges of the samples indicated by white arrows.

While the fracture plane of fatigue sample was macroscopically close to {111},

the actual fracture plane is more complex; see Figure 5.14. The fracture markings ‘point’
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towards internal defects. The topography was characterized by long sharp striations and
was indicative of brittle fracture. Further away from the defect, the striations were
parallel with one another. At the surface of the sample, twin boundaries were found to be

pinned at jagged intersections of the fracture surface; see Figure 5.15.

Figure 5.14 SEM |mage of CM132 E {111} macroscopic fracture plane Fracture
plane is characterized by jagged striations indicating brittle fracture. The river
marking on the fracture surface point towards internal defects as indicated by the
white arrows. The internal defect is circled by the dotted line.
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Figure 5.15 SEM image of CM32 E sample surface and fracture surface. Twin
boundaries are pinned at the corners of the jagged fracture surface. Examples are
indicated by the white arrows. The fracture surface impedes twin boundary motion.

5.2.2 Notched Fatique Samples

Several samples from CM154 and CM158 were notched in the [100]s direction
and [110]s direction. The notches induce stress concentrations allowing cracks to
propagate at low cycle numbers and in a controlled location. Fatigue induced cracks
tended to propagate either across the sample in a general [100]s direction or in a linear
[110]s in unmolested samples. Cracks preferentially propagated from the [100]s notches
in <110>s directions; see Figure 5.16. The fracture plane separates portions of the
crystals that react independently to an applied field. This can be seen in Figure 5.17
where the large dark red twin is only present in the right portion of the crystal. CM154 J

in Figure 5.16 also shows separation of microstructures where compound twins are
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present on the left portion of the crack, but they are not present on the right portion.

Cracks at the notch tip occurred in as few as 2,000 revolutions.

[010]f

[100]s

[001]s

Figure 5.16 DIC microscopy image of CM154J after 10,000 revolutions. Cracks
propagated in the [110]s and the [110]s directions outward from the [100]s notch.
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Figure 5.17 DIC microscopy image of CM154N after 10,000 revolutions. The
fracture plane separates two active portions of the sample.

5.2.3 Microstructure

The twin structure near fracture surfaces were much more complex than in the
bulk area which, was dominated by large mobile twins; see Figure 5.18. The large
horizontal mobile twin boundaries are type Il twin boundaries. Near the cracks, the twin
structure is a mixture of type I and Il twins. Type | twin boundaries are parallel to the
[100]s direction while Type Il twins deviate from [100]s by approximately 6° [33]. The
twin structure near the fracture surfaces is refined with thinner twins, while the central

area in between cracks contained thicker Type I1 twins.
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Figure 5.18 DIC microscopy image of CM132 E after 40,000 revolutions. Twin
microstructure near fracture surface is composed of fine Type | and Il twins.
Farther away from the fracture surface, the active twin variants are relatively
thicker Type Il twins.

Compound twins run vertically and can only be seen in the single martensite
variant where c is parallel to [010]s in Figure 5.19. The compound twin boundaries are
visible in the pink and orange twins because the modulation directions in this orientation
cause a surface relief of approximately 0.8° across the twinning plane [33]. Compound
twin boundaries are not perfectly linear and do not extend across the entire sample. Near
the ends of the boundaries, the edges form wedge-like domains; see Figure 5.20.The c-
axis of the unit cell of the variants containing visible compound twins is oriented so that
it is parallel to the face of the sample and in the [010]s direction [33]. The c-axis is

perpendicular to the sample face in the [001]s direction in the variants where the
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compound twins are not visible. The compound twins indicate domains containing

different modulation directions of the unit cell.

Type Il Twins

@ c|| 10011 A

T c||1010]s

[100]s

Type Il Twins

Compound Twins
Type | Twins

~

Figure 5.19 DIC microscopy image of CM132 E after 40,000 revolutions. Twin
microstructure farthest from the fracture surface is composed of compound twins
within thick type Il twins. The compound twins are continuous and extend across
the type Il twin boundaries as indicated by the white dashed lines. Near the fracture
surface the twins decompose into a mixture of type I and Il twins. The c-axis of the
unit cell is parallel to [001]s within the green twin and parallel to [010]s within the
pink and orange twins.
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Figure 5.20 DIC microscopy image of CM132 F after 60,000 revolutions. The
wedge shape of the vertical compound twins running parallel to [010]s can clearly
be seen on the left side of the image indicated by the white arrow. The compound
twins do not extend completely across the sample in the way that type I or Il twins
do.

The twin structure became highly refined with increased cycling. The larger twins
decomposed into many thin twins. The microstructural areas with a large number of twin
boundaries did not appear to evolve throughout testing while areas with large twins
changed throughout testing; see Figure 5.21. Compound twins appeared in regions where
they previously did not exist; see Figure 5.22. The compound twins developed

perpendicularly to the active twin boundaries.
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Figure 5.21 DIC microscopy mosaic images of CM154 A. a) Cycled to 10,000
revolutions. b) Cycled to 30,000 revolutions. The refined twin structure indicated by
white arrows is composed of many thin twins and does not evolve through fatigue
testing. The larger twins on the right side and top portion of the sample indicated by
black arrows remain mobile.
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Figure 5.22 DIC microscopy images of CM132F. a) Image taken after 10,000
revolutions. b) Image taken after 70,000 revolutions. Compound twins developed in
areas that they were previously absent. The compound twins were perpendicular to
the active Type I and Il twin boundaries.
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5.2.4 Fatigue Life

When a sample disintegrated into many pieces or a portion larger than one-third
of the sample fractured off, the sample was no longer cycled. Figure 5.23 presents the
number of samples that reached a specified number of revolutions in the rotary fatigue
instrument. The revolutions in the histogram were rounded to the nearest 10,000. A
majority of the samples were cycled to failure in less than 100,000 revolutions. A small
portion of samples lasted to more than 100,000. The largest number of samples only

lasted to 20,000 revolutions, so the life of samples is relatively short and inconsistent.
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Number of Revolutions to Fracture

Figure 5.23  Diagram identifying the total number of samples reaching a threshold
number of revolutions. The number of revolutions achieved per sample was
rounded to the nearest 10,000 revolutions.
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Three groups of surface roughness ranges were chosen to compare fatigue life;
see Figure 5.24. Samples with average surface roughness lower than 30 nm tended to

exhibit the highest fatigue life. The samples that had an average surface roughness
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between 30 nm and 50 nm exhibited a median fatigue life. The samples that had the
shortest average fatigue had surface roughness larger than 50 nm. Samples that were
electropolished exhibited the highest average surface roughness due to pitting and
samples that were mechanically polished with fine diamond slurry resulted in the lowest

average surface roughness.

450,000
400,000

350,000
Maximum and minimum # of

300,000 revolutions to fracture

250,000 .
Average # of revolutions to

200,000 fracture

150,000

Number of Revolutions

100,000

50,000

I

<30 nm 30-50 nm >50 nm
Average Surface Roughness (nm)

Figure 5.24 Diagram representing the average number of revolutions by samples
with a specific average surface roughness indicated by the blue bars. The black
error bars represent the standard deviation in the average. The minimum and
maximum number of revolutions achieved by a sample in each group is represented
by the gold bars.

0
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CHAPTER SIX: DISCUSSION

When a sample has reached the limit of its fatigue life, there are many factors that
prevent a twin variant from reorienting. Fracture planes interfere with twin boundaries
moving throughout the sample, and therefore there is a higher stress fluctuation when the
magnetic field oscillates from parallel to perpendicular to the easy axis of magnetization.
The fracture surface hinders twin boundary motion and the twins require higher magnetic
fields to initiate motion (Figure 5.15). Higher fields lead to higher field induced stress.

The average calculated magnetostress was the highest at 1.0 £ 0.3 MPa for
electropolished samples. This is due to the high surface roughness relative to the other
samples; see Figure 6.1. The high surface roughness required a higher switching field to
initiate reorientation because twin boundaries tend to get pinned on areas with high stress

concentrations [79].
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Figure 6.1  DIC mosaic image of CM154 Q after 10,000 cycles. CM154 Q was
electropolished and the surface is rough and heavily pitted along the outer edge of
the sample.

The range in strain in Aaltio’s tests was 0.5-3.8% with crystals exhibiting a
maximum strain of 6.5% [17, 72]. The crystal reaching the highest number of cycles, 2 x
10°, was tested with a controlled strain of 2%, and other crystals tested at low strain as
well lasted on the order of 10° cycles [17, 72]. By controlling and limiting the strain only,
the twins with the highest mobility will be active contributing to a maximum reported
stress of 2 MPa at the end of fatigue testing [17].

In rotary cycling with permanent magnets, the sample is allowed to expand to the
maximum possible strain depending on the applied field and condition of the sample.

Higher strain results in a longer range of motion in twin boundaries, exposing twinning
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dislocations to a higher number of surface defects. This increases the probability of
dislocations piling up at high local stress areas leading to crack initiation and propagation
[15]. If a twin boundary is impeded, the stress in that twin increases up to the maximum
magnetostress of about 3.5 MPa because the magnetic field applied is higher than the
saturation magnetic field. If the force is strong enough to overcome the barrier, the twin
boundary will move and the magnetostress will be relieved. If the magnetic field is not
capable of reorienting the variant due to barriers, then the maximum effective
magnetostress (Equation 3.9) will be imposed if the magnetic field, H is larger than Hsas
is the case in the present experiments. This means an immobile twin in these samples will
experience cyclical magnetostresses of approximately 3.5 MPa compared to the
maximum stress reported in [17] measuring below 2 MPa. The stress is lower in strain
controlled linearly actuated samples because the sample is not being elongated to its full
potential minimizing the encounter of barriers to twin boundary motion.

Chmielus utilized rotary induced fatigue similar to this study, however fatigue life
was reported to be over one-hundred million cycles at strains near 1% [19]. The sample
in those experiments was constrained on both ends and therefore limited the maximum
strain of the sample. In addition, samples that endured the highest amount of cycling
started out with a finely twinned self-accommodated structure as opposed to magneto-
mechanical and thermo-mechanically trained samples, which fail in as little as 1,000
cycles [15]. The un-trained samples developed a coarse mobile structure with mobile
twins within the bulk. Near the constraints, the microstructure remained locked in place,

limiting the maximum strain. Therefore, training that was effectively performed on
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samples during measurement of magnetic properties prior to fatigue testing could have
caused the low fatigue life of the samples.

In notched samples, the stress concentration is higher for the horizontal notches
parallel to the [100] direction. Furthermore, the [100] notches are located closer to the
bulk motion of twin boundaries within the center of the crystal. The cracks propagated
from these notches for a majority of the samples as opposed to the [110] notches. A
refined twin structures near defects are indicative of areas with high stress concentrations;
see Figure 6.2. The notch induced stress concentrations in the material as indicated by the
preferential crack propagation at the notch tip.

At higher cycles a majority of the samples exhibited increased magnetostress at
lower applied magnetic fields. This is due to hardening of the material from twinning
dislocation pile-up near areas of high stress concentration. Some samples did exhibit a
softening, meaning the switching field and magnetostress decreased at higher revolutions
due to training in the sample. A larger collection of samples should be tested to higher

revolutions to create a better statistical analysis of hardening through fatigue testing.
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Figure 6.2  DIC image of CM154 L after 12,000 cycles. The twin structure near
the notch is refined containing Type | and Il twin boundaries in a variety of
orientations; location indicated by black arrows. The twin structure within the bulk
material contains larger mobile twins.

The twin structure becomes complex near fracture surfaces and SAGBs. Near
areas of high stress concentration, the microstructure evolves into a refined structure in
order to accommodate for the stress increase and results in localized stress
concentrations. This refined structure presents obstacles for the motion of the mobile twin
boundaries. The refined twin structure prevents reorientation due to high concentrations
of twinning dislocations, resulting in higher cyclical effective stress in immobile twins
and resulting in crack formation.

The SAGBs do not appear to completely hinder twin boundary motion. As a twin
crosses an SAGB, it has been observed as breaking up into many smaller twins. The
higher number of twin boundaries located on the SAGB will lead to higher localized

stress concentrations due to an increased number of twinning dislocations. The twinning
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plane can also kink across a SAGB, which involves heavy distortion of the unit cells
locally at the SAGB. These areas of high stress concentration lead to crack formation and
growth.

The fatigue life in samples magnetomechanically cycled in the rotary testing
instrument experienced low fatigue life due to a number of factors. DIC microscopy
indicated that the microstructure of the samples was not completely symmetrical
indicating that the samples were not perfect single crystals, but contained a small number
of SAGBs. High surface roughness due to pitting or mechanical polishing marks resulted
in high concentrations of stress, inducing a complex twin structure and piling up of
twinning dislocations. The high concentration of dislocations increased the probability
for crack nucleation and propagation. There is an indication that high surface roughness
leads to shorter fatigue life (Figure 5.24), however more data is required to perform a
detailed quantitative analysis. There is a large range of the fatigue life between samples
within each arbitrary surface roughness group leading to higher error and overlap
between the groupings.

The conditions for Ni-Mn-Ga actuators to exhibit long fatigue life include
improving crystal quality through optimizing crystal growth and to minimize or eliminate
SAGB:s and internal defects. It is important to prepare samples with the highest quality
surface treatment available to reduce high stress concentration areas. Training should be
minimized to prevent large mobile twins and large strains. A refined twin structure can be
stabilized via coating samples in TiN, coating with an elastomer, or ion implantation [80].
Finally, by controlling strain through the use of constraints or localized MFIS, samples

can be expected to exhibit longer fatigue live.
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CHAPTER SEVEN: CONCLUSIONS

A testing device was developed to simultaneously expose many samples to a
rotating field while minimally constraining the samples. Ni-Mn-Ga single crystals were
cycled in a rotating magnetic field to determine the fatigue life and fracture mechanics of
samples with minimal constraints to allow for large actuation strains. 45 samples were
prepared with different surface treatments to determine the effect of surface roughness on
fatigue life. A rotating magnetic field was used to induce actuation in order to mimic the
method that would be used in commercial applications. Notched samples indicated that
cracks will initiate in areas of high local stress concentration. Magnetomechanicaly
cycled samples experienced low fatigue life due to a number of factors. DIC microscopy
indicated that the microstructure of the samples was not completely symmetrical,
indicating that the samples were not perfect single crystals, but contained a small number
of SAGBs. There is an indication that samples with lower surface roughness exhibit a
longer fatigue life, however more data is required to perform a detailed statistical
analysis. A highly mobile twin structure and unconstrained twin boundary motion
resulted in a higher propensity for crack propagation. The fatigue life of Ni-Mn-Ga
MSMASs exposed to a rotating field is highly sensitive to stress concentrations. To
achieve a long fatigue life, Ni-Mn-Ga crystals must be free of defects such as notches,

small angle grain boundaries, and other sources of stress concentrations.
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CHAPTER EIGHT: FUTURE WORK

The quality of single crystals plays an important role in fatigue life. Single
crystals used in this thesis appeared to contain SAGBs that impacted the fracture
mechanisms and microstructure. An effort must be made to understand why the single
crystals grown in this thesis exhibited SAGBs. Highly perfect crystals are required to
minimize stresses within the crystal and interaction with twin boundaries. Areas that
should be investigated are growth speed, temperature of the bottom of the seed before the
crystal is driven out of the furnace, and the effect of using different materials in place of
the steel and copper spacers to increase the temperature gradient at the solidification
front.

In terms of gaining a more quantitative understanding of surface roughness on
fatigue life, the number of samples tested should be increased. The quality of the surface
of the samples also needs to be more uniform. The electropolishing process needs to be
refined because the result from electropolishing in this study produced surfaces that were
heavily pitted, leading to high surface roughness.

In applications like a micro-pump, the sample is constrained on its ends and the
MFIS is induced locally. It is necessary to prove the reliability of these applications, so it
would be helpful to be able to perform fatigue testing of actual working devices.
However, the devices are time intensive to construct, so preliminary testing on large

numbers of stand-alone samples will be more beneficial in the short term.
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APPENDIX

The following tables present the average compositions of the 10M portions of the
single crystals used in experiments as well as the average composition over the entire
length of the crystal. The large error associated with Table A.2 is due to chemical
segregation of the crystal at the end farthest away from the seed.

Table A.1 Average composition (atomic-%) over the length of the 10M portions
of single crystals used in fatigue tests and compression tests.

Single Crystal Ni Mn Ga
CM132 50.6 £ 0.2 26.6 £ 0.5 229104
CM142 51.1+0.2 24.8+0.3 24.1+0.2
CM143 51.1+0.2 25.1+0.4 23.9+0.2
CM154 51.3+0.2 25.7+£0.5 23.0+£04
CM158 51.6 £0.6 26.4+0.3 22.0+0.3
CM161 51.5+0.2 26.4+£0.5 22.1+£04

Table A.2 Average composition (atomic-%) over the entire length of the crystals
used in fatigue tests and compression tests.

Single Crystal Ni Mn Ga
CM132 495+ 1.7 29.3+3.2 21.3+1.6
CM142 50.4+0.8 26.9+2.3 22.7+1.5
CM143 50.4+0.8 27.1+24 225116
CM154 50.6 £1.3 275+2.9 219+1.7
CM158 51.7+0.3 26.1+£0.5 22.2+0.3
CM161 50.9+0.7 27.7+1.6 21.3+1.0

The following diagrams include XRD and EDS data for single crystals that were

used in testing and not presented previously in the main body of this thesis.
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Figure A.1  XRD and EDS diagram for Nis; ,MnyssGags, (at-%) single crystals,
CM142 and CM143, with length below 100 mm used in fatigue testing. Data points
represent crystal composition and shaded areas represent crystal structure. The
seed end of the crystal is located at 0 mm. The letters in the bottom left corner of the
diagram correspond to the locations of samples that were cut from the crystal.
Reference Table A.3 for list of samples tested in the rotary instrument.
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lengths longer than 100 mm used in fatigue testing. Data points represent crystal composition and shaded
areas represent crystal structure. The seed end of the crystal is located at 0 mm. The letters in the bottom left
corner of the diagram correspond to the locations of samples that were cut from the crystal. Reference Table
A.3 for list of samples tested in the rotary instrument.
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Figure A3 XRD and EDS diagram for Nis;2Mnys6Gaz, (at-%) single crystal
with length below 100 mm used in compression testing. Data points represent
crystal composition and shaded areas represent crystal structure. The seed end of
the crystal is located at 0 mm. The letters and numbers in the bottom left corner of
the diagram correspond to the locations of samples that were cut from the crystal.
Reference Table 5.5 for list of compression samples.

The two tables below list the samples used in fatigue testing and include the
average switching field parallel and perpendicular to the sample face, sample preparation,

and average surface roughness.
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Table A.3 List of samples used in fatigue testing including average switching
field with H applied parallel and perpendicular to the sample face as
well as the respective level of mechanical polish and whether or not
the sample was notched.

Average Switching Averag_e Switching
Field H Parallel to F'el.d H
Sample Face Pesrpendlcular to
(MA/m) ample Face
(MA/m)

Single Sample | Measured | Effective | Measured | Effective Sampl_e
Crystal Preparation
CM132 A 0.32 0.29 0.24 0.02 3um
CM132 B 0.18 0.16 0.37 0.05
CM132 C 0.23 0.21 0.29 0.11
CM132 D 0.22 0.20 0.34 0.22 lum
CM132 E 0.16 0.15 0.33 0.20
CM132 F 0.16 0.15 0.34 0.21
CM142 H 0.26 0.23 0.24 0.14 3um
CM142 I 0.15 0.13 0.23 0.12
CM142 J 0.16 0.15 0.28 0.17
CM142 K 0.14 0.12 0.17 0.06
CM142 L 0.18 0.16 0.18 0.07
CM142 M 0.22 0.20 0.14 0.03
CM143 F 0.23 0.21 0.30 0.15 3um
CM143 G 0.14 0.11 0.23 0.12
CM143 H 0.24 0.22 0.40 0.21
CM154 A 0.25 0.18 0.32 0.07 3um
CM154 D 0.23 0.16 0.33 0.08
CM154 E 0.22 0.19 0.23 0.10
CM154 F 0.18 0.16 0.23 0.14
CM154 G 0.16 0.13 0.23 0.12
CM154 H 0.20 0.17 0.27 0.12
CM154 I 0.20 0.17 0.21 0.12
CM154 J 0.14 0.11 0.31 0.19 HNO3
CM154 K 0.17 0.15 0.25 0.11 Notched
CM154 L 0.14 0.07 0.37 0.20
CM154 M 0.15 0.14 0.41 0.20
CM154 N 0.11 0.09 0.31 0.13
CM154 @) 0.13 0.11 0.40 0.23 HNO3
CM154 P 0.20 0.18 0.35 0.25
CM154 Q 0.17 0.14 0.45 0.28
CM154 R 0.16 0.12 0.45 0.28
CM154 S 0.21 0.17 0.40 0.21
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CM154 T 0.21 0.18 0.38 0.20

CM154 U 0.22 0.19 0.29 0.34

CM154 Vv 0.17 0.12 0.24 0.07 0.04pum
CM154 W 0.19 0.17 0.27 0.04

CM154 X 0.18 0.15 0.28 0.13

CM154 Y 0.21 0.17 0.27 0.11

CM154 z 0.23 0.19 0.29 0.12

CM158 N 0.13 0.11 0.17 0.08 3um
CM158 0] 0.20 0.18 0.21 0.03 Notched
CM158 P 0.20 0.18 0.16 0.04

CM158 Q 0.23 0.20 0.20 0.07

CM158 R 0.22 0.21 0.19 0.06

CM158 S 0.23 0.20 0.16 0.05

Table A4 List of samples used in fatigue testing including the calculated stress

required to initiate twin boundary motion, fatigue life, and average
surface roughness. Notched samples were not cycled to fracture.

creaie | T
Single S Twinning Stress Revolutions Surface Sample
Crystal ample | Stress Parallel Perpendicular | to Fracture Roughness Preparation
to Sample (nm)
Face (MPa) to Sample
Face (MPa)
CM132 A -0.62 -0.35 50000 25.62 3um
CM132 B -0.19 -0.81 138000 35.08
CM132 C -0.32 -0.49 10000 25.11
CM132 D -0.28 -0.67 50000 12.88 lpm
CM132 E -0.16 -0.63 40000 18.64
CM132 F -0.15 -0.67 70000 9.46
CM142 H -0.48 -0.42 60000 30.64 3um
CM142 I -0.15 -0.40 30000 24.95
CM142 J -0.20 -0.58 10000 30.92
CM142 K -0.14 -0.21 50000 29.39
CM142 L -0.23 -0.24 10000 43.40
CM142 M -0.35 -0.14 20000 50.60
CM143 F -0.40 -0.65 94000 26.34 3um
CM143 G -0.14 -0.40 60000 35.08
CM143 H -0.43 -1.17 414000 25.11
CM154 A -0.44 -0.72 100000 48.31 3um
CM154 D -0.38 -0.74 274000 21.51
CM154 E -0.33 -0.38 260000 20.14
CM154 F -0.22 -0.37 17000 124.60
CM154 G -0.17 -0.35 19000 88.72
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CM154 H -0.27 -0.51 13000 113.29

CM154 I -0.28 -0.32 2000 63.84

CM154 J -0.14 -0.66 92.92 HNO3
CM154 K -0.19 -0.42 93.89 Notched
CM154 L -0.14 -0.98 83.57

CM154 M -0.16 -1.17 117.23

CM154 N -0.08 -0.66 89.96

CM154 0] -0.11 -1.13 30000 166.45 HNO3
CM154 P -0.27 -0.88 30000 231.76

CM154 Q -0.20 -1.44 20000 132.73

CM154 R -0.17 -1.45 70000 129.84

CM154 S -0.31 -1.09 30000 113.41

CM154 T -0.30 -1.02 40000 164.94

CM154 U -0.33 -0.57 8000 130.10

CM154 \Y -0.19 -0.39 405000 16.19 0.04pm
CM154 \W -0.26 -0.52 25000 21.91

CM154 X -0.22 -0.54 155000 16.13

CM154 Y -0.30 -0.49 115000 12.91

CM154 Z -0.36 -0.57 65000 13.97

CM158 N -0.12 -0.21 19.93 3pm
CM158 0] -0.31 -0.33 19.70 Notched
CM158 P -0.31 -0.19 30.81

CM158 Q -0.40 -0.28 13.34

CM158 R -0.36 -0.26 15.09

CM158 S -0.38 -0.18 16.95

The figures below include average effective switching field data from three tests

and the standard deviation at various intervals during testing as well as calculated

effective magnetostress as a function of magnetic field. The maximum effective

magnetostress is the effective twinning stress. The left column of figures corresponds to

the magnetic field applied parallel to the sample face in the [010]s direction, and the right

column corresponds to the magnetic field applied perpendicular to the sample face in the

[001]s.
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Figure A4 CM154 J a) Effective switching field measured for prior to testing
through 12,000 revolutions with the magnetic field applied parallel to the sample
face in the [010]s direction. b) Effective switching field measured for prior to testing
through 12,000 revolutions with the magnetic field applied perpendicular to the
sample face in the [001]s direction. c) Effective compressive stress as a function of
magnetic field applied parallel to the sample face in the [010]s direction prior to
testing through 12,000 revolutions. d) Effective compressive stress as a function of
magnetic field applied perpendicular to the sample face in the [001]s direction prior
to testing through 12,000 revolutions.
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Figure A5 CMI154 K a) Effective switching field measured prior to testing
through 12,000 revolutions with the magnetic field applied parallel to the sample
face in the [010]s direction. b) Effective switching field measured prior to testing
through 12,000 revolutions with the magnetic field applied perpendicular to the
sample face in the [001]s direction. c) Effective compressive stress as a function of
magnetic field applied parallel to the sample face in the [010]s direction prior to
testing through 12,000 revolutions. d) Effective compressive stress as a function of
magnetic field applied perpendicular to the sample face in the [001]s direction prior
to testing through 12,000 revolutions.
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Figure A6 CMI154 L a) Effective switching field measured for prior to testing
through 12,000 revolutions with the magnetic field applied parallel to the sample
face in the [010]s direction. b) Effective switching field measured for prior to testing
through 12,000 revolutions with the magnetic field applied perpendicular to the
sample face in the [001]s direction. c) Effective compressive stress as a function of
magnetic field applied parallel to the sample face in the [010]s direction prior to
testing through 12,000 revolutions. d) Effective compressive stress as a function of
magnetic field applied perpendicular to the sample face in the [001]s direction prior
to testing through 12,000 revolutions.
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Figure A7 CM154 M a) Effective switching field measured for prior to testing
through 12,000 revolutions with the magnetic field applied parallel to the sample
face in the [010]s direction. b) Effective switching field measured for prior to testing
through 12,000 revolutions with the magnetic field applied perpendicular to the
sample face in the [001]s direction. c) Effective compressive stress as a function of
magnetic field applied parallel to the sample face in the [010]s direction prior to
testing through 12,000 revolutions. d) Effective compressive stress as a function of
magnetic field applied perpendicular to the sample face in the [001]s direction prior
to testing through 12,000 revolutions.
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Figure A8 CM154 N a) Effective switching field measured for prior to testing
through 12,000 revolutions with the magnetic field applied parallel to the sample
face in the [010]s direction. b) Effective switching field measured for prior to testing
through 12,000 revolutions with the magnetic field applied perpendicular to the
sample face in the [001]s direction. c) Effective compressive stress as a function of
magnetic field applied parallel to the sample face in the [010]s direction prior to
testing through 12,000 revolutions. d) Effective compressive stress as a function of
magnetic field applied perpendicular to the sample face in the [001]s direction prior
to testing through 12,000 revolutions.
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Figure A9 CM154 O a) Effective switching field measured for prior to testing
through 30,000 revolutions with the magnetic field applied parallel to the sample
face in the [010]s direction. b) Effective switching field measured for prior to testing
through 30,000 revolutions with the magnetic field applied perpendicular to the
sample face in the [001]s direction. c) Effective compressive stress as a function of
magnetic field applied parallel to the sample face in the [010]s direction prior to
testing through 30,000 revolutions. d) Effective compressive stress as a function of
magnetic field applied perpendicular to the sample face in the [001]s direction prior
to testing through 30,000 revolutions.
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Figure A.10 CM154 Q a) Effective switching field measured for prior to testing
through 20,000 revolutions with the magnetic field applied parallel to the sample
face in the [010]s direction. b) Effective switching field measured for prior to testing
through 20,000 revolutions with the magnetic field applied perpendicular to the
sample face in the [001]s direction. c) Effective compressive stress as a function of
magnetic field applied parallel to the sample face in the [010]s direction prior to
testing through 20,000 revolutions. d) Effective compressive stress as a function of
magnetic field applied perpendicular to the sample face in the [001]s direction prior
to testing through 20,000 revolutions.
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