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ABSTRACT
Ni-Mn-Ga thin films have aftracted sigmficant attention over the past two decades due to its

multifunctional properties, leveraging these characteristics in applications such as actuators,
sensors, and micro-electromechamical systems (MEMS). The most favorable deposition techmque
for making Ni-Mn-Ga thin films 1s magnetron spuftering where the tarpet used is near
stoichiometric N1z2MnGa alloy. Ni1-Mn-Ga alloy target manufacturing has been challenging and
costly due to design constraints, process optimization issues and mefficient target vtilization
resulting in compounded negative economics. To address these problems, this research aimed at
mvestigating and demonstrating the viability of a cost-effective, modemn technology known as
binder jetting additive manufactuning (BJAM) techmque to produce targets with excellent target
consumption efficiency based on proposed target design. The additive manufactured Ni-Mn-Ga
alloy target process began with ball-milled Ni-Mn-Ga powder having bimodal particle distribution
to ensure an increased packing density and mechanical strength after the determunation of
optimized 3D printing parameters. The printed targets were post-processed through curing, de-
binding and sintering. Sintering was conducted in an inert/argon atmosphere to safeguard essential
material properties which were benchmarked through characterization. Backscattered electron
(BSE) micrographs showed AM targets were homogenous with martensitic twin nucrostructures
necessary for shape memory behavior. The XRD results showed that the martensitic twin
microstructures were mostly tetragonal and monoclimic crystal structures. The martensitic
transformation temperatures for Ni-Mn-Ga targets ranged from 793 to 148.1°C and possessed a
maximum density of 87.18%. Using the direct current (DC) magnetron sputtering, Ni-Mn-Ga thin
films were deposited on S1 (100) substrates at discharge currents ranging from 0.05 to 0.15 A and
substrate temperatures 20°C to 700°C. The effect of discharge current and substrate temperature

on surface morphology, composition, crystal structure of N1-Mn-Ga thin films on silicon substrates



were mvestigated. As the discharge current increased, the film showed increased grain size. The
gramn morphology, as appeared from the investigation of the film planar surface was of elongated
gramns. The film crystallimty also increased with increased discharge current, as proved by XRD
mvestigations. The most important effect of maintaimng the discharge current value constant and
mncreasing the substrate temperature was the change in chemustry and crystallography of the
obtained Ni-Mn-Ga thin films. The film deposited at 700°C showed the closest chemical
composition to the target composition. For the other substrate temperatures, the high oxygen
contamination, due perhaps to not-so-optimum deposition conditions, drastically altered the film
composition. By increasing the substrate temperature, the film crystal structure changed from
Heusler L2; cubic (lugh temperature phase) to monoclinic (low temperature phase). It was also
demonstrated that, 3D printed sputtering targets of different geometrical designs are potential for

improving target utilization efficiency and film properties.



ACKNOWLEDGEMENTS

Firstly, I would like to thank our LORD JESUS CHRIST for seeing me throughout my education
to this pinnacle of my academic career. May His name be praised. My sincere thanks go to my
research advisor Dr. Virgil Solomon for his patience, support, and gmdance throughout this
academic journey without whom this Ph D. wouldn’t be possible. I would also like to thank all my
committee members Dr. Clovis Linkous, Dr. Tom Oder, Dr. Donald Priour and Dr. Matthew

Caputo for perfecting this work through their candid and essential critiques.

I would like to show my appreciation to the Center of Excellence in Matenals Science and
Engineening at YSU for providing the research assistantship scholarship for the entire duration of
this work. The same goes to the Center for Innovation in Additive Manufacturing, the wide Band
Gap Semuconductor laboratory in the Physics and Astronomy department at YSU for the
opportunity to use their equipment and facility.

Dr. Brett Conner, I say a big thank you for providing the funds that enabled the purchase of the
Ni1-Mn-Ga alloy ingot. To Drs. Jeffery Dick, Timothy Wagner, Pedro Cortes and Holly Martin, I

am thankful for your invaluable support by granting access to use your labs and equipment.

My mdebtedness to Mr.& Mrs. Drew Hirt, and Mrs. Richel Kusnic at MRL for granting access to
their facility and helping with the auger electron spectroscopy analysis 1s overwhelming and I am

utterly grateful

To Mr. Ray Hoff, thank you for assisting and tramming me on all the relevant equipment at

Chenustry department which has contributed to the success of this project.

To my research colleague at South Dakota Mines & Technology, Nana Ansah Adoo, I would like

to recognize your effort and contribution in this research and data analysis and I am truly grateful

111



To my office and lab colleagues, Mr. Stephen Isacco and Mr. Eduardo Vega, thank you for all the

help and assistance throughout my entire stay and research period at the YSU. I am going to nuss

you.

To my lovely wife and children, I seize this opportumity to express my sincere and profound
gratitude for the borne sacrifices and encouragement through the entirety of this work. Thank you

for being a part of this success story.

v



TABLE OF CONTENTS

Contents

Fabrication and Charactenization of N1-Mn-Ga Thin Films from Bmder Jetting Additive Manufactured

R LT8Gy v L = SR 1
Fabrication and Charactenization of N1-Mn-Ga Thin Film from Binder Jetting Additive Manufactured
R LT8Gy v L = SR 1
I A U 1
ACKNOWLED GEMEN TS e 1
TABLE OF CON T BN T S e e e ee e e v
LIS T OF FIGU R E S e m e X
LIS T OF T A B E S e e m e e XV
LIS T OF AC RO Y M S e em e XV
PR A ettt et e e e e et et £t £ e e e e eeat et et ot £ e e mn e e et e e ennneen XV
L 7 e U 1
Thin Films and Sputtering Tarmets. e 1
1.0  Imtroduction to thin film deposition . 1
1.1 Introduction to SPUeTIE AT EEtS e 5
1.2  Metallurgical defects on sputtening target. . 8
1.3 Tarmet UhZation . ..o 10
1.4  Influence of deposition parameters on film properties ... 13
1.5 MNi-Mno-Gatargets and than films 17
151 Background oo 17
T T € = - SO 19
1.53 Ni-Mn-Ga thin films for MEMS applications. ... 24
1.6  Coppertargets and than Bl e 25
BT ) T o S 25
1.62 Copperthin film oo 27
1.621  Surface mOrpholOY oo 28
1.622 Crystallimity and tembare e 29
1.623  Electmcal tesistivily oo 29
1.7 316L Stainless Steel target and than films . 30
L T e U 34
Materials and Experimental Methods e 34
B 1 o T 1T T2 34



21 IMALETIALS ettt 35

22  Expenmmental method e 35
221 Ni-Mn-Ga powder Preparation. ... e 35
2211 Particle size amalysis e 37
2212 Heattreatment of as-milled Ni-Mn-Gapowders ... 39
2213 Morphology and chemical composition. ... 40
2214 Crystal StuCtUme e 41
2215 Themmal analysis e 43
222 3D Ponting of Ni-Mn-Ga via binder jet. 44
223 Post-processing of binder jet 3D printed Ni-Mn-Ga targets: cunng and sintering ... 48
224 Target Polishimg e 49
225 Ni-Mn-Ga targets charactemzation. ... ... 50
226 Synthesis of Ni-Mn-Gathun films. 51
227 Charactenization of Ni-Mn-Ga than films_ 54
23  Monte Carlo Computer Stmulation using TRIM (Transport of Tons in Matter) Code ... 55
L I e 57
Charactenization of Ni-Mn-Ga Powder. ... 57
T 1 o T 1T T2 U 57
31 Particle Size Distribution Analysis e 57
3.2  Particle Morphology and Chemical Composition. ... 59
33 Crystal SO UIE e 61
34 Themmal Analysis e 63
Thermal analysis of Ni-Mn-Ga bulk and powder was performed using differential scanning calonmetry
(DSC) 1n order to determine the martensitic phase transformation temperatures. ... 63
L e 66
Charactenzation of Ni-Mn-Ga Sputtering Target produced by Binder Jetting Additive Manufactuning ... 66
B 1 o s 11T T U 66
4.1 Chemical compaosition, microstructure, phase identification, phase transformation, and shrinkage
of as-printed and sintered un-polished Ni-Mn-Ga targets ... 66
4.2  Microstructure, density, composition, crystal structure, and phase transformation of sintered
Polished Ni-Mu-GU ..o 75
4.22 Fractography of sintered tarmets. e 81
423 Composttion of targets via SEM/EDS e 83
424 Crystal structure and phase transformation 1n polished Ni-Mn-Ga targets. ... 86

4.3 Metallurgical properties of additive mamifactured Ni-Mn-Ga targets as related to the quality of
BRER JEIIS oo eaen 89



431 Chemical Composition. ... 89

B33 DEOSIY oo 92
44  Defects in used 3D prnted Ni1-Mn-Ga sputtering targets ... 92
L T e U 96
Ni-Mn-Ga Thin Film Characterization ... 96
T 1 o T 1T T2 U 96
5.1 Initial challenges of Ni-Mn-Ga thin film fabnication . 96
5.2  Resolving oxygen contamination problem .. 102
5.3  Effect of discharge current on composition, surface morphology and microstructure of Ni-Mn-Ga
L1001 &1 LU 106
54  Effect of substrate temperature on composition, surface morphology and structural evolution of
Ni-Mn-Ga than Bl e 115
541 Composttional analysis .. 115
542 Surface and cross-sectional morphology .. 122
543 KR analysas e 125
5.5  Post-heat treatment of as-deposited room temperature Ni-Mn-Ga thin film 127
CH A P T E R O e e m e e 130
Binder jet 3D pnnting of complex geometry copper sputtenng targets and charactenization of obtained
L1001 &1 LU 130
6.0 InBO@UCHION o oo 130
6.1 Matenials and Methods .. 133
6.1 1 Copper PoWeT. e 133
6.12 Justification of target designs, BJIAM printing process and post-processing.............................. 134
6.1.3 Thin film fabrication of copper. ... 135
6.14 Copper thin film charactenization .. 136
6.14.1 Transmission electron microscopy (TEM ) . 136
6.142 Electrical resistivity Measurement ... 137
6.2  Resunlts and discussion ... 138
6.2.1 Powder charactemiZation ... 138
6.22 Target manufactunng via binder jetting process. ... 141
6.23 Sintering and characterization of 3D printed targets. ... 141
6.24 Erosion and depth profile of planar and non-planar targets used in DC magnetron sputtering ... 145
6.2.5 Charactenization of Copper thun films 148
6.25.1 Surface morphology of as-deposited copper thin film from TC 1 target ... 148
6.2.5.2 Microstructure of rapid thermal annealed copperthin films ... 149



6.2521 Crystal strmctume e 149

6.2522 Crystallite size and mucrostratn . . 150
62523 Microstructure via TEM e 152
6.253  Electrical tesistivaty o 153
6.254 Comparison between the thin films deposited by flat (TC 1) and non-flat (TC 4) targets ... 155
6.2.54.1 Surface Morpholomy . oo 155
6.2.542 Croystal SUCtTe e 155
L T el U 158
316L Stainless Steel Target Made Via Binder Jetting Additive Manufactuning and Thin Film Fabrication

by Magne o S e TIILE e 158
B 1 o T 1T s U 158
7.1 Matenials and Methods .. 158
B B I T e SN 158
7.12 Binder jet ponting and post-PIOCESSIE e 159
7.13 Thin film fabrication of 3161 85 e 160
7.2 Results and discussion ... 161
7.2.1 Powder charactemiZation ... 161
7.22 Target characteMzZation ... e 163
7.23 Thin film charactemzation ... 166
L e U 17
CONCLUSION AND FUTURE WORK e 17
B0 ConCIUSION oo e e e e n e 171
Bl Futire WOrK oo e e n e 173
RE R E R N CE e m e e 175



LIST OF FIGURES

Figure 1.1 Energetic 10ns -target atom interaction [19]... ... 2
Figure 1.2 Schematic diagram of DC diode sputterng system. ... 3
Figure 1.3 Schematic diagram of DC magnetron sputtening system. ... 4
Figure 1.4 Vanation of film uniformity as a function of target gramn size [23]. ... 7
Figure 1.5 (a) SEM 1mage showing morphology of nodules; (b) Black nodules on ITO sputtering

target; (c) Nodules on Si1 spuftering target [35]. . ... 10

Figure 1.6 Target utilization - (a) Gold magnetron sputtered target showing non-umiform erosion
mn the shape of a racetrack [38]; (b) Schematic representation of the magnetic field
distribution m a cross-sectional target and its relationship with the target erosion

Profile. e 11
Figure 1.7 The mterpoles target-hollow magnetron increases target material utilization by 60%
39 oo 12
Figure 1.8 Grain size as a function of : (a) Substrate temperature; (b) Film thickness; (c) Kinetic
energy of meident 1ons [20]. . 15
Figure 1.9 Optical image of cold spray deposited copper coating used as a sputtening target
D028 oo 26
Figure 2.1 SPEX 8000M ball milling machine used in preparing Ni-Mn-Ga powders. ... 36
Figure 2 2 Schematic of laser diffraction system for particle size analysis [202]. ... 38
Figure 2 3 Cilas 1190 particle size analyzer used inthasresearch ... 39
Figure 2 4 JEOL JIB 4500 Mult: Beam System SEM/FIB equipped with EDAX apollo XV
detector for morphology and chemieal analysis. ... 41
Figure 2.5 Bruker AXS X8 Prospector single crystal diffractometer for structural analysis and
phase identification. . ... 43
Figure 2 6 Perker-Elmer Diamond DSC for investigating phase transformation ... 44
Figure 2.7 ExOne mnovent+ 3D printer used n thusresearch ... 45
Figure 2.8 3D CAD model design for sputtering target 3D printed using binder jetting
tec O Oy . e 45

Figure 2 9 Schematic diagrams of the printing process of Ni-Mn-Ga targets: (a) Inifial spreading
of powder-on-powder bed, (b) Projection of binder on powder bed, (c) Binder design

patterned on powder bed. ... 47
Figure 2.10 Customized setup used for the sintering experiment of the 3D printed targets. ... 49
Figure 2.11 Sequence of target manufacturing process by binder jetting additive manufacturing.

................................................................................................................................... 50



Figure 2.12 Magnetron sputtering system at Youngstown State Umiversity (YSU) and used in this
TeSeATCh e 53

Figure 3.1 Particle size distribution of as-nulled Ni-Mn-Gapowder. ... 58

Figure 3.2 (a) Secondary electron (SE) micrograph of as-milled Ni-Mn-Ga powder; (b) BSE of
as-milled powders indicating uniform chemical composition; (c) EDS spectra
collected from an individual particle (encircled n (b)) ... 60

Figure 3.3 SE mucrographs of annealed NiMnGa particles showing the specific morphology of

Figure 3 4 (a) Room temperature XRD patterns for Ni1-Mn-Ga bulk, ball nulled powder, and
annealed powder, and (b) Detailed XRD pattern of annealed N1-Mn-Ga powder.... 63

Figure 3.5 DSC curves of bulk Ni1-Mn-Ga ingot, ball nulled powder, and annealed powder. ..... 64

Figure 4 1(a) As-printed N1-Mn-Ga target; (b) N1-Mn-Ga target sintered at 1075°C for 40 hours

(et 3 e 67
Figure 4 2 (a) BSE mucrograph collected from the surface of as-printed Ni1-Mn-Ga target, (b)
EDS spectrum collected from the red squarearea. ... 68

Figure 4 3 SEM 1mage of the surface of 3D printed Ni-Mn-Ga target sintered at 10650C for 40
hours: (a) Morphology of the sintered target surface, (b) High magmification
micrograph of the area indicated in (a), showing the presence of Mn304 crystals at
the surface of sintered target, (c) EDS spectrum collected from the surface of

sintered Ni-Mn-Ga target. ... 69
Figure 4 4 XRD pattern of as-smtered Ni-Mn-Ga Target 1. .. 70
Figure 4 5 SEM nucrographs of Ni-Mn-Ga samples sintered at different temperatures: (a) - (b)
Target 2, (c) - (d) Target 3, (e) - (f) Target 4. . 72
Figure 4.6 (a) BSE mucrograph of the Target 3 surface; (b) — (f) N1, Mn, Ga, O, and C EDS maps
recorded from the area shown i (a). . 73
Figure 4.7 Shninkage of N1-Mn-Ga targets at different sintering temperatures. ... 75
Figure 4 8 (a) Photo of polished Ni-Mn-Ga target named Target 1, Target 2, Target 3, and Target
4 after used, (b) Photo of Target 4 beforewse. ... 76
Figure 4.9 SEM mucrographs of polished cross-section of Ni-Mn-Ga targets sintered at different
temperatures: (a) Target 1, (b) Target 2, (c) Target 3, and (d) Target4. ... 78
Figure 4.10 Density percentage and porosity of 3D printed Ni-Mn-Ga target sintered at different
B DT AT S e 79
Figure 4.11 DIC image of targets: (a) Target 1, (b) Target 2, (c) Target3. ... 80
Figure 412 BSE mucrograph of targets: (a) Target 1, (b) Target 2, (¢) Target 3. ... 81



Figure 4.13 Fractured surfaces of 3D prninted Ni-Mn-Ga sintered targets: (a) Target 1, (b) Target
2,(c) Target 3, (d) Target 4. 82

Figure 4.14 Effect of smtering temperature on composition of 3D printed Ni1-Mn-Ga targets. ... 85
Figure 4.15 (a) BSE micrograph for a cross-section area of Target 3; (b) — (d) N1, Mn, Ga

SEM/EDS maps collected from theareamn (a). ... 86
Figure 4.16 XRD pattern of cross-section of 3D printed Ni-Mn-Ga targets sintered at different
B DT AT S e 88

Figure 4.17 DSC curves recorded from 3D printed N1-Mn-Ga targets sintered at different
temperatures, where As - austenific start temperature, Ap - peak temperature, Af -
austenitic fimish temperature, Ms - martensitic start temperature, Mp - martensitic
peak temperature, and Mf - martensitic fimsh temperature. .. 88

Figure 418 (a) DIC mucrograph of the target surface, before sputtering; (b) SEM mmage of Ni-
Mn-Ga thin film obtamed from a target having the grain size and morphology, as
the target 1 (8). ..o 91

Figure 4.19 (a) Optical image of a used N1-Mn-Ga target (Target 3); (b)SEM micrograph of the
portion of racetrack area marked in (a); (c) An inset of high magnification of nodule
growth in (). 93

Figure 4.20 3D topography of Ni-Mn-Ga target (52.92 mm in diameter) after: (a) 10 hours, and
(b) 30 hours of sputtering; (c) Erosion profile of N1-Mn-Ga target sputtered after 10
hours and 30 hours. ... 95

Figure 5.1 Ni-Mn-Ga thin film deposited at room temperature on S1 (100): (a) SEM micrograph

and (b) EDS spectrum recorded from the tn filmn ... 97
Figure 5.2 AES depth composition profile of Ni-Mn-Ga thin film as-deposited at room

temperature on S1 (100) substrate . . 99
Figure 5.3 XRD pattern of Ni-Mn-Ga thin film as-deposited at room temperature on S1 (100)

SUbStTate . e 100

Figure 54 BSE micrographs of top view of Ni1-Mn-Ga thin film as-deposited at room
temperature on NaCl substrate: (a) Low magnification; (b) High magmification. .. 100

Figure 5.5 XRD pattern of Ni-Mn-Ga thin film as-deposited at room temperature on NaCl

Figure 5.6 SEM nucrographs of plane view of Ni1-Mn-Ga thin film deposited on S1 (100)
substrate at different argon pressures: (a) 3.2 mTorr, (b) 4.2 mTorr, (c) 5.2 mTorr,
(d) 6.2mTOMT. oo 103

Figure 5.7 (a) SEM micrograph of Ni-Mn-Ga thin film deposited at 500°C on S1 (100), (b) EDS
spectrum of selected region marked mred square ... 104

Figure 5.8 Optical micrograph of Ni-Mn-Ga thin film deposited on NaCl substrate at 500°C
substrate temperature. . 105



Figure 5.9 XRD spectrum of Ni-Mn-Ga thin film deposited on NaCl substrate at 500°C. ... 105

Figure 5.10 Effect of discharge current on composition of Ni-Mn-Ga thin film ... 109
Figure 5.11 Sputtering yield as function of tonenergy. ... . 109
Figure 5.12 Sputtering yield as function of incidence angle. .. 110
Figure 5.13 SEM mucrograph of top and cross-section of Ni-Mn-Ga thin film deposited at
different discharge current: S 1(a,b),S2(c,d),S3 (e, f),andS4 (g, h). ... 111
Figure 5.14 Vanation of film thickness and grain size with discharge current. ... 113

Figure 5. 15 XRD spectrum of Ni-Mn-Ga thin film deposited at different discharge current. .. 114

Figure 5.16 SEM micrographs of the thin film and the comresponding EDS spectrum collected
from the film surface. .. 117

Figure 5.17 Effect of substrate temperature on film composition. ... 119
Figure 5.18 AES depth profile Ni-Mn-Ga thin film deposited at 500°C substrate temperature. 120
Figure 5.19 AES depth profile Ni-Mn-Ga thin film deposited at 600°C substrate temperature. 121
Figure 520 AES depth profile Ni-Mn-Ga thin film deposited at 700°C substrate temperature. 121

Figure 521 Secondary electron micrographs of the N1-Mn-Ga thin films deposited on S1(100)
substrate at 5000C (NMG1), 6000C (NMG2), and 7000C (NMG3). (a), (c), and (&)
Morphology of thin films planar surfaces. (b), (d), and (f) Micrographs of the cross-

sectioned films. . 124
Figure 5. 22 Effect of substrate temperature on grain size and film thickness. ... 125
Figure 5. 23 X-ray diffraction spectrum of Ni-Mn-Ga thin films deposited at substrate
temperatures 500°C, 600°C, and 700°C. ... 126
Figure 5. 24 3D Atomuc force microscopy (AFM) image Ni1-Mn-Ga thin films: (a) As-deposited;
(b) Anmealed. e 128
Figure 5. 25 XRD spectrum of Ni-Mn-Ga thin film deposited at room temperature and annealed
At GO0 C . e 129
Figure 6.1 Schematic planar magnetron sputtering with electron trappmng. ... 131
Figure 6.2 Classification of technologies based on number of parts and parts complexuty [286].
................................................................................................................................. 132
Figure 6.3 (a) Target design created in SOLIDWORKS; (b) Top view of target; (c) Cross-
sectional view. The dimensions are ininches. ... 135
Figure 6.4 Thin film lamella welded to TEM coppergnd. ... ... ... 137
Figure 6.5 Particle size distnbution of Cupowder. ... 139
Figure 6.6 SEM nmucrograph of Copowder. ... 140
Figure 6.7 XRD pattern of Cupowder.. ... 140



Figure 6.8 3D printed disc copper targets after curing (a) Planar, (b) Non-planar. ... 141

Figure 6.9 Photo of sputtering targets: (a) TC 1 planar target sintered at 1075°C for 3 hours;
Non-planar target (b) TC 2 sintered at 1075°C for 3 hours, (¢) TC 3 sintered at

1080°C for 3 hours, (d) TC 4 sintered at 1085°C for3hours. ... 143
Figure 6.10 SEM micrograph of copper target sintered at: (a) 10750C and (b) 10850C. ... 144
Figure 6. 11 Optical micrograph of cross-section of copper target. ... 145
Figure 6.12 Distnbution of magnetic field lines near surface of proposed target design ... 146
Figure 6.13 Optical image of targets after 3 hours of deposition (a) Planar (b) Non-planar. ... 147
Figure 6.14 Erosion depth profile of planar and non-planar target. ... 148
Figure 6.15 2D AFM image of copper thin film deposited at room temperature. ... 149
Figure 6.16 XRD pattern of as-deposited and annealed copper thin films. ... 150
Figure 6.17 Crystallite size and microstrain as a function of annealing temperature. ... 152
Figure 6.18 Bright field TEM and selected area diffraction pattern (SADP) of copper film
annealed at 400°C e 153
Figure 6.19 Effect of rapid thermal annealing on electrical resistivity of copper thin films. ... 154
Figure 6.20 SEM micrograph of the top view of copper films sputtered from different targets: (a)
Flat and (b) Non-flat. 156
Figure 6. 21 XRD pattern of copper films sputtered from different targets: (a) Flat and (b) non-
i | A USSR 157
Figure 7.1 Solhidworks design for disc target. .. 159
Figure 7.2 Particle size analysis of 3161 S8 162
Figure 7.3 316L SS powder (a) SEM micrograph (b) EDS spectrum. ... 162
Figure 7.4 XRD pattern of 316L. SS powder ... 163
Figure 7.5 SEM nucrographs of as-sintered target (a) Low magnification (b) High magnification.
................................................................................................................................. 164
Figure 7.6 Polished cross-section of 316L SS target (a) SEM (b) EDS spectrum.__.._.._..._.._..__. 165
Figure 7.7 XRD pattern of 316L SS target. .. 166
Figure 7.8 AFM image of as-deposited 316L SSthinfilm .. 167
Figure 7.9 Cross-section of 316L SS thin film placed in a plastic holder embedded n epoxy: (a)
SEM micrograph, (5) EDS ..o 167
Figure 7.10 XRD pattern of as-deposited 316L. SSthun film . 169
Figure 7.11 SEM mucrographs of top and cross-section view of 316L SS thin films at different
substrate temperatures: (a) 200°C, (b) 300°C, (c) 400°C , (d)400°C........_.._.. 170



LIST OF TABLES

Table 2.1 Process parameters for 3D printing of Ni1-Mn-Ga powder in the ExOne Innovent+

IACIIIe . e 46
Table 2.2 TRIM input parameters for ssmulation. ... 56
Table 3.1 Quantitative EDS analysis data for ball nmlled Ni-Mn-Gapowder. ... 61
Table 3.2 Transformation temperatures from DSCplot. ... 65

Table 4.1 Density of 3D printed Ni-Mn-Ga targets sintered at temperatures 1065°C, 1070°C,
1075°C, and 1080°C . e 78

Table 4.2 Chemuical composition of N1-Mn-Ga powder and sintered targets. ... 83
Table 4.3 Phase transformation temperatures obtained from DSC sintered N1-Mn-Ga targets. .. 89

Table 5.1 EDS quantitative analysis of as-deposited Ni1-Mn-Ga thin film on S1 (100). ... 98
Table 5.2 EDS quantitative analysis of as-deposited Ni-Mn-Ga thin film on NaCl substrate. .. 101
Table 5.3 Composition of Ni-Mn-Ga thin films deposited at different discharge current, S 1 to S

4 labehng indicates samples obtamed at different discharge current. ... 107
Table 5.4 Film thickness measurements and uniformty calculations for Ni-Mn-Ga thin films
deposited at different discharge currents ... 113

Table 5.5 Chemical composition of thin films deposited at different substrate temperatures ... 116

Table 6.1 Distnbution percentile valuesof Cupowder ... 139
Table 6.2 Mass of fresh targets measured before and after 3 hours of sputtering. ... 146
Table 6. 3 Estimation of crystallite size, dislocation density, and microstrain for as-deposited and

annealed copper thun films_ . 151
Table 6. 4 Estimation of crystallite size, dislocation density and microstrain of copper films from

flat and non-flat target. . 157
Table 7.1 Printing parameters used for 316L SS target. ... ... 159
Table 7.2 EDS quantitative analysis of 316L SStarget .. 165
Table 7.3 EDS quantitative analysis of cross section of 316L SSthin film ... 168



LIST OF ACRONYNMS

AM —Additive Manufacturing

AES — Auger Electron Spectroscopy

AFM — Atomic Force Microscopy

ALD — Atomic layer deposition

BJ — Binder Jetting

BJAM — Binder jetting Additive Manufacturing
EDS — Energy Dispersion Spectroscopy
HIP — Hot Isostatic Pressing

SEM — Scanning Electron Microscopy

FIB — Focused 1on beam

TEM — Transmission Electron Microscopy
XRD — X-Ray Diffraction

DC — Drrect current

AC — Alternating current

RF —Radio frequency

FESEM — Field enussion scanning electron microscope
BSE — Backscattered electron

SE — Secondary electron

LM — Light microscope

DIC — Dafferential interference contrast
LDS — Laser diffraction spectroscopy
MEMS — Micro-electro-mechanical systems
CAD — Computer aided design

TRIM — Transport of 1ons in matter

SRIM — Stopping and range of 1ons in matter
MRL — Materials research laboratory

SS — Stainless steel

MFIS — Magnetic field induced strain

IC — Integrated circut

RPLD — Reactive pulsed laser deposition
PSD — Particle size distribution

NM — Non-modulated

v



PREFACE
General Overview and Research Purpose
Additive manufacturing (AM) 1s a geometry-independent process of printing parts by adding
materials 1 layers from a 3D model [1-3]. Matenals processed using AM techmque, undergo
complex thermal processing cycles which does not guarantee a transfer of inherent properties of
the enjomning elements to the manufactured parts. This phenomenon 1s evident in the analysis of
the microstructure and post processes especially i the shape memory alloy field. Nevertheless,
binder jetting (BJ), one of the prominent metallic AM techmques has been successfully used to
produce system parts out of Ni-Mn-Ga, Copper, 316L stamless steel, ceramics and some novel
alloys and metals lately [2, 4-13]. This 1s a concept farfetched and never tried in the production of
sputtening targets for thin films, most importantly at a time when demand for such products 15 at
its peak. Sputtermg target 1s an important component in a magnetron sputtering system used as a
starting material for thin film fabrication. Magnetron sputtering technique 1s the most common
technique used in the thin film technology mdustry which utilizes plasma to generate energetic
positive 1ons to eject atoms from a target material and transport the atoms by diffusion onto a
substrate material. One can conclude that, the target matenial 15 an essential component of the
sputtering process which requires serious attention. The quality and development of Ni-Mn-Ga
thin films depend largely on the target quality which 1s an important and expensive component of
the sputtering deposition process. Despite the advantages of binder jet additive manufacturing
(BJAM), such as relative simple equupment, low production cost, and simple mount which requires
no support structures the technique 1s also challenging in terms of creating highly dense products
[14]. In effect, the relative packing density of the as-printed parts from BJAM are usually low [15].

However, there are proven solutions to address densification problems as reported by different
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research groups [8], [9], [16]. These authors and others have shown that BJAM techmique 1s a
viable techmque for building metal parts with complex and customized designs.

The main purpose of this research was to mvestigate the feasibility of employing BJAM 1n Ni-
Mn-Ga alloy sputtering target manufacturing and to extend target life by proposing an optimized
target designs capable of increasing target utilization and cost reduction. As a proof of concept,
sputtening targets with various geometries obtained by 3D binder jet printing from Cu and 316L
stainless steel powders have also been produced and investigated in thus research. It 1s expected
that the complex geometry target will provide a better matenal utilization, as compared to the flat
circular targets. In addition, another purpose of this work 15 to fabricate thin films from 3D binder
jet printing targets and to compare their morphology, crystallographic, and chemucal characteristics
to that of the thin films obtained from conventional targets as reported in literature. Furthermore,
effect of deposition parameters such as the discharge current and substrate temperatures on the
surface morphology, composition, and crystal structure of thin films obtained in this research

would be mvestigated.
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CHAPTER 1

Thin Films and Sputtering Targets
This chapter will briefly review thin film manufacturing, as well as an important component of
this process, namely sputtering targets. After reviewing the sputtering targets manufacturing
processes and the factors influencing the quality of these components, a general review of the
targets of interest on this research will be provided. Typical target manufacturing processes such
as casting and powder metallurgy techmques will be briefly discussed. The current status of thin
film manufacturing using materials of interest in this research (Ni-Mn-Ga, Cu, and 316L stainless

steel) will also be mtroduced.

1.0 Introduction to thin film depaosition
There are several thin film fabrication techmques available for deposition of metals and
semiconductor materials. The most common among them 1s sputter deposition. Sputter deposition
mvolves ejection of atoms from a target material by energetic 1ons transported onto a substrate
material Several interactions occur dunng sputter deposition which includes 10n implantation,
reflection, spuftering, secondary electron enussion, chemical reactions, and adsorption as
schematically represented in Figure 1.1 The most important interactions during sputter deposition

are sputtering and secondary electron enmussion [17], [18].
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Figure 1.1 Energetic 10ns-target atom interaction.

Sputtering 1s basically achieved through the bombardment of a solid surface with high-energy
particles such as argon, xenon, and etc. which are scattered backward as a result of the collision
with the target surface [18]. In a case where the scattered atoms from the high-energy particle
bombardment get transmifted through the material, the phenomenon is called transmussion
sputtering. There are different sputtering types based on design for thin-film deposition like direct
current (DC) diode, radio-frequency (RF) diode, magnetron sputtering, and 1on beam sputtering.
DC diode sputtering system 1s the simplest techmque and 1t 1s shown schematically mn Figure 1.2
The DC diode sputtering system comprises a low pressure argon-filled chamber with a pair of
planar electrodes one of which 1s a cold cathode bearing the target material(s) to be deposited on
the surface and an anode on which the substrate 1s placed. At high enough potential between the

electrodes, Ar” ions in the plasma state are generated moving at high speeds towards the target



surface. The Ar” ions have sufficient energy to dislodge target atoms which are transported by
diffusion onto a substrate material where they accumulate building thin-film layers. Main
drawback of DC diode sputtering technique 1s low deposition rate. DC diode sputtering techmque
1s usually suitable for metal or alloy targets. Insulator or semiconductor targets are not suitable in
the DC diode sputtering system due to build-up of electrostatic charges hindering the sustenance
of the glow discharge duning sputtering. The remedy for such situation 1s to employ alternating
current (AC) or radio-frequency (RF) voltage. The sputtering system with the RF voltage 1s called

RF diode sputtering_

Substrate

/'lul' \ v O \1:"]1’|::;1i113//.{:';l adatom
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Figure 1.2 Schematic diagram of DC diode sputtering system.
In magnetron sputtening, the plasma discharge 1s induced by magnetic field superposed on the

cathode and parallel to the cathode surface as shown in Figure 1.3. The magnetron sputtering
system 1s design in a simular fashion like the DC diode sputtering. The only addition 1s a magnet

(permanent or temporal) placed behind the cathode target for electron trapping. In this sputtering



system, the electrons in the plasma discharge move mn a cycloidal motion in the direction of the
electric (E) and magnetic (B) fields, ExB and dnift velocity of E/B [19]. The electrons follow a
path in the direction of the magnetic field onentation in a closed loop. This orbital restriction
causes an mcreased collision frequency between the electrons and sputtering gas molecules in a
phenomenon called electron trapping effect which allows the sputtering gas pressure to be reduced
[18]. The plasma density 1s also controlled by the magnetic field which bears a cascading effect
on the current density at the cathode target. By mcreasing the magnetic field, the plasma density
also increases current density and ultimately the sputtering rate at the target. At low operating gas
pressures, collision between sputtered particles 1s effectively controlled resulting in an increased

depostition rate.

Figure 1.3 Schematic diagram of DC magnetron sputtering system.

It 1s important to note that the source material m all the sputtering techmques 1s the sputtering

target. Thun film performance largely depends on sputtering target and the deposition parameters.



It 15 important to have the right properties in the sputtering target to get quality thin films as
explained m the subchapters below.
1.1 Introduction to sputtering targets

Manufacturing of sputtering targets
Traditionally, sputtening targets are produced by casting metallurgy and powder metallurgy [20].

Casting metallurgy requires various types of furnaces such as induction melting, vacuum induction
melting, electron beam melting and vacuum arc melting. Powder metallurgy mvolves powder
processing, blending, smtering and hot pressing or hot 1sostatic pressing (HIP). The performance
of sputtening targets depends on the following factors [20]:

¢ Chemical composition or purity of target

¢ Gram size

e Crystallographic texture

e Surface roughness

e Cleanliness of sputtering surface

Chemical Compeosition

The sputtering target used for thin film fabrication are of high purity. This must be also true for
Ni-Mn-Ga thin film where the transformation temperatures are very sensitive to composition.
Controlling target composition during manufacturing 1s very important Target matenals
commonly used are pure metals, metallic alloys or compounds, and semiconductors. It 1s expected
that the chemucal composition of targets 1s transferred to the deposited film However, in most
cases 1t 1s not so, this 1s largely dependent on a number of factors such as the deposition conditions
and the purity of the starting matenial. Controlling the composition of a multicomponent or a

compound target 1s more complicated than a single or elemental target due to preferential



sputtening. co-sputtering techmque which involves firng different targets simultaneously 1s
sometimes employed to effectively tailor film composition. It 15 important to note that, sigmificant
deviation from target composition can affect film properties such as the crystal structure and the
microstructure.
Grain size

Target grain size 1s another feature that plays a key role in obtainmng a unmiform film thickness.
Target with fine pramn size enables higher deposition rates than target with coarse grain size
because discontinuities at the gramn boundanes are more readily attacked during sputtering [21].
Bouchard et al. reported that fine pramn size improve film uwniformity whereas coarse grain size
degrade film umiformuty [22]. Leybovich ef al. have shown that changing target grain size can
significantly affect the stability of the plasma, deposition rate and film umiformaty [23]. Dunlop et
al. disclosed in the Pat. No.5809393 a correlation between grain size and film uniformity as shown
n the Figure 1.4 [21]. A hnear relationship 1s observed between film umifornity and target grain
size 1 Figure 1.4 for gran size range between 100 pm to 150 pm. Michaluk ef al. also reported
that the umiformuty of high-purnty aluminum and titanmm films 1s inversely proportional to the
target gram size greater than 100 pm [24]. Michaluk proposed a model equation which connects
the fime required to consume a monolayer of a grain of a polycrystalline tantalum target and the

sputtering yield of onentation for effective sputtering given by equation (1.1):

AZ (i
Linkr) = St (1.1)

Where Aﬁ,[ nkr) Tepresents effective area of crystal and Sip;;) represents the sputtering yield of (hkl)

orientation. This theoretical model connect the gain size and the crystallographic texture of the

tantalum target which was used to demonstrate the erosion behavior of the target during sputtering.
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Figure 1 4 Vanation of film uniformity as a function of target grain size [21].

Crystallographic texture
Crystallographic orientation of sputtering target affects the angular emission distribution and the

sputtering yield of the sputtered atoms. Several researchers have reported the effect of
crystallographic orientation on the ejected atoms where they showed that ejected sputtered atoms
occurred preferentially along closed packed directions in the target [25]. Tsuge ef al. have shown
that heavy atoms such as Au, are preferentially ejected from closed-packed direction even at
oblique incidence [26]. Zhang ef al. have reported that changes in the target crystallographic
orientation from (111) to (100) to (110) affect the sputtering yield in tantalum target [27]. Hoon
Cho showed that proper control of crystallographic texture of sputtering target can produce better
uniform film thickness [28].

Surface roughness

The surface finish of a sputtering target also affects the performance of the target. It has been

shown that increased surface roughness results m an increased thickness of deformed layer [29].



The presence of the deformed layer results in undesirable film properties such as low film
umformuty [29]. High surface roughness can also imtiate nodule formation duning target erosion.
This can be a possible challenge for 3D pnnted sputtering targets, due to the inherent high
roughness of the free surfaces of a 3D binder jet printed parts [30]. Notwithstanding, the surface

roughness can be improved by proper selection of parameters followed by surface polishing.

Cleanliness of target surface

Surface cleaning 1s required in order to remove all forms of contaninations which may trickle
down mto the formation of film compromising thin film properties. Surface cleaning plays an

essential role in obtaiming a high punty thin film [31].

1.2 Metallurgical defects on sputtering target
Most target manufacturing techmques are prone to metallurgical defects. Considerable effort 1s
required to limit metallurgical defects to the barest mmmimum_ The following are the most common

defects found m sputtering targets [20]:

¢ Porosity or voids

* Inclusions

* Nodules

Porosity or voids

In target manufacturing, pores can develop due to either gas entrapment or inadequate sintering or
mcomplete mter-diffusion of target matenals [20]. Fung ef al. have shown that voids along the
gramn boundaries in spuftering targets may act as particle source to lower sputtering yield [32]. It
has been reported that umiformly distributed fine pores are less harmful than large, 1solated pores.

Narnizuka ef al. disclosed in Pat. No. 5320729 that voids in spuftering target has the tendency of



causing a localized glow discharge during sputtering creating instabilities in the electric discharge
[33]. Lo and Gilman reported on the quality of W-Ti1 thin films deposited using targets made by
powder metallurgy techmques [33]. The particles generated during the sputtering process and
affecting the quality of the thin film are related to both redeposited spherical nodules located at the
target voids and precipitated W-rich particles.

Inclusions

Poor processing durng manufacturing of target can introduce contaminants such as mnclusions.
Inclusions are defects which cannot be predicted accurately and in addition vary in sizes.
Inclusions of large sizes have shown to create electrical arc during sputtermg. Therefore,
precautionary measures are necessary to mummize inclusions formation [20].

Nodules
Nodules are defects that are generated by impurity atoms in the sputtering chamber or by

redeposited target atoms. These defects are undesirable because their formation can result m low
sputtening yield and deposition rate. Nodule formation 15 very common in indium tin oxide (ITO)
with a cone-hike morphology as shown mn Figure 1.5 [34]. To mutigate their growth the following
measures are required - routine cleaning of the sputtering chamber to minimize contaminants,

proper cooling system available to cool the target dunng sputtering and use of power supply equip
with reliable arc detecting capability [34].



Figure 1.5 (a) SEM 1mage showing morphology of nodules; (b) Black nodules on ITO sputtering

target; (c) Nodules on S1 sputtering target [34].

1.3 Target utilization
A drawback of magnetron sputtering target 1s the non-homogenous 1on current distribution across
the target surface caused by trapping of secondary electrons in the magnetic field resulting in a
non-uniform erosion of the target surface mn a form a racetrack as shown 1n Figure 1.6 (a) and (b)
[37]. Due to the non-unmiform etchng of the target surface, material utilization 1s limited to about
25-30 % [36]. In the case of precious metal targets such as gold, silver, and platinum whach are

very expensive, makes 1t worse.
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Figure 1.6 Target utilization - (a) Gold magnetron sputtered target showing non-umiform erosion
in the shape of a racetrack [37], Target diameter 15 about 52 mm; (b) Schematic representation
of the magnetic field distnbution 1 a cross-sectional target and its relationship with the target
erosion profile.

Generally, it 1s desirable to have a full-face target erosion to control the deposition rate and to
extend the target lifetime. Several researchers have attempted to improve target utilization by
focusing on the magnetic configuration of the magnetron sputtering. One of the first attempts to
mmprove the utilization of material was the interpoles target-hollow magnetron shown in Figure
1.7 [38]. It was reported that the erosion zone was broadened with magnetic field parallel to the
target which resulted in about 60% increase in matenial utihzation [39]. Another design solution
for improving the target utilization 1s the use of rotatable parts [37]. This option 15 most used with
cylindrical targets. In this case the magnetron has a simlar configuration to a rectangular
magnetron, but the target 1s a hollow cylinder that rotates around the magnetron, so the erosion 1s
uniform on the surface of the cylinder [36]. This method 1s usually applied for hugh-area rotatable

substrates, but also find some use in planar magnetrons [37]. Charles Garrett reported 1n US Pat.
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No. 4444643 that target vfilization can be improved by using movable magnetic source. The
magnetic source 1s hydraulically moved with respect to the target and substrate 1n such a way that
the lines of magnetic flux are parallel to the target surface. Moreover, the lines of magnetic flux
are swept across the target surface during sputtering process [40]. The challenge with Garrett’s
approach 1s a reliable device for providing a uniform mechanical motion. Therefore, Garrett’s
approach 1s quite complicated. Several complex magnetic field configurations have been used to
optimize the magnetron sputtering but based on the literature research, so far very few researchers
have considered optimizing the spuftering target itself Lamont in the US Pat. No 4457825
disclosed the usage of an annular shaped sputtering target with inward sloping face like the frustum
of a cone, in an attempt to optimize target utilization [41]. Class ef al. also disclosed in US Pat.
No. 4842703 of using a bowl-shaped concaved target as therr source of sputtering matenal to

broaden the erosion profile at the same fime achieving uniform film thickness [42].

Pole piece Target

AN
Y - Y
Permanent C;ﬁcde tﬁdy Water

magnets cooling

Figure 1.7 The mterpoles target-hollow magnetron increases target material utilization by 60%
[38].
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1.4 Influence of deposition parameters on film properties

Substrate temperature

Generally, films deposited at room temperature in most cases are amorphous or partially
crystalline. This happens because at low substrate temperatures, adatoms have low kinetic energy
which 1s not sufficient enough to enhance mobility and surface diffusion. The adatoms under this
condition are unable to migrate to favorable nucleation site to promote grain growth. In most cases,
film deposited at room temperature show smooth and featureless morphology under certain
deposition conditions [43]-{45]. However, at higher substrate temperatures, adatoms gain
sufficient kinetic energy which makes them more mobile to locate favorable nucleation site for
gramn growth Note that, increasing substrate temperature increases surface diffusion of adatoms

which results in mereasing grain size. The above assertion 1s supported by equations (1.2) [46] and

(1.4) [47]:
U = U,exp (;_—i:) (1.2)
v, = =20 (1.3)
D™ — DM = K(T)t (1.4)

Where v 1s the surface diffusion rate, v, 1s the atom frequency of vibration, Kz 1s Boltzmann
constant, h 1s the Planck’s constant, T 1s the substrate temperature, AE 1s the activation energy, D
1s the grain diameter, D, 1s the inifial grain diameter, n 1s the growth exponent, K(T) 1s the gramn

growth constant given by
—AR

K(T) = A- e¥sT (1.5)

Where A i1s a pre-exponential factor.
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Equations (1.2) and (14) mdeed show that the gramn size and surface diffusion increase
exponentially with substrate temperature. It 1s not surprised that, several authors have reported
about the fact that, increasing substrate temperature produces large grains and high film thickness
as seen 1n Figure 1.8 [18].

Figure 1.8 (a) show that, imitially grain size increases exponentially with substrate temperature
until a certain threshold is reached where a decline in grain size 1s observed as substrate
temperature mcreases. It has been explained that at higher substrate temperature, kinetic energy of
the mecident 1ons increases with increasing mobility of adatoms resulting m large grain size.
However, at a certain threshold kinetic energy, the mobility of adatoms decreases due to

mmpimgement of mcident 10ns on the substrate thereby reducing grain size of adatoms as seen 1n

Figure 1.8 (c) [18].
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Figure 1 8 Grain size as a function of : (a) Substrate temperature; (b) Film thickness; (c) Kinetic
energy of incident 1ons [18].

Depaosition pressure

The working gas commonly used in DC magnetron sputtening 1s argon. Argon 1s used because it
1s wnert and heavy enough to cause sputtermg. The pressure of argon gas plays important role
during sputtering and film formation. At low deposition pressure, few collisions occur between
the argon 10ns and the spuftered atoms therefore less thermalization of sputtered atoms. In this
way, more spuftered atoms would find their way onto the substrate increasing deposition rate. The
mean free path which 1s the distance travelled between collisions 1s increased. Increasmng the

deposition pressure generates more argon atoms and therefore increases collision between argon
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1ons and the sputtered atoms due to reduced mean free path (A). The mean free path (1) 1s related
to the gas pressure by the equation [48] :

kT

Where p 1s the gas pressure, d 1s the diameter of atom, k 15 the gas constant, T 1s the temperature.
From equation (1.4), 1t 1s seen that the mean free path 1s inversely proportional to the gas pressure,
which means increasing gas pressure corresponds to decrease mean free path which suggest that
more collisions and thermalization of sputtered atoms. Deposition rate i this case would reduce
because 1t 1s possible most of the sputtered atoms would be scattered away from the substrate. Also
due to the thermalization, the sputtered atoms have less kinetic energy to increase deposition rate.
The work by Helmer ef al. showed that for gas pressure greater than 10 mTorr, the deposition rate

varies mversely with pressure [49].

Sputtering power

In order to produce a glow discharge in the sputtering system, a certain mimimum power 1s required
so that the argon 1ons between the cathode and the anode can have sufficient energy preater than
the binding energy of the target atoms to dislodge atoms from the target. Increasing the power,
mncreases the glow discharge formed on the cathode (target). At lugher sputtering power, argon
10ns gain higher kinetic energy due to momentum transfer. The current density or flux (J) 1s related

to the DC applied voltage (Vpc) given by:

J= %J%vfc &)
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Where D is the distance between the cathode and the anode, m 15 mass of Ar ion, e 1s the electronic
charge, & 1s the permuttivity of free space. This equation 1s called the Child-Langmur relation.
Some authors have observe direct linear relationship between sputtering power and deposition rate
[50], [51] .1t has also been shown that the sputtering power has influence on film muicrostructure,

composition, crystallimity, and other physical properties [52}-{54].

1.5 Ni-Mn-Ga targets and thin films
1.5.1 Background
Ni1-Mn-Ga Heusler alloy has been widely studied over the past two decades due to one of its unique
functional property called magnetic field induced strain (MFIS) [55]. The MFIS was first achueved
n 1996 by Ullakko ef al. where a magnetic field of 8 kOe was applied to a single crystal NiuMnGa
alloy at 265K mducimng a strain of about 0.2% [55]. This was groundbreaking research and has
attracted a lot more research in improving the MFIS in this matenial [56]. This exceptional property
of N1-Mn-Ga alloy makes it a good candidate for industrial applications such as actuators, sensors,
and MEMS devises [57], [58]. Martensitic phase transformation 1s one of the important criteria
required in Ni-Mn-Ga alloy to exhibit MFIS [59]. Martensitic phase transformation i Ni-Mn-Ga
alloy 1s composition sensitive [60]. Chemenko ef al. investigated the effect of composition of Ni-
Mn-Ga alloy on the martensitic start transformation temperature [61]. The results from their
findings showed that for a composition where Mn content 15 held constant, an increase in Ga
content resulted in lower martensitic phase start transformation temperature (M.). Also, for a
composition whereby Ni content 1s held constant, an increase in Mn content shows an increase in
Ms [61]. Tsuchiya et al. also investigated the composition dependence of martensitic
transformation on polycrystalline Ni-Mn-Ga alloy. Their results showed that there 1s a strong

correlation between the martensitic transformation temperature and the valence electron
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concentration, e/a [62]. Zhou ef al. recently demonstrated that combinatorial approach was an
effective method to investigate the composition dependence on martensitic phase transformation
[63]. Based on the work of several researchers in this field, it has been established that the chermical
composifion and electron concentration, e/a, of Ni-Mn-Ga alloy influence the martensitic
transformation temperature. This suggest that to observe shape memory effect and magnetic field
mduced strain (MFIS) in Ni-Mn-Ga alloy a careful control of the chenmucal composition 1s

essential

Despite the exceptional properties of this alloy, there are some drawbacks which hinder it
suitability for industrial application. For mnstance, single crystal Ni-Mn-Ga alloys exhibit the
highest magnetic field induced strain value of 10 % and good mechamical properties. However,
fabrication of single crystal Ni1-Mn-Ga 1s very complicated, time consuming | expensive and prone
to chenucal segregation duning crystal growth [64]-{66]. Polycrystalline Ni-Mn-Ga alloy on the
other hand are cheaper and simpler to produce [67]. However, polycrystalline Ni-Mn-Ga alloy
show lower MFIS (about 0.1%) due to the presence of gramn boundaries which hinder twin
boundary motion [68]. Another limitation of the polycrystalline N1-Mn-Ga alloy 1s 1ts intrinsic
brittle nature making it difficult to plastically deform mto other shapes. It has been reported that,
reduced sized Ni-Mn-Ga alloy samples such as wires, ribbons and thin films have better properties
and therefore have potential for practical application. Among the reduced sized samples, Ni-Mn-
Ga thin films have attracted a lot of attention due to it smitability for application m mimaturized
actuators, sensors, and microelectromechanical systems (MEMS) devices. Ni-Mn-Ga thin films

are more ductile than the bulk polycrystalline alloy [69].

For Ni-Mn-Ga thin film to be used for practical application, two primary functional properties

needed are ferromagnetic and shape memory behaviors which strongly depend on their chemical

18



composition and their fabrication techmques [69]. Several fabrication techniques such as pulsed
laser deposition (PLD) [70]H73], molecular beam epitaxy (MBE) [74], flash evaporation [75], 1on
beam sputtering [76], and magnetron sputtering [69], [77]-{81] have been used to grow Ni-Mn-
Ga thun films. Among these techmques, direct current (DC) and radio frequency (RF) magnetron
sputtering have been widely used. Thus 1s because it has several advantages such as high deposition
rate, good adhesion to substrate, high purity films, and uniform thin film as compared to the other
techniques [82]. In magnetron sputtering system, argon atoms are ionized and accelerated toward
the target matenial by applied negative voltage to sputter N1, Min and Ga atoms which are deposited
on the substrate to form Ni-Mn-Ga thun film The martensitic transformation temperatures which
bring about the shape memory effect are very sensitive to factors such as composition,
contamination, annealing, sputtering power, gas pressure, alloy target, co-sputtering multi-targets,
deposition temperature, substrate to target distance, substrate type and substrate condition. Most
of the research on N1-Mn-Ga thin film have been focused on the effects of sputtering parameters
which include substrate temperature, annealing temperature, gas pressure, sputtering power, film
thickness, substrate type and power source (DC or RF). However, the sputtering target bemng the
primary material source for the deposition process, not mmch has been reported on the properties
of Ni1-Mn-Ga targets. Sputtering targets play a key role in the formation and the properties of the
thin film Therefore, the method of manufacturing, surface finish and handling of targets must be

a critical concern.

1.5.2 Ni-Mn-Ga targets
The two main methods for producing N1-Mn-Ga alloy targets reported in literature are casting and
powder metallurgy [77], [83]-{86]. The casting metallurgy approach mvolves arc melting raw

materials of lugh purity nickel, manganese and galllum ingots under argon atmosphere and
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homogemzing to achieve uniform composition. The melt 1s cast into a target mold and allowed to
cool, afterwards 1s machined to the required geometry for use in a magnetron sputtering system.
Machiming of the targets create waste (though the waste material can be recovered and reprocess
for making new targets), which mcreases the production time of the entire manufacturing process.
Due to the brittle nature of Ni1-Mn-Ga alloy, a careful machiming of the target 1s requured to avoid
cracks and defects. So far, casting techmque has been widely used in Ni-Mn-Ga alloy target
manufacturing. However, 1t has some linutations. One of which 1s the inability to obtain near-net
shape after casting. The polycrystalline Ni-Mn-Ga alloy 1s mherently bnttle and therefore

machining to achieve sputtering targets with complex geometries would be challenging

Several researchers have implemented the casting technique in making sputtering targets for Ni-
Mn-Ga for thin film fabrication. Liu ef al. investigated the effects of deposition pressure and
sputtering power on the composition of N1-Mn-Ga thin films using cast target [87]. Their analysis
showed that Mn and Ni contents have strong dependence on the deposition pressure while Ga
content barely changed. Wu ef al. also reported on the crystallization behavior of radio frequency
sputtered Ni-Mn-Ga thin films using N1:MnGa cast target [85] Their results showed that as-
deposited Nis1 4sMnos 30Gazs 25 thin films were partially crystalline on S1 (100) substrate. Complex
transformation behavior of free standing epitaxial Ni-Mn-Ga films using NissMns2Gax: target
prepared by casting metallurgy was reported by Yeduru et al. [77]. They observed two stage

transformation behavior in temperature ranges 40 C to 80 C and 140 C to160 C.

Powder metallurgy on the other hand, mnvolves preparation of powders, blending and mixing of
powders, compaction of powders in a target mold by hot pressing or hot isostatic pressing,
sintering, machining, and polishing. Unlike casting, powder metallurgy 1s more efficient in

material utilization and achieving near net shape. However, for very complex geometnes, it
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becomes a challenge to manufacture parts using powder metallurgy, though many sputtering
targets of simple geometries from metals, metallic alloys, semiconductors, and ceranucs have been
produced. Few authors have reported using powder metallurgy to manufacture Ni-Mn-Ga
sputtering targets for thin film fabrication [86], [88].

Observation from lhiterature, shows that target properties can influence thin film properties. This
implies that the quality and the method of manufacturing of sputter target have direct influence on
the properties of the thin films produced. It 1s well established that martensitic transformation
temperatures of Ni1-Mn-Ga alloys are composition sensitive [60]. It 1s usually a challenge in
controlling the composition of Ni-Mn-Ga thin film using Ni-Mn-Ga alloy target m magnetron
sputtening system. Controlling the composition of the thin film 1s an essential part of the fabrication
process. One method proposed to control the composition of N1-Mn-Ga thin films 1s by employing
co-sputterng method which utilizes three separate targets Ni, Mn, and Ga or by co-sputtering Ni-
Mn-Ga alloy target with another Mn target. Tillier ef al. successfully co-sputtered Ni-Mn-Ga alloy
target with a manganese target to grow Ni-Mn-Ga epitaxial thin films on MgO (100) substrate
[89]. Their results showed precise control of the chemical composition of the Ni-Mn-Ga epitaxial
thin film during deposition at high temperature [89]. However, there are few limitations associated
with co-sputtering technique, such as cross contamination of targets which may require periodic
cleaning of the targets [90].

Nearly two decades ago, Takeuchi and co-workers embark on using the method of thun film
compositional spread to find new compositions which will results in ferroic material having
properties such as ferroelectric, ferromagnetic and ferroelastic [91]. In their work, they fired three
sputtering targets Ni, Mn and Ni2Gas using both direct current and radiofrequency sputtering

techniques where they deposited Ni-Mn-Ga thin film on 3-inch diameter S1 (100) wafer. They
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observed that regions with rich Mn content and deficient in Ga show high transition temperatures.
A typical composition found in tlis region was N1ssMns7Gaio [91]. They also observed large
regions outside near Heusler composition showing ferromagnetic and reversible martensite. Ni-
Mn-Ga targets or elemental targets are quite scarce and expensive to acquire due to the complexty
mvolved in the manufacturing. A lot of effort 1s put in place to control the purity and
microstructural properties of the sputter target. Several alloy target compositions of Ni-Mn-Ga

targets have been reported in literature for N1-Mn-Ga thin film fabrication as shown i Table 1.1.
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Table 1.1 A table of composition of alloy target and thin film of Ni1-Mn-Ga and substrate used by various authors. Reported deposition
conditions are: deposition pressure (Pa, mbar, or mTorr), deposttion temperature (°C), sputtering power (W), deposition rate (nm/s).

Target Composition Film composition
Target manufacturing Substrate Deposition condition Reference
(at%) (at%)
Hot pressing powder NisoMnasGazs NissMna23Gan S1(100) [86]
Vacuum arc melting NissMnasGan Niss o7Mn2s 67Gazess  S1(100) 0.4 Pa_20°C. 250 W [87]
Hot pressing powder NisyMnagGasg NissMn,; s Gasg AlO; [92]
Hot pressing powder Nigw sMn2eGaza s Nis1.4Mnos 3Gazos AlLO; 50°C, 200 W [88]
Hot pressing powder NissMnosGaos Niss sMnes sGazz s ALOs 50°C, 200 W [88]
Hot pressing powder Niys oMns; 4Gago 7 Nigs Mz 1Gags 2 MgO (001) 0.026 mbar, 150 W [93]
. N :sMno72Gans Nis2 soMmss7Gazses MgO (100)  0.012 mbar, 420 °C [94]
Casting metallurgy - -
NissMns2Gan NisoMnsoGazo MgO (100) [95]
Arc-melted and cast Nfiﬂh[ﬂ?jGa?j Nfﬂ.zMﬂn_ﬁGﬂzu MgO ({]{]1} 350°C [33]
Niso sMno78Ga 3 Nis22:Mnos sGan MgO (001) [96]
Cast metallurgy NissMnooGazs Niss1Mmiz 1Gazz 2 ALOs 47°C, 200W, 0.3 nm/s [97]
Vacuum arc melting Niso.22Mnos 77Gazs.m Nis1ssMmos30Gaxszs  S1(100) [85]
Vacuum mduction MNisoMnsoGazo Niss sMnae sGais S1 (1007 0.005 mbar, 20°C, 36 W [69]
melting Niso oMno75Gan s Nis22Mnz6 sGan SiNx 0.026 mbar. 500 °C, 200 W [98]
Hot pressing powder Niso oMno75Gan s Niss sMnes sGazz s Mo foil 50°C, 200 W [99]
Casting metallurgy Niso sMnzo3Gazo 2 Nis10oMnios:Gaizas  S102 258 mTorr .20 °C, 400 W [100]
Casting metallurgy NigeMn3:Gan Nig-Mns 1Gana  MgO (100)  0.68 nms™, 400 °C [77]
Vacuum arc melting Niso sMnzosGaio s Niso 7Mn30 4Ganeo S1(100) 10 mTorr, 20°C. 100 W [101]
Induction arc melting NissMnosGaos Nisz sMnes sGazs g MgO (100) 400°C. 100 W. 0.74 nm/s [102]
Induction arc melting ~ NisMnsGas NispsMny ¢Gazss ~ MgO (100) 500 °C. 100 W. 0.74 nm/s [102]
Induction arc melting NissMnosGaos Nisz sMnes oGanss MgO (100) 600°C, 100 W, 0.74 nm/s [102]
Induction arc melting ~ NisMnsGas Niss MnyssGazss ~ MgO (100) 650 °C. 100 W. 0.74 nm/s [102]
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1.5.3 Ni-Mn-Ga thin films for MEMS applications
The technology and design of MEMS 15 largely based on micro-electro-mechanical engineering
which focuses on a fabrication techmque already established in the S1 based mtegrated circuit
(IC) technology [103]. MEMS device as defined by Gardner ef al. 1s a device made up of
extremely small components (ie. microparts) [104]. Quite a signmficant number of MEMS
devices have been developed based on Si technology for specific purposes such as micro-
actuators, micro-sensors, micro-flmdic devices, energy harvester, micro-chemical reactor,
micro-murror, and etc [103]. Incorporating functionality to MEMS device where actuation and
sensing 1s possible, improves performance efficiency [105]. The main fabrication processes of
MEMS devices are thin film deposition, photolithography, and etching (wet or dry). For
example, MEMS of nucro-actuators are manufactured through a combination of other functional
modified devices like piezoelectric ceramic cantilevers to achieve an mtegrated multifunctional
actuator system [103]. This 1s aclieved through thin film technology constituting ferroelectrics,
prezoelectrics, magnetic shape memory alloy and several other functional matenials resulting 1n
micro-S1 devices [103]. Materials such as Ni-Mn-Ga alloy with high actuation strain output
would be suitable for MEMS applications [106]. Integration of Ni-Mn-Ga alloy for MEMS
application 1s still under development. A few fabrication route for mtegrating Ni-Mn-Ga alloy
mto MEMS devices have been proposed [107]. One of such 1s the sacnificial layer and bond
transfer technology which begins with depositing a sacrificial layer of few nanometers on a
single crystal substrate, followed by epitaxual Ni-Mn-Ga thin film exhibiting martensitic
structures at room temperature. Next, the sacrificial layer i1s selectively removed through
photolithography and wet chemical etching. Fmally, N1-Mn-Ga epitaxial film 1s transferred and

bonded to a target substrate for microsystem integration [108].
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1.6 Copper targets and thin film
1.6.1 Copper targets
Few decades ago, aluminum was the main conducting material or interconnects used in integrated
circuit to transfer electrical signals from one fransistor to the other due to 1t good electrical
conductivity and ability to form ohmic contact with silicon substrate [109], [110]. However, for
high performance silicon chip, aluminum interconnects are limited due to their high resistivity and
electromgration resistance. As mimatunization of electronic components increases power density
also increases thereby increasing chances of electromigration problems. Electronugration occurs
under the mfluence of electric field mvolving momentum transfer between conducting electrons
and metal ions in the crystal lattice of the interconnect material Electromigration n metal
mterconnects can result in void creation and hillocks formation. These defects can amount fo
failure in the device which poses reliability problems for the chip manufactunng industry. For
these reasons, alumunum was replaced with copper as an interconnect m high performance
semuconductor devices. Copper was selected as an alternative because it has better properties such
as low electrical resistivity, lugh electromigration resistance, high melting point and thermal
stability [111], [112]. Although silver has better electrical conductivity than copper, nonetheless
copper 1s much cheaper and also n abundance than silver [113]. Copper as an interconnect
material 15 made through thin film fabnication techmques. Copper thin films have been produced
by vaneties of deposition techmques including reactive pulsed laser deposition (RPLD) [114],
direct current (DC) and radio frequency (RF) magnetron sputtering [115]{122], atomuc layer
deposttion (ALD) [123], chemical vapor deposition [124], high power impulse magnetron
sputtening [125], [126], supercritical flmd deposition techmque [127], electron beam evaporation
[128], and 10mzed beam deposition [129]. DC and RF magnetron sputtering techniques appear to

be the most favorable among the lots. Copper thin films made by magnetron sputtening often use
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copper sputtering targets. Sputtering targets mfluences the quality and performance of thin films,
therefore how they are manufactured 1s essential Current manufacturing techmique for copper
targets are cold spray [130], casting metallurgy [131], [132], and powder metallurgy [133]. Most
of the focus in copper target manufacturing has been channeled to improving punty level, grain
size refinements, crystallographic texture control, and reduction in electrical resistivity [134]-
[136]. A typical grain size of copper target is around 50 pm [131], [135], [137]. Cho ef al.
employed the techmque of cold spray to manufacture copper sputtering material by depositing a
large thick layer of copper on Al 6061 [130]. A typical cold spray process is a solid-state process
mvolving the acceleration of powder particles in a stream of supersonic gas jet. In their study, they
used pure copper powder of average particle size of 20 pm with nifrogen gas temperature of 600°C
and spray distance of 30mm and successfully deposited 20 mm thick copper film shown 1n Figure

1.9

Figure 1.9 Cold spray deposited copper coating used as a sputtering target [130].

The 20 mm thick copper film was used as a target for the film deposition. Their results showed a

purity level of 99.4699% which was comparable to the starting copper powder of punity 99.5%.
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One advantage with cold spray process is that there 1s virtually no oxidation present [130]. To
assess the properties of the copper thick film, post-heat treatment was conducted at temperatures
100°C, 200°C, 300°C and 400°C 1n argon atmosphere. Their electron backscattered diffraction
(EBSD) analysis showed a non-uniform grain texture and average grain size of 1.83 pm. Though
the cold spray techmque has shown good target properties for copper, nonetheless, for mass
production would be time consumung and expensive and may not be applicable for other target
materials and substrates. Kardokus ef al. also adopted a method which avoided melting and casting
but rather machined rectangular sheet of high punty copper plate and then stacked them one on
top of the other in an assembly pattern [137]. The stacked copper plate was heated at 500°C under
argon atmosphere and then forged to bring down the thickness. Afterwards, further heat treatment
was conducted to refined the grain size and control the gramn texture. The target produced by this
technique was utilized in electrodeposition to make high purity copper thin film However, this
technique may not be applicable to brittle matenials like ceramics.

From the literature, 1t 1s observed that there 1s much quest to develop a copper sputtering target

with improved properties at same time efficient and economical.

1.6.2 Copper thin film
Reparding copper thin films, much research has been conducted on the effect of sputtering
parameters on film properties mncluding surface morphology [120], [121], [123], [126], [138]-
[140], microstructure [123], [141]-{143], crystal structure and texture [118], [121], [123], [144],
[145], electrical resistivity [119]{121], [125], [145]{147], hardness and Young’s modulus [115],

[141], [148]-[150] and film thickness [120], [121].
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1.6.2.1 Surface morphology
Film morphology has significant effect on the film quality and performance. For instance, films
with micro- cracks or voided boundaries and high surface roughness can increase the resistivity of
the film makmng 1t unreliable for application [151]. Deposition conditions used during film
fabrication have high influence on the surface morphology of the film Craig ef al. mvestigated the
influence of argon pressure and substrate temperature on the surface morphology of sputtered
copper films with thicknesses 0.5 pm, 3.0 pm and 10 pm [151]. In one section of their study, the
argon pressure was varied from 6.5-97.5 Pa while substrate temperature was fixed. They observed
changes in film morphology from fine grains to coarse grams as the argon pressure imncreased. At
higher argon pressures, many micro-cracks emerged with hillocks spread out on the film surface
resulting 1n high surface roughness. In fact, the increase in the micro-cracks resulted m an increase
in resistivity of the films. They concluded that the argon pressure controls the mean free path and
the kinetic energy of the sputtered atoms. Yang ef al. also reported on the impact of substrate
surface and film thickness on the surface evolution of copper sputtered thin films [138]. They
observed a decreasing trend in the surface roughness during the imtial growth stage of the film
formation mn a thickness range between 130 nm and 160 nm, which they attributed to the influence
of the roughness morphology of the substrate. However, as the film thickness prew past 160 nm,
a uniform film morphology with a pebble-like pramns and mcreasing surface roughness were
observed. Chan ef al. also studied the effect of sputtering power on the surface morphology of
copper thin films deposited by DC magnetron sputtering [152]. Results showed smaller grains with
voided boundaries dispersed on the film surface at lower sputtering power. However, at higher
sputtering power coarse grains with less voided boundaries were observed. They explained that,

at higher sputtering power, argon atoms are energized which 1s transferred to the copper atoms in
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a form of kinetic energy resulting in higher surface mobility of adatoms required for continuous

film formation.

1.6.2.2 Crystallinity and texture
Generally, the erystallimity and texture of most thin films are enhanced by increasing the substrate
temperature and sputtering power [140], [152]{154]. X-ray diffraction 1s the techmique usually
used for examiming the crystallimty and the texture of thin films [118], [123], [140]. The reflected
intensity peaks usually observed in X-ray diffraction spectrum for copper thin films are (111),
(200), (220) and (311) [115], [155]. We1 et al. reported on the development of <110> texture in
copper thin films for corrosion resistant apphcation [144]. They demonstrated a transition of
<111> texture to <110> texture as the copper film grew from thin to thicker films. Crystallographic
texture influences the physical and chemical properties of copper film. For instance, <111> texture
n copper thin films helps to increase the electromigration resistance [156] and oxidation resistance
[123]. Chan ef al. mvestigated thickness dependence on the structure and electrical properties of
copper sputtered films [121]. They found that the crystallimty of the films increased as thickness

mcreased having the (111) intensity peak as the most dominant peak.

1.6.2.3  Electrical resistivity
For copper to be smitable for interconnects, the semiconductor industry requires reduction in
electrical resistivity. The deposition parameters used in sputtering can influence the electrical
resistivity of copper films. The electrical resistivity of copper sputtered films has been studied to
a great extent [120], [121], [127], [140], [145], [153], [157}{160]. Le ef al. investigated the
influence of sputtering power on the electrical resistivity of copper film deposited by magnetron
sputtening using four point probe [140]. They observed lugh resistivity value of 0.06 pQm at a

deposition power flux of 5500 Wm™ which they attributed to low surface mobility of adatoms
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contributing to low film crystallinity. At higher deposition power of 27400 Wm™, a lower
resistivity of 0.0186 pOm was observed due to acquisition of sufficient kinetic energy of adatoms
which mncreased their surface mobility. They also observed that, above 100 nm film thickness,
changes in the gram size as well as film thickness did not affect the resistivity. Shi et al. studied
the electrical resistivity of copper thin films prepared by filtered cathodic vacuum arc techmque
[161]. Thewr study showed the highest resistivity value of 0.036 pQm at a film thickness of 25 nm
and lowest value of 0.018 pQm at 150 nm film thickness. Hojabn et al. also reported the highest
resistivity value of 0.137 pQm with film thickness 50 nm and lowest value 0.022 pOm with film
thickness 220 nm [120]. Mukherjee ef al. also investigated the electrical resistivity of
nanocrystalline copper films deposited using anodic vacuum arc techmque and reported high

resistivity values for films thinner than 100 nm [158].

1.7 316L Stainless Steel target and thin films
Stainless steels (SS) are engineering matenals that finds a lot of applications i the area of
construction, o1l and gas, aerospace, pharmaceutical and chemical process industry due to their
high corrosion and oxidation resistant properties [162]-{165]. Stainless steels can be classified into
five main categonies based on their crystal structure [166]. They are austemutic, fernitic, duplex,
martensitic and precipitation-hardeming stainless steel Among the categones of stainless steel,
austemtic stainless steels are the most widely used due to their excellent corrosion resistant in
harsh environment, good formability and weldability [167]-{169]. The interest to apply austenitic
stainless steels as a protective coating date back i the 1970s [170]. Over the years, several
techniques have been employed in fabricating austenitic stainless steel thin film which includes
ion beam sputtering [168], [171], [172], magnetron sputtening [167], [173]-{177], thermal

evaporation [172], [178], [179], and arc discharge [180]. Among the deposition techmques,
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magnetron sputtering 1s the most explored due to the fact that less imperfections and defects are
formed on films [181], and the capability of transporting elements of a multicomponent target
with little changes in the film composition [176], [182]. It has long been observed that, sputtered
austemtic stainless-steel target do not form a face centered cubic (fec) films at room temperature
but rather they form ferritic body centered cubic (bec) films [175], [176], [183]-{186]. This 1s a
clear deviation from the original crystal structure of the target. The ferntic bee 15 known to exiubat
low corrosion resistant compared to the fec [182]. This deviation can be attributed to the different
sputtening yields of the individual elements in the multicomponent target. It 1s important to note
that, sputter target manufacturing and processing can also affect the film properties and contribute
to such deviation. Most of the austemitic stainless steel targets are made by melting and casting
metallurgy [175]-{177], [182], [187]. To address the deviation of the crystal structure of the
sputtered austemitic stainless-steel targets, it 15 necessary to explore other manufacturing and
processing technique to improve film properties. The most popular austenitic stainless steel thin
films reported in literature are 304SS [168], [171], [173], [174], [178], [179], [187] , and 316LSS
[175H{177], [182], [186], [188]-[190]. 316L SS has comparable chemical composition to 304 SS
but with additional 2%-3% molybdenum [191]. The added molybdenum content to 316L SS makes
1t exhibit high corrosion and oxidation resistant [176]. It has been reported that 3161 SS thin films
sputter deposited on substrate temperature below 375°C usually have crystal structure different
from the source material [177]. Malavas:1 ef al. conducted a study on the structure and
crystallography texture of sputter deposited thin film on glass substrate from 3161 SS target with
an fee crystal structure [193]. The structural analysis on thin film showed o-ferrite bee crystal
structure and crystallographic texture of <110> which they attributed to the change mn film

composition. Dahlgren also conducted phase analysis investigation of 304 SS sputter deposits on
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copper substrate at different ranges of deposition temperatures [194]. Results from the analysis
showed that below substrate temperature of 375°C, the film formed bec crystal structure which
agrees with previous studies, whereas between 375°C and 500°C film showed a mixture of bee and
fec phases and at 800°C film showed fcc phase. Godbole ef al. examined the phases and
microstructure of 3161 SS sputtered deposited films deposited on different substrates using X-ray
diffraction (XRD) and fransmission electron microscope (TEM) [175]. The substrates used in this
study were microscope shides, polished oxidized and oxide-free 3161 SS plates. Phase analysis
results showed films deposited on microscope shides and oxidized SS contain a mixture of bee and
an ordered modified hexagonal e-phase whereas films deposited on oxide-free SS plates contain
bee phase with <200> texture. Films containing mixture of bee and hexagonal e-phase transformed
to purely bee phase after annealing at 500°C and further transformed from bee phase to fee phase
at 600°C. Films nucrostructure showed fine grain structure in the size range 4 - 6 nm. Recently,
Schroeder ef al. mvestigated the effect of changing pulsed frequency on relative stability of bee
and fce phases in austemitic SS sputtered thin films from 3161 SS target by pulse-dc magnetron
sputtering [188]. The study revealed stabilization of the fcc phase which they attributed to
increased average adatom energy. It 15 well established that mitrogen addition to austemitic stainless
steel stabilizes the fce erystal structure and enhances the mechanical properties and the corrosion
resistance [169], [195]{198]. Increasing mtrogen content in austenitic stainless steel improves the
yield strength and pitting corrosion resistance [199]. Kappanthu ef al. studied the phase evolution
and morphology of sputtered deposited stainless steel thin films doped with mitrogen deposited on
heated and unheated silicon substrates from austenitic 3161 SS target in an argon and mtrogen
atmosphere by radio-frequency (RF) magnetron sputtering [176]. The X-ray diffraction spectrum

of the analysis reveal that with increasing percentage of nifrogen in the gas muxture the films

32



deposited at elevated temperatures transformed from a bee a ferrite to a nitrogen stabilize austenite
fee phase and further to a distorted expanded austenite phase. Films also showed different surface

morphology with fibrous growth.
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CHAPTER 2

Materials and Experimental Methods

2.0 Introduction
As mentioned in the previous chapter, powders of Ni-Mn-Ga, Copper, and 316L SS were the
starting materials used m this research. The steps involved in powder preparation, target
manufacturing via 3D binder jet printing, and thin film fabnication by direct current (DC)
magnetron sputtermng will be elaborated 1n detailed for each matenial The particle size distribution,
morphology, chemmucal composition, crystal structure and phase transformation of powders were
determuned using particle size analyzer, scanming electron microscope (SEM), X-ray energy
dispersion spectroscopy (EDS), X-ray diffraction (XRD) and differential scanming calorimetry
(DSC). Surface morphology, chemical composition, crystal structure and phase transformation of
targets were also examined using light microscopy (LM), SEM, EDS, XRD, profilometry and
differential scanming calonmetry (DSC). Thin films deposition parameters were optimzed
especially m the case of Ni1-Mn-Ga to get the film quality. Post-deposition heat treatment was
performed on some thin films to improve their performance. Thin films were charactenized using
advanced charactenization techmques such as atomic force microscopy (AFM), SEM, EDS, XRD,
Auger electron spectroscopy (AES), transmission electron microscopy (TEM), and four-pomt

probe for electrical resistivity measurement.
This chapter will focus on the expennmental, analytical, and numenical methods used in fabrication
and characterization of N1-Mn-Ga targets and thin films. For the Cu and 316L SS targets and thin

films the experimental methods will be presented n the individual chapters dedicated to Cu and

316L targets and thin films.
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2.1 Materials
Ni1-Mn-Ga powders were obtained by ball milling of Ni-Mn-Ga ingots with uniform composition
obtained from two different sources. Approximately one quarter of the used Ni1-Mn-Ga mgots were
produced in the YSU Matenials Engmeening & Processing laboratory using arc melting technology.
Individual ingots of approximately 15 grams have been obtamned from high punty N1 (ACROS
Organics, 99 97%), Mn (Alfa Aesar, 99.95%), and Ga (ACROS Organics, 99.99%) by arc melting
using an Edmund Buhler MAM-1 system. The rest of the ingots have been ordered and purchased

from ACT Alloys Inc.

22 Experimental method
2.2.1 Ni-Mn-Ga powder preparation
The powder prepared in the lab was produced from ball mulling of the mmgots made through arc
melting of hugh punty nickel (99.99 at%), manganese (9995 at%), and gallium (99.99 at%) pellets
using Edmund Buhler GmbH MAM]1 arc melting furnace under argon atmosphere with several re-
melting to improve the homogeneity of the ingot. The chemical composition of the ball mulled
powder obtamed in the laboratory was NisiMn3oGais (at%). The second powder was ball nulled
from ACT Alloy Inc. N1-Mn-Ga pellets of composition NisgMn3gGazg (at%). As recerved Ni-Mn-
Ga pellets were first mechanically cleaned to remove any oxide layer from the surface to avoid
contamination of the powder. The cleaned pellets were mechanically crashed and then loaded in a
zircoma ceramic vial containing two ¥ inch zircoma balls. The vial was placed in the SPEX sample
prep muxer/mull 8000M for ball mulling, as shown in Figure 2.1. The ball mass to powder mass
ratio of 10:1 was chosen and was kept constant throughout the entire nulling process. The mulling
was carried out at a rotation speed of 1425 rpm for 1 hour. The nmulling process was repeated for

several crashed mgot with all milling parameters kept constant until Ni-Mn-Ga powder was
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prepared. The Ni-Mn-Ga powder prepared in the lab was added to the ball milled powder produced
from the ingots procured from ACI Alloy Inc. The mixing of the two batches of powders was
performed in order to have enough powder for the operation of ExOne Innovent + binder jet
printer. The building volume of the Innovent + printer (676 cm® [200]) requires a significant
quantity of Ni-Mn-Ga powder, which was a challenge 1n this research, taking into account, the Ni-
Mn-Ga powder 1s not commercially available. The slight difference in the chemical composition
between the powder prepared for the homemade ingots and the one prepared for the ACI alloy Inc.
mngots had no significant nfluence on the chemical composition of the 3D printed target, as 1t will

be demonstrated in the following chapter.

SPEX Sample Pnzp?

Figure 2.1 SPEX 8000M ball milling machine used in preparing Ni-Mn-Ga powders.
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After thorough mixing of two powders, sieving was performed using 75 pm standard test sieve
ASTM E-11 specification with stainless steel mesh mounted on a sieve shaker with a vibratory
action to separate large particles from small particles. The purpose of the sieve analysis was to
obtain well distributed fine powder particles. A well distributed particle size of powder enhances

flowability and packing density of additive manufactured (AM) parts.

Moreover, in binder jet 3D printing, the particle size distribution and particle morphology are key
factors mn determining the printing parameters needed for accurate printing of parts. For example,
the layer thickness should be higher than the particle size of the powder.
2.21.1  Particle size analysis

Prior knowledge of particle size distribution of powders for binder jet additive manufacturing
(BJAM) 1s essential for the optinuzation of prninting parameters including layer thickness and
binder saturation. Incorrect selection of the printing parameters can affect the build process and
may introduce defects such as cracks, large pores, and non-uniformity i the bult part [201], [202].
The most popular non-imaging particle size distribution technique 15 laser diffraction spectroscopy
[203]. Laser diffraction spectroscopy (LDS) mstrument 1s robust, easy to operate and fast to
acquire data. Laser diffraction spectroscopy technique 1s based on the principle that light beam are
scattered in the forward direction through different scattering angles by dispersed powder particles
exposed to the laser beam. The scattering angle and intensity are dependent on the particle size.
Small particles scatter light at large angles and large particles scatter light at small angles. The
angular distribution and intensity of scattered light detected are translated by Fraunhofer model to
calculate the parficle size distnnibution. Figure 2.2 shows a schematic diagram of laser diffraction
sefup showing the main components of the instrument. LDS techmique assumes the dispersed

particles are spherical Hence 1t approximates all non-sphernical particles as spherical.

37



Wide-angle

detectors Focal plane

detector

Elue
Light =

Backscatter Large-angle
detectors detectors

Figure 2 2 Schematic of laser diffraction system for particle size analysis [204].

The particles are dispersed either in a liquid or gas media. There are two types of media in which
particles can be dispersed. They are liquid and gaseous media. In thus work, the Cilas 1190, Figure
2.3, was used to determune the particle size distribution. The dispersion mode used n this work
was the wet mode. First, the ultrasound water tank was cleaned with 1sopropanol, followed by
cleaning the water supply system by dramming and refiling with fresh water. A background
measurement was performed to ensure quality of data acquired. The powder was introduced into
the ultrasound water tank and measurement was conducted with obscuration level range of 13-20
%. This was repeated for 5 more powder samples and the average particle size determuined based
on Fraunhofer theory given by the equation [204]:

I(H)= Iy ﬂt4 Ji({asind)

2k%a® asind

(2.1)

Where  I(8) is the total scattered intensity as a function of angle 6 in the forward direction, I,
represents illuminating mtensity, k 1s the wave number, a 1s the distance from the scatterer to the

detector, o 1s a dimensionless parameter. The Fraunhofer theory 1s usually applicable to opaque
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objects whose particle size 1s at least 10 times greater than the wavelength of laser beam Particle
size 15 measured only at small scattering angle [204].

Another techmque which was also employed to determine the particle size distnbution was the
mmage analysis techmque. Images obtained from the scanming electron microscope (SEM) were
imported mto Image J software and processed to determune the particle size and particle size

distribution.

Figure 2 3 Cilas 1190 particle size analyzer used in this research.

2.21.2 Heat treatment of as-milled Ni-Mn-Ga powders
The ball-mulled Ni-Mn-Ga powders have an amorphous structure due to the high density of
lattice defects induced by the high strain rate of deformation [9]. In order to be able to undergo

martensitic transformation, the crystalline structure of the powder must be restored. Therefore,
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small amounts of ball-milled powders were prepared for crystallographic and thermal
mvestigations by loading the powders in quartz tubes, sealed under argon atmosphere. The

quartz ampule was annealed at 1000°C for 1 hour in a Thermolyne Type 48000 furnace.

2.21.3  Morphology and chemical composition
It has been reported that the morphology of powder particles has direct influence on the flowability
and moisture sorption of AM parts [205], [206]. Especially powders with spherical morphology
shows increasing packing density [207]. The morphology also plays a key role in optimizing the
layer thickness and the density of the printed parts. In this work the powder morphology was
characterized using the scanming electron microscope (SEM). The JEOL -JIB 4500 Multi Beam
System SEM/FIB shown 1n Figure 2 4 and JEOL JSM -7600F FESEM were used to study the
morphology and chemucal composition of as-milled and annealed powder samples. The powder
was deposited on conductive carbon tapes attached to 12.2 mm aluminum stubs mounted n a
multiple stub holder. Samples introduced into the SEM sample chamber were examined at
acceleration voltage of 15 kV and working distance between 10 -18 mm, usmg both secondary
electron and backscattered electron mode for imaging X-ray energy dispersive spectrometry
(EDS) techmque was used for compositional analysis. The EDS spectrometers used in this work

were EDAX Octane Plus and EDAX Apollo XV.
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Figure 2.4 JEOL JIB 4500 Multi Beam System SEM/FIB equipped with EDAX Apollo XV
detector for chemical analysis.
2.21.4  Crystal structure
To determune the crystal structure or perform phase 1dentification analysis of crystalline matenals,
X-ray diffraction (XRD) was used. In this research, Bruker AXS X8 Prospector single crystal
diffractometer equpped with a lughly sensitive Apex IT charged-coupled device (CCD) detector
was used for investigating the crystallinity, crystal structure and phase identification of powders,

targets, and thin films (see Figure 2.5). The X-ray diffractometer uses a copper source with
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wavelength 0.154178 nm operating at acceleration voltage of 45 kV. Powder samples were
deposited on carbon tape affixed to the top of gomometer head and then mounted on the
diffractometer. Samples were centered by viewing the instrument’s mounting video camera and
adjusting the X, Y, and Z directions using adjustable tool until sample were properly centered.
Data for powder samples were collected between 26 = 30° and 26 = 90° under exposure fime of
20 seconds per frame. The XRD patterns obtained were analyzed to determine the crystallinity and
the phases present using DIFFRAC EVA software from Bruker, combined with JCPS database.
XRD data were also collected using D8 Advance Powder X-ray Diffractometer equipped with
VANTEC-1 detector and Cu radiation source operating at 40 kV and 40 mA  The data were
collected at 26 values between 10° and 90° with a scan speed of 0.049557° per min and scan step

size of 0.016519°.
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Figure 2.5 Bruker AXS X8 Prospector single crystal diffractometer for structural analysis and
phase identification.

2.21.5  Thermal analysis
In order to examine the martensitic phase transformation in Ni1-Mn-Ga matenials, a differential
scanming calornimetry (DSC) analysis was conducted on the bulk matenial (imitial ingot), as-

milled, and annealed powder. A Perkin-Elmer Diamond differential scanmng calorimetry
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connected to a computer equipped with Pyns software was used for the thermal analysis, as
shown 1n Figure 2.6. N1-Mn-Ga samples were weighed and encapsulated in aluminum pan.
Samples weights were m the range of 20 mg to 60 mg. The encapsulated Ni-Mn-Ga sample
was placed on the sample side of the sample holder and an empty aluminum pan placed at the
reference side of the sample holder. Samples were heated from -20°C to 300°C and cooled
from 300°C to -20°C at a rate of 10°C per min and holding time of 5 munutes under argon

atmosphere. This process was repeated for three cycles to a final state of 20°C.

Figure 2.6 Perker-Elmer Diamond DSC for mvestigating phase transformation.
2.2.2 3D Printing of Ni-Mn-Ga via binder jet
Ni-Mn-Ga sputtering targets were obtamned via binder jetting additive manufacturing using ExOne
Innovent+ mstrument shown 1n Figure 2.7. Target designs were created using a 3D CAD program,
SOLIDWORKS (Dassault system) prior to printing and uploaded to the printer as an STL. file.

The 3D CAD model design geometry for a regular disc target 1s shown m Figure 2 8.



Figure 2.7 ExOne mnovent+ 3D printer used in this research.

Figure 2.8 3D CAD model design for sputtering target 3D printed using binder jetting
technology, diameter 63.5 mm, thickness 7.62 mm.
Next, N1-Mn-Ga powder was introduced into the hopper of the ExOne Innovent+ binder jetting
machine for printing. The CAD model design of a planar disc target was imported into the printing
software of the printing machine. The ExOne Innovent+ 1s equipped with a hopper system having
a build envelope of 160 mm x 65 mm x 65 mm. The build process starts by dispensing of powder

from the hopper by ultrasonic vibrating mechamsm followed by a rotating roller which spreads
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and smoothens the powder at a specific layer thickness on the build platform Afterwards, the
printhead moving on both x and y axis selectively drops binder to glue the powder particles and
patterns the target design onto the powder bed. The powder bed was then lowered to make way for
a new layer of powder to be spread. Next, the powder bed was exposed to a heating lamp to cure
the parts as the hopper moves across the powder bed to dispense and spread the next layer of
powder. This process was repeated until Ni-Mn-Ga green parts were formed. Figure 2.9 shows a
schematic diagram of the printing process of Ni-Mn-Ga targets. The printing parameters used for
the build process are listed i Table 2 4. Once the targets were printed, post-processing steps were
taking to increase the mechanical strength of the green parts.

Table 2.1 Process parameters for 3D printing of Ni1-Mn-Ga powder in the ExOne Innovent+

machine.
Printing parameters Values
Binder saturation 60%
Layer thickness 110 pm
Recoat speed 10 mm/s
Binder BAOO5
Binder density 1.098 kgm™
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Design patterned on powder bed

Figure 2 9 Schematic diagrams of the pninting process of Ni-Mn-Ga targets: (a) Initial spreading
of powder-on-powder bed; (b) Injection of binder on powder bed; (c) Binder design

patterned on powder bed.
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2.2.3 Post-processing of binder jet 3D printed Ni-Mn-Ga targets: curing and
sintering

Curing 1s the first post-processing step performed right after the parts are printed. The as-printed
Ni1-Mn-Ga targets were placed in Yamato DX402C oven set at 180°C and holding time of 6 hours.
After 6 hours had elapsed, 1t was allowed to cool naturally to room temperature and then removed
from the oven. Loose powders on the cured targets were brushed off and then placed in a stainless
steel pan for the next post-processing step.

After cuning, the next post-processing step required to improve the mechanical strength of the
printed parts was sintering. Sintering 1s a process which involves the bonding of adjacent particles
by applymng thermal energy. Sintering was performed to densify and eliminate as many pores as
possible. The sintering step was carried out in a Carbolite tube furnace under a protective argon
atmosphere. To protect samples against oxidation, flakes of Mn getters were placed around the
sample. In order to achieve good vacuum for the sintering process, the empty tube furnace was
first baked for six hours under vacuum. Afterwards, samples were placed inside the tube furnace
and then vacuumed up to 10 mTorr by a mechanical pump, followed by backfill ultra-high purty
argon gas to 300 mTorr. The above process was repeated three times to ensure protection against
oxidation. Each printed target was sintered with a sacrificial sample for analysis. The 3D printed
disc target was 63.5 mm in diameter and 7.6 mm m thickness. 3D printed N1-Mn-Ga disc targets
were sintered for 40 hours m the temperature range of 1065°C-1080°C. Figure 2.10 shows a

schematic diagram of the sintering process of 3D printed Ni1-Mn-Ga target in the tube furnace.
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Mechanical pump Carbolite tube furnace

Ni-Mn-Ga target
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Figure 2.10 Customized setup used for the smtering experiment of the 3D printed targets.
Ni1-Mn-Ga samples sintered at 1065°C, 1070°C, 1075°C, and 1080° were labelled Target 1, Target

2, Target 3, and Target 4 respectively.

2.2.4 Target Polishing
Polishing of the sputtening targets were necessary because after the sintering process, a thick oxide
layer forms all over the target surface. Removal of the oxide layer will nummze contanunation
during sputter deposition. Polishing of the targets also smoothens the target surface and avoids
electric discharge or arcing during sputtering [208].
After sintering, grinding of N1-Mn-Ga targets was performed on silicon carbide abrasive papers
wet with munning water. Silicon carbide abrasive paper with gnit sizes 180, 320, 600,1000, 2500

were used respectively. Cloth polishing was also carried out using colloidal silica suspension to
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obtain a murror like surface finished. Figure 2.11 shows an overall spuftering target manufacturing

process by binder jetting additive manufacturing_

Ni-Mn-Ga powder Printing of target As-sintered Ni-Mn-Ga Polished Ni-Mn-Ga

-0-8

Figure 2.11 Sequence of target manufacturing process by binder jetting additive manufacturing.

2.2.5 Ni-Mn-Ga targets characterization
The smtered Ni-Mn-Ga alloy disc targets were examined using advanced characterization
techniques. The crystal structure and phase 1dentification analysis were performed using Bruker
prospector CCD diffractometer equipped with Cu radiation source. The surface morphology,
microstructural and chemucal analysis of as-sintered and the polished cross-sections were
examined by both JEOL JIB 4500 Multi-Beam scanning electron microscope (SEM) and JEOL
JSM 7600F field emussion scanming electron microscope (FESEM). Both SEMs were equipped
with X-ray energy dispersion spectrometer (XEDS) detectors. Elemental analysis and mapping
were performed using both EDAX Apollo XV and EDAX Octane Plus detector. Pieces of each
Ni1-Mn-Ga disc targets were cut out for differential scanming calonimetry (DSC) analysis using

Perkin-Elmer Diamond DSC.

Target density was determined by volume displacement method, using the following equation:

mass M

Density = (2.2)

Volume =-¥
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where M —mass, F7 —mitial de-1iomized water volume, and F> — final water volume. Measurements

were repeated 5 tumes for each target.

To reveal martensitic microstructures on the polished cross-section, three samples Target 1,
Target 2, and Target 3 were subjected to argon 1on beam etching for 15 minutes using Leica EM
TIC 3X 10n beam cutter system operated at 7 KV and 2.6 mA_ The etched samples were examined
using the LECO 300 Lhight microscope equipped with Differential Interference Contrast (DIC)
technique and SEM’s backscattered electron (BSE) imaging mode to observe the crystallographic

twin varants.

2.2.6 Synthesis of Ni-Mn-Ga thin films
As mentioned m the previous chapter, magnetron sputtering is the most popular technique for thin
film deposition. It 1s the most reported techmque used for Ni-Mn-Ga thin film fabnication. Thin
films made with magnetron sputtering technique have good adhesion to substrate, promotes film
umformuty and purity. Sputtering involves the ejecting of atoms from a target matenal (cathode)
by bombarding with energetic argon 1ons and the ejected atoms are deposited onto a substrate
material (anode). The magnetron spuftering system as discussed earlier 1s designed to trap
secondary electrons closed to the target surface durnng sputtening. The electron trapping 1s as a
result of magnetic configuration setup beneath the target. The electrons emitted are subjected to
both electric and magnetic forces. The influence of these two forces causes the electrons to spiral
along the magnetic field lines closed to the target surface. As a result of the electron trapping,
high 1omization plasma occurs due to rapid collision between electrons and the working gas atoms.
Usually, mnert gases specifically argon 1s used as the working gas to prevent reaction with the
target. At all times the argon gas and the connecting tubes must be void of contaminants as well

as leaks. In this research, direct current (DC) magnetron sputtering system was used for the
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deposition of Ni-Mn-Ga thin films. A customuzed DC magnetron sputtening system equipped with
three cathodes, a cooling system, turbomolecular Pfeiffer TC 400, and substrate heater situated at
the semiconductor lab in Youngstown State Umiversity was used for the fabnication of Ni-Mn-Ga
thin films An image of the magnetron sputtering system used 1s shown in Figure 2.12. The
substrates used in this research are silicon (S1) and sodium chloride (NaCl). 51 substrate was used
because it 1s relatively cheap and also good substrate for micro-electromechanical systems
(MEMS) applications. NaCl substrate 1s water soluble, so 1t was employed to produce a
freestanding Ni-Mn-Ga thin film To imtiate the deposition process, first step was to perform
substrate cleaming. S1 substrate was first degrease-cleaned with cotton swab soaked in acetone for
few munutes and then boil in acetone for ten minutes, followed by boiling i 1sopropanol for ten
minutes and finally nnsing in de-iomized water. Afterwards, substrate was baked for few hours and
then mounted on a substrate holder. NaCl substrate was cleaned with acetone and then followed
by 1sopropanol. De-1iomized water was not used in this case because NaCl readily dissolves in

water.
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Figure 2.12 Magnetron sputtermg system at Yﬁmgsmwn State Umiversity SU) used in this
research.
Two sample holders have been used: one for deposition at room temperature and the other for
higher substrate temperature. After installing the substrate and the AM target, the chamber was
pump down for 24 hours until a base pressure of ~ 2.0 x 10" Torr was achieved. Next, the chiller
was turned on to circulate the coolant needed to cool the cathode. The power supply was turned
on with the gate valve to the turbomolecular pump placed i the middle. Argon gas was released
mnto the chamber at a flow rate of 10 sccm. The gate valve was used to set the deposition pressures.

The deposition pressures used in this work were m the range of 2.5 to 6.4 mTorr. Substrate
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temperatures used were 20°C, 500°C, 600°C, and 700°C. Discharge currents were varied between

005At0015A

2.2.7 Characterization of Ni-Mn-Ga thin films

The crystallinity and the crystal structure of the Ni1-Mn-Ga thin films were examined using Bruker
Prospector diffractometer. The surface morphology and the microstructure were investigated using
Agilent 5500 atomuc force microscopy (AFM) system in the contact mode, Zeiss Axiophot light
microscope (LM), JEOL JIB 4500 Multi-Beam System SEM/FIB and JEOL JSM 7600F FESEM.
Chenucal analysis of the surface of Ni-Mn-Ga thin films were carried out in FESEM using EDAX
Octane plus detector calibrated with single crystal Niso sMnoo 23Gais 57 as a reference sample.
Composition-depth profile analysis was performed using Auger electron spectroscopy (AES) at
Matenials Research Laboratory (MRL. inc_, Struthers, Ohio). The thin films were mnserted into the
analysis chamber of a Model 660 scanning Auger surface analysis system manufactured by
Physical Electronics USA of Chanhassen, MIN. The chamber was evacuated to a base pressure of
5 x 10 ® Torr. A cylindrical mirror electron energy analyzer was used for the electron detection.
Surface spectra were collected at the surface level from most samples to illustrate elemental
compositions. Concentration versus depth profiles were collected at vanous etching rates using a
hot filament 10on gun operated at 1 keV- 4 keV or a duoplasmatron 1on gun operated at 5 keV-10
keV.

Ni1-Mn-Ga spuftering target was also examined usmg the 3D Profilometer VR-5000 by Keyence
in order to measure the target erosion profile. A Ni1-Mn-Ga target sputtered for 10 hours was placed
on the sample stage and moved to the observation position with the help of a viewer software. The

data acquisition mode was selected to map the area of the sample to be analysed with lower
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magnification The selected area was scan for 10 munutes and data collected for both surface

topography and depth profile. This process was repeated for target sputtered for 30 hours.

23 Monte Carlo Computer Simulation using TRIM (Transport of Ions in
Matter) Code
A monte Carlo simulation code called TRIM (Transport of Ions in Matter) developed by I.F Ziegler
and J. P. Biersack [209] was employed to calculate the sputtering yields of N1, Mn, and Ga using
Target 3 1n order to understand the spuftering behavior of Ni1-Mn-Ga alloy target. TRIM code 1s
part of a software package in a SRIM 2008 program TRIM code uses the umversal potential
equation to simulates the interaction between incident 1ons and target material [210]. The code

assumes an amorphous target. The universal potential equation 1s given by:

V(r) = Lfae” PzBL ( - ) (2.3)

4mET azBL
Where r 1s the mteratomic distance, Z1 and Z> are atomic numbers of the incident 1on and target
material, e 1s the electronic charge, £, represent the permuttivity of free space, a;p; 1s the screening
length given by:
azg; = 0.8853a,(Z0%2 + 29231 (2.4)
Where a, 1s the Bohr radius given by a, = 0.529A ,

¢ zp1 15 the screenmg function given by:

r

Pz51 (a;) — 0.1818e “azmL + 0.509% - *azmr 4 0.2802¢ " %%azmr +
ZBL

r

0.02817e " %azaL 2.5)

TRIM simulation was performed in the surface sputtering mode with 50,000 Ar 1ons for target-ion

mnteraction. Displacement energy, lattice binding energy, and surface binding energy were among
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the mput parameters used i the stmulation. The values used for these parameters were chosen
based on default from the TRIM code (see Table 2_5). The surface binding energy parameter plays
an important role in sputtering yield calculation [209]. Since 1s the ninimum energy required by
the atoms to overcome to escape from the target surface, it 1s important the right value 1s selected
to mmitiate the sputtering process and collision cascade evolution [210]. Two set of simulations
were considered for calculating sputtering yield. The first was performed for 10n energies between
100 eV — 1000 eV at a normal 1on incident. For the second case, the mncident angle of the 10ns was
varied from 0° to 80° while keeping the i1on energy at 1000 eV. The sputtening yield was
mvestigated to gain mnsight into how the 1on energy and the incident angle affect the sputtering

yield of N1, Mn, and Ga.

Table 2.2 TRIM mnput parameters for sitmulation.

. Lattice Surface
Element at% ml?e%““g? binding binding
energy (eV)  enerpy (eV)
Ni 53 25 3 4.40
Mn 26 25 3 298
Ga 21 25 3 282
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CHAPTER 3

Characterization of Ni-Mn-Ga Powder

3.0 Introduction
This chapter presents results of charactenization of Ni1-Mn-Ga powder obtamed from ball milling.
The discussion focuses on results obtained from particle size distribution analysis of powder using
laser diffraction and image analysis technique, morphology and chemical composition of as-milled
and annealed powder obtained using SEM/EDS techmiques, crystal structure determined by XRD
and phase transformation results obtamned from DSC analysis. Results from particle size
distribution and morphology were necessary because the particle size and its distribution for
mnstance affect the powder’s flowability and sinterability. Foreknowledge of the particle size would
be helpful in the selection of the layer thickness during printing. The particle morphology on the

other hand also affects both the green density and the final density of the printed parts.

3.1 Particle Size Distribution Analysis
Figure 3.1 shows the volumetric percent for as-milled Ni-Mn-Ga powder sample measured by
laser diffraction technique. The particle size distribution (PSD) curve shows a bimodal distribution
with peaks at 25 pm (volume percentage 0.8%) and 70 pm (volume percentage 7.8%). The bimodal
distribution was achieved as a result of mixing two powders of different particle size. It can be
observed that the distribution 1s skewed towards the large powder particles. Which suggest that
the coarse particles dominate the fine particles. This way, the voids or the mterstitials between the
coarse particles would be occupied by the fine particles and that would enhance packing density.
Bai ef al. and other authors have shown that the use of bimodal powder mixtures improves packing

density and surface fimish of parts [211], [212]. According to laser diffraction techmque for particle
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size analysis, Do, Dso, and Dgo represent the percentile values whose particle diameter 1s below 10

%, 50 %, and 90 % respectively.
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Figure 3.1 Particle size distribution of as-mulled Ni-Mn-Ga powder.
The Dio value obtained was 23.86 pm which represents 10 % of particles diameter less than tius
value, Dsp was 67.3 pm represents 50 % of particles diameter less 67.3 pm, and Dso was 105.2 pm
represents 90% of particles diameter less than this value. The span or width of the distnibution, an

indication of how narrow or broad the distribution showed, 1t was calculated using the equation:

Dgg—D
Span = % (3.1)

The span of the distnbution calculated from the above equation was 1.21. This value indicates a

broad particle size distribution which favors particle packing density.
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3.2 Particle Morphology and Chemical Composition
Powder morphology have shown to have direct influence on the printing process as well as
sintering. For example, 1t has been reported that powders with spherical morphology demonstrate
better flowability and large tap density than uregular particles due low inter-particle friction [213].
According Cima ef al. powders with irregular morphology require higher binder saturation than
spherical particle [214]. Figure 32 (a) - (b) shows secondary and backscattered electron
micrographs of as-mmlled Ni-Mn-Ga powders. A typical morphology of ball nulled powder 1s
observed. The particles are uregular in shape with some showing sharp edges at the tip. The
powder shows chenucal homogeneity based on the backscattered electron micrograph mn Figure

3.2 (b) and EDS analysis in Figure 3.2 (c).

Quantitative EDS analysis was performed on the ball nulled powder to determine its chemical
composition. EDS data was collected from mdividual particles, as indicated by the red circle in
Figure 3.2 (b). Figure 3.2 (c) shows the typical EDS spectrum collected from ball milled Ni-Mn-
Ga powder. Table 3.1 shows quantitative EDS analysis performed on the powder. Data was
collected from 6 different points and the average and standard deviations were computed. Results
show the presence of N1, Mn, and Ga elements, which 1s expected. However, a weak silicon peak
1s also seen which mught be an artifact from the detector. The atomic concentrations of the

individual elements of the powder are nearly the same as the nominal composition of the Ni-Mn-
Ga mgot.

As observed from Figure 3.2, there were no crystallographic twins visible on the ball nulled
sample, which mght suggest the lack of martensitic phase in the mulled powder. This nught be
related to the amorphous structure of the ball-nulled powders [215]. For the nulled Ni-Mn-Ga

powders to be able to undergo martensitic transformation, the crystalline structure mwmst be
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restored. Therefore, the powders were subjected to an annealing heat treatment, as presented in

Chapter 2: Matenials and Experimental Methods.

e
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Figure 3.2 (a) Secondary electron (SE) micrograph of as-nulled Ni-Mn-Ga powder; (b) BSE of
as-milled powders indicating uniform chemical composition; (c) EDS spectra collected from an

individual particle (encircled in (b)).



Table 3.1 Quantitative EDS analysis data for ball nulled Ni-Mn-Ga powder.

Element at%
Ni 5113154
Mn 2824+120
Ga 2063058

Post ball mulling annealing treatment was performed on the milled powders to investigate the
martensitic phase fransformation. Figure 3.3 (a) and (b) show the SEM micrographs of annealed
Ni-Mn-Ga powder revealing martensitic bands exhibiting different orientations. The martensitic

twin microstructure 1s necessary for shape memory effect.

Figure 3.3 SE mucrographs of annealed NiMnGa particles showing the specific morphology of

twinned martensite: (a) Low magnificatio micrograph; (b) High magnification micrograph.

3.3 Crystal Structure
Figure 3.4 (a) shows XRD pattern of Ni-Mn-Ga bulk, as-milled, and annealed powder. The bulk
(ingot) Ni-Mn-Ga shows a non-modulated (NM) tetragonal martensite with lattice parameters

a=0.3876 nm, b=0.3876 nm, and c= 0.655 nm with space group I4/mmm [216]. The diffraction
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peaks observed for the bulk sample were (110), (112), (200), (202), (220), (204), and (312). The
most intense diffraction peak among them i1s the (112) peak and 1t occurs at 26 = 42 859°. Afier
ball milling for 1hour, the intensities of the diffraction peaks dropped, and some even disappeared.
The peaks that remained are broader as can be seen from the XRD pattern. Sinular observation
was reported by Tian ef al. [217]. Quite recently by Cavazzim ef al. also observed same XRD
pattern at room temperature after hand grinding Nigs 4Mn3g 3Gagg 3 ingot [218]. The broadening and
disappearance of diffraction peaks 1s typical of ball nulled metal powders. This happens as a result
of collision between powder particles and nulling media which causes lattice distortions and
thermal stress bumld-up [217], [218]. Therefore, the atomic order 1s in disarray. In this work, the
ball milling process suppressed the NM tetragonal martensite observed in the bulk mgot even
though the crystal structure of the milled powder still shows a tetragonal structure. To release the
internal stress induced in the ball nilled powders as a result of the milling process, the powder was
annealed. The XRD pattern of the annealed powder reveal mcommensurate 7M martensite with a
monoclinic erystal structure. The lattice parameters of the annealed sample were a =0.42672 nm,
b = 055074 nm, and ¢ = 42228 nm, p=93.31° with superspace group IZ/m [219] Ths
crystallographic data corresponds to a Mn-rnich Ni-Mn-Ga alloy with structural formula
NixMni 2Gaos. Righi et al. were the first to show that 7M martensite exhibited incommensurate
modulation using powder XRD [219]. They aclueved the modulated crystal structure by refining
the XRD data through Rietveld method. The XRD pattern presented in this research for the
annealed Ni-Mn-Ga powder showed the same XRD pattern observed by Righi ef al.. Recently,
Cavazzim ef al. also reported a similar XRD pattern m ther investigation on the structural,

morphological, and magnetic properties of as-nulled and annealed mulled Ni-Mn-Ga powders
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[218]. Thewr mvestigation showed that after annealing milled powder for 2hours at 630°C, the 7M

martensite was restored.
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Figure 3 4 (a) Room temperature XRD patterns for N1-Mn-Ga bulk, ball nilled powder, and
annealed powder, and (b) Detailed XRD pattern of annealed Ni-Mn-Ga powder.
Reflection peaks observed in the XRD pattern of annealed powder can be mdexed as (200), (-121),
(121), (-202), (202), (040), (-123), (123), (042). The most pronunent peak (-121) 1s surrounded by

six satellite peaks as seen in Figure 3 4 (b).

34 Thermal Analysis
Thermal analysis of Ni-Mn-Ga bulk and powder was performed using differential scanning
calornimetry (DSC) i order to determune the martensitic phase transformation temperatures.
Figure 3.5 shows DSC curves of bulk, as-nulled and annealed Ni-Mn-Ga powder. Both bulk Ni-
Mn-Ga ingot and annealed powder showed strong phase transformation behaviors as seen from
the plot. The endothermic and the exothermic peaks show the forward and reverse transformations
between austenite and martensite phase. The transformation peaks of the bulk sample appear

sharper than the annealed powder which may possibly be due to some residual internal stress
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[220]. A shift towards a higher temperature was observed in the peaks of the annealed powder
which can be attributed to induced nucrostructural changes and relaxation of internal stress from
ball milling process [221]. Another possible reason for the shift m transformation temperature 1s
due to compositional changes [61]. As was observed from the XRD pattern, a phase transformation

from NM tetragonal martensite in the ball nulled powder to incommensurate 7M martensite in the

annealed powder was seen.
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Figure 3.5 DSC curves of bulk Ni1-Mn-Ga ingot, ball nulled powder, and annealed powder.

The as-milled powder shows no evidence of fransformation. This result 1s consistent with work
reported by Tian ef al. [217]. Table 3.2 shows a list of transformation temperatures for bulk, ball

milled, and annealed powder.



Table 3.2 Transformation temperatures from DSC plot.

A.(°C) Af(°C) M. (°C) Mk (°C)
Bulk 629 702 556 495
Powder - - - -
Annealed 86.69 95.95 87.74 73.29
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CHAPTER 4

Characterization of Ni-Mn-Ga Sputtering Target Produced by Binder Jetting
Additive Manufacturing

4.0 Introduction
This chapter presents results obtained from analytical mvestigation of as-printed and sintered
sputtening targets. A systematic study was carried out to investigate the effects of i1sothermal
sintering on the green targets in the temperature range 1065°C - 1080°C for 40 hours under argon
atmosphere. The as-smtered and polished targets were examined with SEM/EDS to investigate the
microstructural evolution and chemical composition of the samples. Results obtained from the
SEM, EDS, XRD and DSC analysis on printed and sintered targets are discussed as well as the
metallurgical properties of additive manufactured Ni-Mn-Ga target as related to quality of thin

film

4.1 Chemical composition, microstructure, phase identification, phase
transformation, and shrinkage of as-printed and sintered un-polished Ni-

Mn-Ga targets

Target characterization was mmtiated by investigating the surface of as-prninted and sintered
specimens. Figure 4.1 (a) shows an as-printed Ni-Mn-Ga target, while Figure 4.1 (b) shows the

target after sintering at 1075°C for 40 hours (Target 3).
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Figure 4.1(a) As-printed Ni-Mn-Ga target; (b) Ni-Mn-Ga target sintered at 1075°C for 40 hours
(Target 3).
In order to assess the microscopic morphology and chemical composition of as-printed target
surface, SEM and EDS mnvestigations were performed. Figure 42 (a) and (b) show BSE
micrograph and EDS spectrum of as-printed Ni1-Mn-Ga target, respectively. EDS data was
collected from the red square area in the BSE micrograph as shown in Figure 4.2 (a). The EDS
spectrum shows the presence of N1, Mn, and Ga peaks. In addition, some weak peaks were also

detected which correspond to C, O, and Si1.
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Figure 4.2 (a) BSE nmucrograph collected from the surface of as-printed N1-Mn-Ga target, (b)
EDS spectrum collected from the red square area.
The result indicates the apparent contamination of the as-printed sample. The C 1s probably due to
the presence of the binder (CsH4O, furan-based binder used in the ExOne printers). The S1 and O
peaks were mitially related to a possible target contamination. However, calibration of the EDS
detector usmng known standards indicated that the presence of the S1 peak 1s an instrument artifact

of the SEM/EDS instrumentation used in this experiment.

Figure 4.3 (a) - (b) show low and high magnification SEM micrographs recorded from the surface
of Ni-Mn-Ga target smtered at 1065°C for 40 hours (Target 1). As can be seen from the
micrographs, particles having a cube like morphology covers the entire surface of the sintered
target. In order to examine the cubic-shaped particles EDS analysis was performed on the sintered
target. EDS spectrum collected from the surface of the sintered target 1s shown in Figure 4.3 (c).

The result reveals the formation of a manganese oxide at the surface of sintered target. Further

mvestigation on the type of manganese oxide using XRD revealed the presence of complex oxide
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of manganese called hausmannite (Mn3O4), as shown in Figure 4.4. The high Mn concentration at
the surface of sintered Target 1 nmught be due to high amount of Mn getters placed around the
samples, combined with the residual oxygen in the furnace atmosphere. It has been reported that
high Mn concentration can facilitate sublimation due to high partial vapor pressure [222]. It 15 also
possible that due to the igh vapor pressure of Mn, during the sintering process Mn will diffuse

out of the sample and react with oxygen to form the manganese oxide particles.
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Figure 4 3 SEM mmage of the surface of 3D printed Ni1-Mn-Ga target sintered at 1065°C for 40

hours: (a) Morphology of the sintered target surface, (b) High magnification micrograph of the
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area mdicated m (a), showing the presence of Mn3O4 crystals at the surface of sintered target, (c)
EDS spectrum collected from the surface of sintered N1-Mn-Ga target.

In order to address the oxidation problem for the subsequent sintering, the masses of Mn getters
were reduced from 2.32 g (1065°C) to 1.6 g (1070°C),12 g (1075°C), and 0.8 g (1080°C),
respectively. It was ensured the position of the getters were few mullimeters away from the sample
towards the direction of the mechanical pump in order to linmt oxidation of N1-Mn-Ga targets. The
tube furnace was evacuated and then backfilled with ultra-high purity argon gas and process
repeated three times. Sintering experiments were carried out for three additional Ni-Mn-Ga targets

for temperatures 1070°C (Target 2), 1075°C (Target 3), and 1080°C (Target 4), for 40 hours.
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Figure 4 4 XRD pattern of as-smtered Ni-Mn-Ga Target 1.
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For effective part densification, imtial contact between particles was necessary to facilitate
sintering and gramn growth. Contacts between powder particles were achieved during the printing
and the curing stages. The sintering step promotes both densification and grain growth. However,
in target manufacturing densification 1s preferred, while grain coarseming 1s somehow undesirable
[223]. Figure 4.5 (a) - (f) show the surface morphology of Ni1-Mn-Ga targets sintered at different
temperatures. Targets sintered at 1070°C (Target 2) and 1075°C (Target 3) show siular
morphology, Figure 4.5 (a) - (b) and (c) - (d), respectively. Neck formation and gramn boundaries
were observed on the base sintered material Sumlar to Target 1, manganese oxide, confirmed by
EDS mapping shown in Figure 4.5, was observed at the surface of samples. It must be noted, the
amount of manganese oxide formed at the surface 1s less in this case, compared to Target 1. This
might be explained by both repositioning of the Mn getters in the sintering fumace, and to a
decrease in the vapor pressure of manganese in the tube fumace during sintering due to reduction
in mass of manganese getters. Yet, crystallographic twins are clearly observed going across the
gramn boundaries indicating the presence of a low temperature (martensitic) phase. This result 1s
consistent with work reported by Taylor et al. [224]. Figure 4.5 (e) - (f) shows the surface
morphology of Ni-Mn-Ga target sintered at 1080°C (Target 4). The sample shows mimmal
oxidation, compared to the previous three. Neck formation 1s observed, with particle-to-particle
bonding in all four specimens. Crystallographic twins are also observed 1n all specimens indicating

the exastence of the martensitic phase, urespective of sintering temperature.
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Twin martensite

50pm

Figure 4 5 SEM mucrographs of Ni-Mn-Ga samples sintered at different temperatures: (a) - (b)
Target 2, (c) - (d) Target 3, (e) - (f) Target 4.
Figure 4.6 shows the EDS chemical mapping recorded from the surface of Target 3. The BSE
micrograph m Figure 4.6 (a) indicates a chemical segregation at the target’s surface. Based on the
Ni1 and Mn maps (Figure 4.6 (b) and (c)) the dark-gray particles observed at the target surface in

Figure 4.6 (a) are Mn-rich particles. The O map (Figure 4.6 (e)) indicates the particles are
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manganese oxide. This result suggests the diffusion of Mn toward the sample’s surface, indicating
a reduction 1n Mn concentration in the target, as a result of sintering. This aspect will be further

mvestigated in polished targets.

Figure 4.6 (a) BSE mucrograph of the Target 3 surface; (b) — (f) Ni, Mn, Ga, O, and C EDS maps
recorded from the area shown in (a).
After sintering process, linear shninkage in diameter and thickness were calculated for all four

specimens using equations (4.1) and (4.2):
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Dp—Dg

Linear Shrinkage in diameter(%) = o

x100 4.1)

Linear Shrinkage in thickness (%) = % x100 (4.2)

Where Dg 15 the diameter of the target before sintering, Dj 15 the target diameter after sintering, tg
1s the target thickness before sintering, and ta is the target thickness after sintering. The target
diameter and thickness were measured using STORM digital caliper to estimate the dimensional
change after sintering. For each target, both the diameter and the thickness were measured five
times, and the average values and standard dewviation are plotted in Figure 4.7. Figure 4.7 shows
the effect of sintering temperature on linear shrinkage of target diameter and thickness. Result
shows higher shrinkage in the thickness direction whereas the radial direction experiences a lower
shrinkage As expected the dimensional shrinkage 15 dependent on sintering temperature. For the
lowest sintering temperature (1065°C) the dimensional shrinkage is about 6%, while for 1080°C
the shrinkage 1s about 16%. This information 1s critical for manufacturing Ni-Mn-Ga parts using
3D binder jet printing. The data from Figure 4.7 also suggests that densification was more favored
in the thickness direction than the radial direction. This result 1s consistent with work reported by

Ennet: ef al. [225]and Baojun ef al. [226].
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Figure 4.7 Shrinkage of Ni1-Mn-Ga targets at different sintering temperatures.

4.2 Microstructure, density, composition, crystal structure, and phase
transformation of sintered polished Ni-Mn-Ga

4.2.1 Microstructure of sintered Ni-Mn-Ga targets

The sintered targets show an irregular surface, related to the inherent surface roughness of the

specimens produced by 3D binder jet pnnting [227], [228]. For the targets to be used in the

sputtering deposition process, the target’s active surface must be flat, and no manganese oxide

must be present. Therefore, the sintered targets were polished using vanous gnids silicon carbide

papers, unfil a mirror-hike surface was obtained. This sub-chapter presents the results of

analytical investigation of polished Ni-Mn-Ga targets.
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Figures 4.8 (a) - (b) shows images of polished 3D printed Ni-Mn-Ga disc targets prepared in this
research. In Figure 4.8 (a) the second target from the left (Target 4) shows the racetrack marks

(indicated by arrows) formed during target usage in the magnetron sputtering deposition process.

Figure 4 8 (a) Photo of polished Ni-Mn-Ga target named Target 1, Target 2, Target 3, and Target
4 after used, (b) Photo of Target 4 before use.
Figure 4.9 (a) - (d) show the microstructures of polished Ni-Mn-Ga targets sintered at temperatures
1065°C, 1070°C, 1075°C, and 1080°C, Target 1 to 4, respectively. Figure 4.9 (a) reveals large
wregular pores in Target 1, of average size 5 pm, 1solated from each other. The large pores
observed mn this target can possibly be attributed to inherent porosity of the parts made by 3D
binder jet printing [229]. Increasing sintering temperature and reducing the amount of Mn getters
accelerated neck formation and improved densification in samples sintered at 1070°C, 1075°C,
and 1080°C, respectively, as seen mn Figure 4.9 (b) - (d). At 1080°C, the number of pores and pore
sizes decreased drastically, as seen in Figure 4.9 (d). The results show that increasing sintering
temperature affects target microstructure and improves densification through lattice or grain

boundary diffusion [230]. Similar densification process of 3D printed Ni-Mn-Ga parts have been
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reported by Caputo ef al. in their mvestigation of time dependency of i1sothermal sintening on
additive manufactured Ni-Mn-Ga shape memory alloy [11]. Their investigation revealed that
porous additive manufactured Ni1-Mn-Ga samples showed increased density percentage from ~ 74
to ~ 83 % for samples sintered at 1080°C between 10 to 50 hours, respectively. Density percentage
concept 15 commonly used for comparing the density of a porous materials with theoretical density
of the full solid. Therefore, the density percentage 1s the ratio between the measured density of the
porous materials and the density of the full solid, nmltiplied with one hundred. This work shows
slight mncrease in the density percentage of sintered Ni-Mn-Ga matenial of approximately 87 %
compared to the value of 82 % reported by Caputo ef al. [11]. The density data 1s presented in
Table 4.1. The increase in density could be attributed to an increase in green part density due to
bimodal particle size distribution of starting powder. The theoretical density of the tarpets were
calculated using equation (4.3) [231]

_ CniAnitCynAmntCeadca

PT = TyiAy; , CMnAMn , Ccalca
PNi PMn Pca

(43)

Where Cwi, Ani, pri represent the atomic composition, atomuc weight, and density of N1 content,
Cuin, Abmn, pvn Tepresent the atomic composition, atonue weight, and density of Mn content, Cea,
AGa, pca represent the atomic composition, atomuc weight, and density of Ga content. The
theoretical density varied from one target to the other due to differences i atomic compositions,
see Table 4.2. Actual density of the targets was determined from mass and volume measurements
as mentioned in Chapter 2. Mass and volume measurements were repeated 5 times for each target
1n order to account for the random errors.

Figure 4.10 shows density percentage and porosity (obtained by subtracting density percentage
from 100%) of N1-Mn-Ga targets as a function of sintering temperature. The result shows that the

density percentage increases with mereasing sintering temperature whereas porosity decreases
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with increasing sintering temperature. The lowest density percentage ~70 % was achieved at

sintering temperature of 1065°C, however, at 1080°C, the maximum achievable density was

estimated to be ~87 %.

Figure 4.9 SEM mucrographs of polished cross-section of Ni-Mn-Ga targets sintered at different

temperatures: (a) Target 1, (b) Target 2, (c) Target 3, and (d) Target 4.

Table 4.1 Density of 3D printed Ni1-Mn-Ga targets smtered at temperatures 1065°C, 1070°C,

1075°C, and 1080°C.
Sintering temperature (°C) 1065 1070 1075 1080
Measured density(gem™) 5.520+1.75 5775¢137 6133145  6.64+1.09
Theoretical density(gem™) 7.79+0.967 754£151 75424133  7.56+1.65
Percentage density (%) 70.86+1.79 76.60+182  8132+129  87.81+198
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Figure 4.10 Density percentage and porosity of 3D printed Ni-Mn-Ga target sintered at different
temperatures.

To reveal the microstructure of the polished targets, Target 1 to 3 were subjected to 10on mulling
using the Leica EM TIC 3X 1on beam cutter system. Figure 4.11 (a) — (c) shows the DIC
micrographs of the 1on milled cross-sections of Targets 1 and 3. Two observations can be made.
First, the porosity decreases with increasing sintering temperature, from Target 1 to Target 3. For
Target 1, large interconnecting pores can be observed. For Target 3, the pore size decreases
below 10 pm and the pores seems to be no longer interconnected. Second, crystallographic twins
are visible in all three samples indicating that the targets are in martensitic phase at room

temperature.

79



10pm

Figure 4.11 DIC image of targets: (a) Target 1, (b) Target 2, (c) Target 3.
The BSE micrographs in Figures 4.12 (a) to (c) confirm the pore distribution observed by light

microscopy (Figure 4.11), as well as the presence of crystallographic twins.
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Figure 4.12 BSE mucrograph of targets: (a) Target 1, (b) Target 2, (c) Target 3.

4.2.2 Fractography of sintered targets

Further examination of the sintered target microstructure was performed on the mechanmically
fractured surface of the target, using SEM, Figure 4.13 (a) — (d). Figure 4.13 (a) depicts the fracture
surface of Target 1. It appears that the sample fractured at the sintering neck, which might be
expected due to the mimimal cross-section of the sintering neck There 1s no sign of plastic
deformation before fracture. The bnttle fracture 1s typical for Ni-Mn-Ga matenals [232]
Crystallographic twins are observed at the fractured surface, indicating the existence of room
temperature martensitic phase in the sintered target. Porosity decrease with mereasing sintering

temperature was also confirmed by fractography investigations. The pores are reduced 1n size for
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Target 4 (sintered at 1080°C, Figure 4.13 (d)), while the cross-sectional area of the sintered neck
seems to be larger, compared to the other specimens sintered at lower temperatures.

Crack mitiation at the sintered neck, as well as pores and martensitic twins within the grains are
observed in Targets 2 and 3, as indicated by the yellow arrows. Target 3 shows a blend of
mtergranular and cleavage fracture with crack propagation along the grain boundaries. Target 2
and 4 exhibit mtergranular brittle fracture with twin martensite visible within the grains of the
fractured surfaces. Overall, intergranular brittle fracture with martensitic twins 1s observed n all

four targets, as expected in the case of brittle Ni-Mn-Ga alloy [233].

% ’*

" 10pm
Cleavage

Figure 4.13 Fractured surfaces of 3D printed Ni-Mn-Ga sintered targets: (a) Target 1, (b) Target

2, (c) Target 3, (d) Target 4.
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4.2.3 Composition of targets via SEM/EDS
As mentioned in the mftroductory chapter, m the case of Ni-Mn-Ga alloys, the martensitic
transformation temperatures are strongly affected by the composition of the material. SEM/EDS
analysis was carried out to assess the chenucal composition of the polished sintered targets. For
accurate quantitative EDS analysis, a fully dense homogeneous Nisg goMmng 23Gays g7 (at%) single
crystal reference sample was used for EDS calibration. Table 4.2 presents the mean chemical
compositions and standard deviations of EDS analysis carried out on ball milled powder and cross-

sections of sintered Ni-Mn-Ga targets taken randomly from 20 selected areas from each sample.

The data from Table 4.2 was plotted in Figure 4.14 for better visualization of N1, Mn, and Ga
compositional change, as function of sintering temperature. The results show a starting powder
composition of Nis;MnygGa;;. Comparning powder composition with that of the sintered targets, 1t
1s obvious some variations in the compositions can be seen. Significant loss 1n Ga and Mn can be
seen 1n target sintered at 1065°C, which 1s due to the evaporation of Mn and Ga. Due to the volatile
nature of Mn, at higher temperature, 1t has high propensity to evaporate which affects the
composition of the alloy [234]. As a result, the atomic concentration of N1 went up by ~ 11%

making the target Ni-rich.

Table 4.2 Chemical composition of N1-Mn-Ga powder and sintered targets.

Sample N1 at% Mn at% Ga at%

Powder 51.13+1.54 28244120 20.63+0.58
Target 1 (1065°C) 62.75+0.76 20635095 16.61+0.62
Target 2 (1070°C) 53.393+0.608 249240.764 21.685+0.552
Target 3 (1075°C) 52570970 26.440+2 350 20.980+1.600
Target 4 (1080°C) 52.348+0.238 276400271 20.015+0319
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For target sintered at 1070°C, 1075°C and 1080°C, less deviations of atomic concentrations of Ga,
Mn and N1 were observed, as seen m Table 42 and Figure 4.14. As expected, the sintering
temperature have significant impact on target composition. The large reduction of Mn and Ga in
the Target 1 could possibly be due to improper control of sintering atmosphere leading to
evaporation of Mn and Ga. This might also be the case for the Target 2. For the specimens sintered
at 1075°C (Target 3) and 1080°C (Target 4), N1 concentration was fairly constant and close to that
of the starting powder. For those two samples, Ga concentration 1s almost identical with the Ga
concentration of the starting powders, while Mn concentration slightly dropped, about 1.8 at% for
sample sintered at 1075°C and 1.6 at% for the target sintered at 1080°C. This could possibly be
due to proper control of sintering atmosphere miminuizing the sublimation of Mn.

To better visualize the elemental distribution in the polished targets, EDS mapping was carried out
on the cross-section of Target 3, Figure 4.15. The data show the presence of Ni, Mn, and Ga

uniform distributed in the alloy which demonstrate chemical homogeneity of the sintered part.
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Figure 414 Effect of sintering temperature on composition of 3D printed Ni-Mn-Ga targets.
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Figure 4.15 (a) BSE micrograph for a cross-section area of Target 3; (b) — (d) N1, Mn, Ga

SEM/EDS maps collected from the area in (a).

4.2.4 Crystal structure and phase transformation in polished Ni-Mn-Ga
targets

Single crystal XRD pattern of polished 3D printed Ni-Mn-Ga targets at room temperature are
shown i Figure 4.16. Note that, Target 1, Target 2, Target 3, and Target 4 are names given to Ni-
Mn-Ga targets sintered at 1065 °C, 1070 °C, 1075 °C, and 1080 °C, respectively. The XRD pattern
for Target 1 and Target 2 can be indexed by tetragonal martensitic structure but with different
space group and lattice parameters. The Target 1 diffraction curve belongs to the space group
F4/mmm and lattice parameters a = 0.5440 nm, ¢ = 0.660 nm, and c/a =1.21324 [235], whereas

Target 2 belongs to I4/mmm space group with lattice parameters a =0.3865 nm, b=0.3865nm, ¢
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=0.6596 nm and c/a=1.7066 [PDF # 04-011-7324]. The c/a ratio greater than 1 for the two targets
1s evidence of non-modulated (NM) martensite. In Figure 4.16, the diffraction peaks associated
with non-modulated (NM) martensite are represented by the heart symbol. Identical diffraction
patterns observed for Target 1 and Target 2 could be the result of increased atomic concentration
of N1, which turns out to stabihize the martensitic structure [81]. The XRD pattern for Target 3 and
Target 4 exhibit splitting of peaks between 26 = 40° and 26 = 45°. The sphitting of peaks could be
an indication of structural transition from non-modulated (NM) martensite to 7M martensite [236],
[237]. The structural transition can be attributed to increase atomic concentration of Mn resulting
n variation mn umt cell volume [237]. The nuxed phases observed are in agreement with article
published by Taylor et al. [236]

Figure 4.17 shows DSC curves collected from samples prepared from Ni-Mn-Ga sintered targets.
All targets exhibit single exothermic peak on heating and endothermic peak on cooling between
60°C and 150°C, except Target 4, which shows sphitting of peak That mught be related to the
structural fransition from NM tetragonal to 7M orthorhombic structure, as observed by XRD
mvestigation. The same phase transformation behavior has been observed and reported by Taylor
et al [229]. A summary of the phase transformation temperatures of Targets 1 to 4 obtained by
tangent method 1s shown in Table 4.3. Generally, results show a decreasing trend in martensitic
transformation temperature from Target 1 to Target 4. Target 1 shows high martensitic
transformation temperature ( Ms ) value of 148.10°C whuch 1s due to lhugh Ni content and low Ga
content [61] . Target 4 on the other hand, exhibit low martensitic transformation temperature due
to low Ni content [61]. Results from this research confirms the dependency of martensitic

transformation temperature on composition of off stoichiometric Ni-Mn-Ga alloys.
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Figure 4.16 XRD pattern of cross-section of 3D printed Ni-Mn-Ga targets sintered at different

temperatures.
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Figure 4.17 DSC curves recorded from 3D printed N1-Mn-Ga targets sintered at different
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temperature, M; - martensitic start temperature, M, - martensitic peak temperature, and Ms -
martensitic finish temperature.

Table 4.3 Phase transformation temperatures obtained from DSC sintered Ni1-Mn-Ga targets.

Sample A.(°C) A, (°C) Af(°C) M.(°C) Mp(°C) M;(°C)
Target 1 136.04 148 34 16720  148.10 134.93 122.86
Target 2 104.10 113.88 12508 11197 103.35 90.98
Target 3 85.90 94 60 11560  108.30 86.80 78.56
Target 4 72.57 78.65 85.91 73.90 65.55 59.34

4.3 Metallurgical properties of additive manufactured Ni-Mn-Ga targets
as related to the quality of thin films

The metallurgical properties of targets, such as chemucal composition, grain size, density, and
porosity directly affect the quality of the thin films obtained from the sputtering targets [130],
[238], [239]. Thus sub-chapter will investigate the chemucal composition, grain size, and the
density of sintered N1-Mn-Ga targets obtained by 3D binder jet printing. As mentioned before, the
sintered targets have been polished before installation in the DC magnetron sputtering machme, in
order to obtain a murror-like surface on the active surface of the target, and eliminate the surface
manganese oxide formed during sintering. As demonstrated in the previous sub-chapter, the
polished Ni1-Mn-Ga targets have uniform chemical composition and are in the martensitic phase at
room temperature.

4.3.1 Chemical Composition

It 15 well known that film composition in most cases deviates from the composition of a
multicomponent target due to preferential sputtering. Results from this research confirm this
known fact, as it will be discussed in Chapter 5. Target 3, having the chemucal composition of

NissMmze Gaz (at%), was mostly used in this work for deposition on Ni-Mn-Ga thin films The
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range of film compositions obtained from Target 3 are N1 (46-52) at%, Mn (26-30) at%, Ga (19-
27) at%. It should be emphasized that especially for Ni-Mn-Ga thin film a swtable film
composition 15 necessary for achieving shape memory behavior. Bergstrom et al. investigated the
onigin of compositional changes i sputter deposited T1xWx diffusion barner layers using
combination of TRIM calculation and Monte Carlo gas transport simulations coupled with
experimental data [240]. Their investigation showed deficiency in Ti of the sputtered film, which
they attrbuted to preferential re-sputtering of the growing film by energetic Ar ions of the
discharge. One of the key parameters that controls the spuftering process 1s the sputtering yield.
Especially, for multicomponent target, the film composition would vary depending on the partial
sputtening yields of the individual components. In this work, sputtered deposited N1-Mn-Ga thin
film showed shight deviation from the chemical composition of Target 3, which 1s expected. One
possible reason for the deviation might be due to differences in sputtering yield of N1, Min, and Ga.
This was confirmed by TRIM simulation results (see Chapter 5) which showed ligher sputtering
yield for Ni, followed by Mn, and then Ga. The sputtering yield also showed strong dependence
on the ion energy and the angle of incidence of the bombarding species. It should be noted that
TRIM calculations do not consider the topographical changes of the target dunng sputtering.

However, 1t provides insight mto the sputtering behavior of the alloy target.

4.3.2 Grain Size

Figure 4.18 (a) shows the differential interference contrast (DIC) image of the cross-section of
Target 3. Figure 4.18 (b) shows SEM mucrograph of top surface of Ni-Mn-Ga thin film deposited
on S1 (100) substrate. From Figure 4.18 (a), the grain size of the target lies in the range of 20 pm
- 50 pm whereas in Figure 4.18(b) the grain size of the film lies in the range of 100 nm - 500 nm.

From the results obtained, no direct relationship between target pran size and film was detected.
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This results is consistent with work reported by R_S. Balley [241]. In his work, he investigated the
effect of target microstructure of aluminum-based alloy on film properties and found no effect of
target gramn size on film properties. Reza et al. also found that target grain size have influence on
the spuftering yield yet found no correlation between target grain size and film grain size [242].
Michaluk established that the deposition rate during sputtering of tantalum targets were influenced
by target grain size [24]. It has also been found that, the sputtering rate of target with smaller grain
size 1s faster than large grain size targets [243]. Targets with smaller grain size have more grain
boundaries than targets with large grain size. Grain boundaries are more prone to ion
bombardment; therefore, more gram boundaries imply faster film formation. Typical grain size of
targets range from few mucrons to mullimeters [244]. It has also been shown that, uniform gramn
size of sputtering targets have direct influence on film uniformuty [243]. However, the target gramn

size has little impact on film unmifornuty.

Figure 4.18 (a) DIC micrograph of the target surface, before sputtering; (b) SEM image of Ni-

Mn-Ga thin film obtained from a target having the grain size and morphology, as the target in (a).
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4.3.3 Density
Even though the sputtering target used mn this research is not fully dense having a density
percentage maximum 88 %, yet the quality of the films was not compromised. According to
ndustry standard, a quality thin film should possess the following characteristics: umform film
thickness [245], comparable grain size to that obtained in literature, gramn size uniformty, purity,
and defect free film surface. All these film qualities are seen on films deposited in this research
However, 1t nmst be stated that the density percentage of sputtering targets has an impact on film
quality. Lo ef al. study the effect of sputtering target density on film properties and found that
denser spuftering target exhibit higher erosion rate and film deposition rate [246]. They also
concluded that voids existing along grain boundaries are potential sources of particle generation.
Voids or pores i target are not desirable because they can create electric discharges during
sputtening [247]. The additive manufactured target prepared in this research, though porous, yet
no electrical discharge was experienced. That notwithstanding, the density of the 3D printed target
can be improved by employing various sized powders, and by optinizing the pninting and sintering

parameters.

4.4 Defects in used 3D printed Ni-Mn-Ga sputtering targets
During sputtering deposition process the morphology of target’s active surface (the surface
exposed to 1on sputtering) changes. The surface modifications are considered target defects.
Typical defects are the formation of a race track profile and nodule growth [248]. As presented in
Chapter 1 the racetrack profile i1s due to non-uniform erosion of target surface caused by non-
homogeneous 1on current distribution across target surface. The nodules are defects generated by
impurity atoms in the sputtering chamber or by redeposited target atoms. This sub-chapter presents

the results of analytical investigation of the defects formed in the 3D printed Ni-Mn-Ga targets.
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Figure 4.19 (a) shows an optical image of a used Ni-Mn-Ga target (Target 3). The image displays
the racetrack formation after 20 hours of usage. The surface topography shows different contrast
from the periphery to the center of the target. The target surface was investigated with the SEM.
The dark area with red square marker 1s the deepest part of the trench within the racetrack. Figure
419 (b) shows the muicrostructure of the racefrack surface. The mucrostructure revealed a
protrusion of interconnected growth of hillocks or nodules along the grain boundaries within the
target. The mean size of the hillocks or nodules were estimated to be about 15 pm as seen from
the inset in Figure 4.19 (c). Yet it 1s not clear if the nodule formation was due to the porosity n
the target or contamination from the sputtering chamber. This may require further investigation to

uncover the source of nodule formation.

Figure 4.19 (a) Optical image of a used N1-Mn-Ga target (Target 3); (b)SEM micrograph of the
portion of racetrack area marked in (a); (c) An inset of high magmification of nodule growth in
(b).
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Figure 4.20 (a) and (b) shows the surface topography of Ni1-Mn-Ga target sputtered for 10 hours
and 30 hours, respectively. The results show evolution of racetrack or erosion groove with the
sputtering time_ It 1s observed that the erosion of the target surface was not uniform and the target
was much eroded between the periphery and the center of the target. The magnetic field component
parallel to the planar disc target 1s maxmmum at where the racetrack evolved. As a result, more
material 15 consumed in the region where the race track 1s created, as long as the disc target 1s been
sputtered.

The racetrack maximum depth was about 500 pm after 10 hours of sputtering, wiile the target
used for 30 hours, shows greater erosion depth, estimated to be about 3 mm, Figure 4.20 (c). Target
diameter 1s 52.92 mm and target thickness 1s about 4 mm. Based on this data, the target erosion

rate can be calculated using the relation:

erasion depth

Erosion rate = (449

sputtered time
From the equation above, the erosion rate for N1-Mn-Ga target sputtered for 30 hours 15 0.1 mm/hr.
From literature, the erosion rates estimated for copper and aluminum were 0.164 mm/hr and 0.11
mm/hr, respectively [249] The erosion behavior in this work compares well with those reported in

literature.
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Figure 4 20 3D topography of Ni-Mn-Ga target (52.92 mm in diameter) after: (a) 10 hours, and
(b) 30 hours of sputtering; (c) Erosion profile of N1-Mn-Ga target sputtered after 10 hours and 30

hours.
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CHAPTER S

Ni-Mn-Ga Thin Film Characterization

5.0 Introduction
This chapter presents results obtamned from Ni-Mn-Ga thin film deposited on S1 (100) and NaCl
substrates using magnetron sputtering deposition techmque. Silicon substrate was selected because
1t 15 cheap and can easily be integrated into microfabrication for MEMS applications. NaCl on the
other hand was selected for the purpose of obtaining free standing Ni-Mn-Ga thin films. Two
targets of nominal compositions Nis3MnyeGay (Target 3) and NissMnygGayg (Target 4) made by
additive manufacturing were employed in the magnetron sputtering deposition system for Ni-Mn-
Ga thin film fabrication. Results on the Ni-Mn-Ga film morphology, microstructure, crystallimity,

and composition would be discussed.

5.1 Initial challenges of Ni-Mn-Ga thin film fabrication
Imitial attempt to deposit Ni-Mn-Ga thin film from additive manufactured target was met with
some challenges. This 1s not surprising since 1t 1s a first of its kind. Ni-Mn-Ga thun films were
prepared by DC magnetron sputtering using additive manufactured target of composition
Nis2MnzsGazo whose diameter and thickness were ~51 mm and ~5 mm respectively. Thin films
were deposited on cleaned S1 (100) and NaCl substrates at room temperature. The deposition
parameters used in this first attempt were: discharge current of 0.1A, base pressure of 4.0x10”
Torr, argon pressure of 6.2 mTorr, substrate to target distance of 8cm, and deposition fime of 60
minutes. Visual mnspection of as-deposited Ni1-Mn-Ga/S1 (100) appeared smooth, with mirror-like
surface and that on NaCl substrate appeared yellowish-brown with a shiming look. The nurror-like

appearance of the as-deposited Ni-Mn-Ga thin films indicate amorphous structure [250]. At lower
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substrate temperature, adatoms lack the required thermal energy to facilitate mobility and grain
growth. As a result, the adatoms are not able to crystallize and therefore the structure remains
amorphous. An investigation on the films morphology and chemical composition were conducted

using SEM/EDS and AES techmiques.

Figure 5.1 Ni-Mn-Ga thin film deposited at room temperature on S1 (100): (a) SEM micrograph
and (b) EDS spectrum recorded from the thin film
Figure 5.1 (a) and (b) show backscattered electron micrograph and EDS spectrum of Ni-Mn-Ga
thin film deposited on Si1 (100) at room temperature, respectively. Backscattered electron
micrograph reveals rocky-like eqmaxed grain morphology with pores in between, as indicated by
the red arrows. The average grain size was about 30 nm by visual inspection of the micrograph.
The EDS spectrum revealed high oxygen contamination with reduction in Mn, Ga, and Ni content.
A quantitative EDS analysis on the as-deposited Ni-Mn-Ga thin film on S1 (100) 1s shown in Table

5.1
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Table 5.1 EDS quantitative analysis of as-deposited N1-Mn-Ga thin film on S1 (100).

Element wit%o at%
O 1032 3022
Ga 23.01 1546
Mn 2026 1728
N1 4641 37.04

High oxygen contamunation found m Ni-Mn-Ga thin film would affect martensitic phase
transformation and affect the shape memory behavior [251]. A further assessment of the film
composition was performed by collecting depth composition profiles at various etching rates using
AES. Results depicted m Figure 5.2 reveal AES depth compostition profile of Ni-Mn-Ga thin film
deposited on S1 (100). It can be observed that the concentrations of Ga, Mn, and Ni1 in the film
were about 19 - 22 at%, 17-19 at%, and 30 - 35 at% in addition to oxygen contamnation with
atomic concentration of about 25 - 43 at%. The lugh oxygen contamination observed in Figure 5.3
confirms result from the EDS analysis. To identify the phases present in the as-deposited Ni-Mn-
Ga thun film, XRD analysis was carried out at room temperature. Figure 5.3 depicts XRD pattern
of film deposited at room temperature exhibiting broad diffraction peak at 43.3°. The broad
diffraction peak indicates disordered structure [81], [252]. The result 1s consistent with work
reported by Wuttig ef al. [252]. Only austemitic phase with a diffraction peak (220) at 26 =43 3°
was 1dentified whereas the oxide phase expected was missing because it could not be detected by
the diffractometer. The SEM analysis on Ni-Mn-Ga thin film deposited on NaCl substrate,
illustrated n Figure 5 4 revealed a trnangular pyranud-like grain morphology of the thin film and
uniform composition. The grain size varied from approximately 60 nm to 120 nm A quantitative
EDS analysis on the thin film deposited on NaCl also showed high oxygen contanunation of about
~ 20 at% as seen 1n Table 5.2. Further XRD analysis revealed a disordered structure, as indicated

by the broad diffraction peak of (220) representing austemitic phase, Figure 5.5. High oxygen
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contamination was a hindrance in obtaining Ni-Mn-Ga thin film exhibiting martensitic phase

transformation. Therefore, 1t became necessary to take steps to reduce or elimunate oxygen

contarmination.
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Figure 5.2 AES depth composition profile of Ni-Mn-Ga thin film as-deposited at room

temperature on S1 (100) substrate.
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Figure 5.3 XRD pattern of Ni-Mn-Ga thin film as-deposited at room temperature on S1 (100)

substrate.

Figure 54 BSE micrographs of top view of Ni-Mn-Ga thun film as-deposited at room

temperature on NaCl substrate: (a) Low magmfication; (b) High magnification.
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Table 5.2 EDS quantitative analysis of as-deposited Ni-Mn-Ga thin film on NaCl substrate.

Element wit2o at%o
0 6.44 20.49
Ga 22.16 16.18
Mn 23.25 21.55
Ni 48.15 4177
NaC1(200) NaCl(400) NaCl(511)
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Figure 5.5 XRD pattern of Ni-Mn-Ga thin film as-deposited at room temperature on NaCl

substrate.
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5.2 Resolving oxygen contamination problem
To numinuze oxygen contanunation in Ni-Mn-Ga thin films, a cleaned piece of Mn getter flake
was employed and positioned on substrate holder while substrate material was in place. The
magnetron sputtering chamber was pumped down until a base pressure on the order of 10" Torr
was aftained. It was ensured that the connecting tube between argon tank and the sputtering
chamber was well evacuated alongside with the chamber to remove any residual oxygen trapped
in the tube. Substrate heating was carrnied out in order to activate the Mn getter to reduce oxidation
of thin film during sputtering. The sputtening deposition was conducted under ultra-high punity
argon gas (99.9999 %) atmosphere with a flow rate of 10 scem. The deposition pressure was varied
from 3.2 mTorr to 6.2 mTorr. Target composition of NissMnsGax (Target 3) was used for the
deposition. Target to substrate distance was about 4 em. Prior to the deposition, Ni-Mn-Ga target
was pre-sputtered for 20 nunutes to remove any surface contanunation. Ni-Mn-Ga thin films were
deposited on single crystal silicon and sodium chlonde substrates at substrate temperature of 500°C
and a discharge current of 0.1 A, for 60 nunutes. Substrate temperature and discharge current were
constant while varying the argon pressure. This was done in order to get the optimum gas pressure
necessary to tailor film composition. Figure 5.6 (a) - (d) depicts SEM micrographs of Ni-Mn-Ga
thin films deposited on silicon substrate at different argon pressures 3.2 mTorr, 4.2 mTorr, 5.2
mTorr, and 6.2 mTorr respectively. Results show the surface morphology of films exhibiting
mncreasing gram size from low to high deposition pressure confrary to what has been reported in
literature. The possible explanation 1s that, at 3.2 mTorr the kinetic energy of the adatoms 1s not
sufficient enough to produce large gramns, but at 6.2 mTorr the adatoms acquire sufficient energy
to form large grains, which means certain mmimum deposition pressure 1s required in order to

realize large grains [253], [254]. It 1s also seen that film prepared at 6.2 mTorr exhibits pyranmdal-
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like morphology with densely packed gramns. The thin film appears to be homogeneous,
wrespective of the deposition pressure. It has been shown that martensitic transformation
temperature 15 dependent on grain size of ferromagnetic shape memory alloys [59], [255]. A
certain crifical grain size 1s required for martensitic transformation to occur [255], [256].
Micrometer-sized grains are desirable for achueving martensitic transformation m Ni1-Mn-Ga thin

films. Hence, 1t was concluded that the optimum deposition pressure was 6.2 mTorr.

Figure 5.6 SEM micrographs of plane view of Ni-Mn-Ga thin film deposited on S1 (100)
substrate at different argon pressures: (a) 3.2 mTorr, (b) 4.2 mTorr, (c) 5.2 mTorr, (d) 6.2mTorr.

EDS analysis was used to venfy the chemical composition of the film Figure 5.7. The analysis
showed reduced oxygen contamination, as seen in Figure 5.7 (b), compared to the previous

samples.
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Figure 5.8 depicts optical micrograph of top view of Ni-Mn-Ga thin film deposited on NaCl
substrate. The film appeared crumpled upon cooling with connected bumps and valleys. This
behavior could be attributed to differences in thermal expansion coefficient of N1-Mn-Ga and NaCl
mnducing thermal stresses [70], [257]. The crumpling behavior of the film deposited on NaCl makes
1t unswmtable for application. XRD analysis was also carried out to assess the thin film crystallimity.
Result from XRD spectrum shows austenitic cubic structure with (220) diffraction peak whach
occurred at 43.72°, Figure 5.9. Three other additional peaks were detected which are associated
with NaCl mndexed as (200), (400) and (511). The most prominent among the peaks 1s (200). Based
on these results, i1t was decided to use silicon substrate for the following Ni-Mn-Ga thin film

depositions.

Figure 5.7 (a) SEM mucrograph of Ni-Mn-Ga thin film deposited at 500°C on S1 (100), (b) EDS
spectrum of selected region marked 1 red square.
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Figure 5.8 Optical micrograph of Ni1-Mn-Ga thin film deposited on NaCl substrate at 500°C

substrate temperature.
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Figure 5.9 XRD spectrum of Ni-Mn-Ga thin film deposited on NaCl substrate at 500°C.
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5.3 Effect of discharge current on composition, surface morphology
and microstructure of Ni-Mn-Ga thin films

One of the important deposition parameters in magnetron sputtering that has not been explored in
the fabrication of Ni-Mn-Ga thin film 1s the discharge current. Even though other deposition
parameters such as sputtering power [87], [258], [259], substrate temperature [81], deposition
pressure [87], [259], post-heat treatment [99], [260], target to substrate distance [259], and
deposition time [260] have been reported yet no study has been carried out on the influence of
discharge current on Ni-Mn-Ga thin film The discharge current and discharge voltage were read
directly from the meter reading of the sputtering machine. It made 1t easier to vary the discharge
current while keeping other deposition conditions constant.

In this section, the mfluence of discharge current on the surface morphology and the microstructure
of the N1-Mn-Ga thin films will be reported. The target used for this investigation was Target 3
(N1s3sMmnosGan at%). Target to substrate distance was 4 cm. Substrate heating was conducted at a
rate of 15°C/min until 500°C temperature was reached. Sputtening was conducted with an argon
pressure of 6.2 mTorr for 60 mnutes. Several depositions were conducted by varying the discharge
current from 0.05 A to 0.15 A in steps of 0.02 ie. (0.05 A, 0.07 A, 0.09 A, 0.11 A, 0.13 A, and
0.15 A). The first two (0.05 A and 0.07 A) and the last two (0.13 A and 0.15 A) discharge currents
were selected for analysis because the two samples 009 A and 0.11 A got damage while
transporting 1t for analysis. The composition of Ni-Mn-Ga thin films with varying discharge

current, as obtained by EDS investigation, 1s presented in Table 5.3.
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Table 5.3 Composition of N1-Mn-Ga thin films deposited at different discharge current, S 1 to S

4 labeling indicates samples obtained at different discharge current.

Sample ?uﬁ;ﬂhﬁie) Ni (at%) Mn (at%) Ga (at%)
S1 0.05 46.19 26.73 27.09
S2 0.07 51.38 2924 1938
S3 0.13 4755 26.69 25.76
S 4 0.15 49 81 26.09 24.15

The samples deposited at discharge currents 0.05 A, 0.07 A, 0.13 A and 0.15 A were named S 1,
S 2,8 3, and S 4, respectively. Figure 5.10 presents the results on the relationship between
discharge current and film composition. It can be seen that N1 and Mn content show sinular trend
mitially as the discharge current mncreases up to 0.13 A For the highest value of the discharge
current N1 content showed an increase whereas Mn content showed a shight decrease, which may
be due to different sputtering yields. Ga content on the other hand didn’t show any defimite trend.
Comparnng target composition NissMmeGay; to thin films composition, a shight deviation from
target composition 1s observed. It 1s seen that Ni content in thin films are generally lower than that
of the target whereas Mn and Ga contents are higher than that of the target. The differences could
be attributed to differences in sputtering yields of N1, Mn, and Ga [79]. It also appears that sample
S 4 of composition Nisg s1Mnos 09Gazs.15 15 the closest to the target composition NissMn2sGazi. The
result suggest that the discharge current have direct influence on the film composition and therefore
could be varied to adjust the chemical composition of the films.

In an attempt to understand the compositional changes in Ni-Mn-Ga thin film with respect to the
target composition a computer simulation was performed using a Monte Carlo code called TRIM

program [209]. The effect of 10n energy and angle of incidence on the sputtening yield of Ni-Mn-
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Ga alloy were mvestigated. The sputtering yield 1s defined as the average number of sputtered
target atoms per mcident 1on. Results from TRIM simulation show that the sputtering yield of Ni,
Mn, and Ga increases with ion energy from 100 eV to 1000 eV (see Figure 5.11). N1 content
showed the highest sputtering yield and Ga showed the lowest spuftering yield. All three curves
show similar behavior. The differences in the sputtering yield of N1, Mn, and Ga observed in Figure
5.11 confirms the compositional changes i the thin film Ni 1s preferentially sputtered from the
alloy target compared to Mn and Ga. Similar trend has been reported by Sharma et al. in their
mvestigation of the effect of sputtering power on the composition of Ni-Mn-Ga thin film [79].
They found that the differences in sputtering yield of N1, Mn, and Ga increases with sputtering
power. They concluded that the film composition 1s strongly dependent on the sputtering power.
Figure 5.12 shows the sputtering yield of N1-Mn-Ga alloy bombarded by 1000 eV of Ar* 1ons at
mcident angles from 0° to 80°. Between 20° and 60° angle of mcidence, 1t 1s observed that
sputterning yield increases exponentially. Above 60° mcidence angle, a decline mn the sputtering
yield 1s seen. Agaimn, all three curves show similar behavior. Observation from both plots show
strong dependency of sputtering yield on 1on energy and incident angle.

Based on the modeling results, it 1s expected that the Ni content of the thuin film will increase, while
Mn and Ga content will decrease. However, this 1s not the case for the Ni-Mn-Ga thin films
deposited 1n this work (see Table 5.3 and Figure 5.10). More expenimental and modeling work 1s
necessary, in order to understand the influence of discharge current on the chemustry of Ni-Mn-Ga

thin films.
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Figure 5.13 (a) — (h) show the SEM micrographs of the plane view and cross-sections of the Ni-
Mn-Ga thin films deposited on the S1 (100) substrate at a discharge currents of 0.05 A, 0.07 A,
0.13 A and 0.15 A for 60 minutes, samples S 1 to S 4, respectively. The plane view images show
uniform grain size and morphology, which indicates a stable deposition process. The influence of
the discharge current on the film morphology showed significant change in the gram size as the
discharge current increased from 0.05 A to 0.07 A_ This 1s an indication that during the deposition
process an increase m discharge current increases the deposition rate which enables merease 1n
adatoms mobility and enhances surface diffusion of the of the adatoms. Fewer voids are observed
due to increase m adatom mobility and surface diffusion during the growth process because of
mncrease discharge current. All samples show elongated grain morphology with a rice-like shape.
The width of the elongated grains 1s in the range of 60 nm to 100 nm and the length in the range

of 200 nm to 450 nm. The cross-sectional micrographs of the S 1, S 2, S 3, and S 4 samples show
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uniform film thickness and columnar nucrostructure. It 1s evident that the discharge current affect

film thickness. As the discharge current increases, film thickness increases with no pores in sight.

Figure 5.13 SEM mucrograph of top and cross-section of Ni-Mn-Ga thin film deposited at
different discharge current: S1(a,b),S2(c,d),S3 (e, f),and S 4 (g, h).
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Gram size measurement was carried out by processing the plane view SEM mucrographs of
samples in ImageJ software. The average grain size and standard deviations for each sample were
calculated.

Film thickness for each sample was measured from cross-section SEM 1mages. The average grain
size was determuned using the main linear intercept method, as descnibed in the ASTM standard
E112 [261]. Five measurements were taken for each sample and the average, and the standard
deviations were computed. It can be observed from Figure 5.14 that, both grain size and film
thickness mcrease with discharge current. Except for sample S 4, 0.15 A discharge current where
a drop 1 both grain size and film thickness was observed which may be due to shorter deposition

time. The deposition time was about 50 minutes.
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Figure 5.14 Vanation of film thickness and grain size with discharge current.

Film uniformity was also calculated using the relation below [262]:

. . Max film thickness — Minimum film thickness
% Non uniformity = Average film thickness x100 (5.1)

Results from the film uwnifornuty calculation as observed from Table 5.4 show that, the film
thickness range for the 4 samples vaned between 0.022 pm to 0.07 pm. Sample S 4 showed the
lowest film non-uniformity value of 0.949 % and S 1 showed the highest film non-uniformuty of
2.682 % which suggest Sample S4 exinbited the highest degree of film nnmiformity.

Table 5.4 Film thickness measurements and uniformuty calculations for Ni-Mn-Ga thin films
deposited at different discharge currents

Film thickness (um)

Location 51 52 53 54

1 09 1452 2.59 231

2 0.893 1.475 264 233
3 0.896 1.467 2.66 2308
4 0.905 1.459 26 2326
5 0.881 1.446 26 2315
Average (um) 0.895 1.4598 2622 23178

Standard deviation 0.009028 0.01156 0.0286 0.009757

Range (um) 0.024 0.029 0.07 0.022
Non-uniformity (%) 2 682 1.987 2670 0949

Figure 5.15 shows the X-ray diffraction pattern of Ni-Mn-Ga thin films deposited at different
discharge current. For sample deposited at discharge current of 0.05 A (S 1), the data shows a
broad diffraction peak at 26 = 44 2° which indicates a disordered structure [81], [258]. At low
discharge current, adatoms have less kinetic energy and therefore have reduced surface mobility
which affect the crystallinity of the films. However, by increasing the discharge current, adatoms

would have sufficient kinetic energy to enhance surface diffusion for atonuc ordering [81]. At a
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discharge current of 0.07A (S 2), a sharp diffraction peak begins to emerge at 26 = 44 2°. Samples
S3 and S4 exlibit sharper diffraction peak with increasing intensity which corresponds to better
crystallimty. The diffraction peak at 26 = 44 2° 1s indexed as austenitic cubic structure (220) with
lattice parameters a=b =c =0.5786 nm belonging to the Fim-3m space group [PDF 04-015-2460].

Result obtained 1s consistent with work reported by Kumar et al. [101].
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Figure 5. 15 XRD spectrum of Ni-Mn-Ga thin film deposited at different discharge current.
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5.4  Effect of substrate temperature on composition, surface
morphology and structural evolution of Ni-Mn-Ga thin film

Ni-Mn-Ga thin films have been obtained by DC magnetron spuftering of Ni-Mn-Ga targets
manufactured by 3D binder jet printing of pre-alloyed Ni-Mn-Ga powders. The thin films have
been grown on Si(100) substrate heated up to 500°C, 600°C, and 700°C for 1 hours. The following
sputtering parameters were used in the spuftering process: discharge current 0.11 A, target to
substrate distance 4 cm, and the argon pressure was 6.2 mTorr. For simplification, the Ni-Mn-Ga
thin films obtained by deposition at 500°C, 600°C, and 700°C for 1 hour, and reported in this

subchapter, are labeled as NMG1, NMG?2, and NMG3, respectively.

5.4.1 Compositional analysis
Chemical composition analysis of the Ni-Mn-Ga thin films deposited at 500°C, 600°C, and 700°C
was mvestigated using the EDS and AES techmques. The film composition obtained using EDS
spectroscopy for the various deposition temperatures are shown m Table 5.5 Figure 5. 16 shows
the SEM mucrographs recorded form the top surface of the films and the corresponding EDS
spectra collected from the films. The EDS spectra show the presence of N1, Mn, Ga peaks and a
weak oxygen peak. The presence of the oxygen peak might be due to exposure of the thin films to
the atmospheric environment resulting in surface oxides. Observation from Table 5.5 shows
decreasing atomuc concentration of oxygen contanunants with mcreasing substrate temperature

which suggest the substrate temperature has sigmificant influence on thin film composition.
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Table 5.5 Chemical composition of thin films deposited at different substrate temperatures

Sample Ni (at%) Mn (at%a) Ga (at%) O (at%)
NMGI1 46.67 2791 19.05 06.37
NMG2 47 45 2834 18.92 0529
NMG3 4749 2841 19.73 0437
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Figure 5.16 SEM mucrographs of the thin film and the corresponding EDS spectrum collected

from the film surface.
Figure 5.17 shows film composition as a function of substrate temperature obtained based on the

results from EDS analysis. Result reveals the presence of N1, Mn, and Ga 1n all the films with no
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significant change in film composition with substrate temperature. However, from the target
composition (Niss3MmeGan1) standpoint, Ni content showed a decrease in atomic concentration
whereas Mn content showed an increase which could be due to three reasons. The Ga content m
the thin film 1s very closed to the target’s Ga content. One reason 1s that, Mn with lower atomic
weight would be easier to sputter from the target surface and due to lower target to substrate
distance Mn would be deposited faster without been scattered by reflected Ar atoms during the
transport [263]. Another reason may be due to differences in sputtermng yields of Mn, Ga and N1
[69]. As mentioned in the previous section, the film composition can be affected by differences in
sputtening yield of individual components. The TRIM calculations show that Mn exhibit higher
sputtening yield than Ga, hence the increase atomic concentration of Mn. Finally, resputtering of
the deposited film by Ar 1on bombardment can be a possible reason for the compositional changes

in the thin film [264].
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Figure 5.17 Effect of substrate temperature on film composition.
Further assessment of the film composition was carmed out using Auger electron spectroscopy
(AES) to measure the depth profiles of NMG1, NMG2, and NMG3 samples. AES depth profile of
Ni1-Mn-Ga film deposited at 500°C 1s shown i Figure 5.18. The AES result shows a loss in N1 and
Mn content while Ga content remained constant. The film composition 1s different compared to
the target composition, one reason being the oxygen contamination. Result also show the presence
of oxygen contamination of about 11% atomic concentration. At 600°C as seen in Figure 5.19, N1,
Mn, and Ga content showed a constant depth profile from the surface to substrate mterface.

However, a loss in N1 and Mn content were observed due to the presence of oxygen contanunation.
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Fmally, at 700°C, a sigmificant drop 1n oxygen contanination 1s observed in Figure 5.20. Ni content
mn the film was about same as that i the target but Mn and Ga content showed a drop 1n atonuc

concentration.

Companng the EDS results to the AES data, Mn content was quite low in the AES results for all
the samples, N1 content 1n 500°C and 600°C from the AES data were lower than results from the
EDS data. N1 content in the 700°C sample from the AES were close to the EDS data. Ga content
in both analyses were close. Though there 1s some dispanty in the results from both analyses, yet

both analyses showed decreasing oxygen contamination as the substrate temperature increases.
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Figure 5.18 AES depth profile Ni-Mn-Ga thin film deposited at 500°C substrate temperature_
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Figure 5.19 AES depth profile Ni-Mn-Ga thin film deposited at 600°C substrate temperature_
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Figure 5.20 AES depth profile Ni-Mn-Ga thin film deposited at 700°C substrate temperature_
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5.4.2 Surface and cross-sectional morphology

The morphology of the film planar surface and the appearance of the cross-sectioned NMGI1,
NMG?2, and NMG 3 thin films are shown in Figure 5.21. Figure 5.21 (a), (c), and (e) shows the
secondary electron micrographs of the NMG1, NMG?2, and NMGS3 films planar surface. The three
micrographs have been recorded at the same magmfication for easy comparison of both film
morphology and gram size. All three films show the same morphology, consisting of shghtly
elongated grams, which seem to form an urregular surface. The grain size analysis was performed,
and 1t 1s reported n Figure 522 Figure 5.21 (b), (d), and (f) shows the secondary electron
micrographs of the cross-sectioned NMG1, NMG2, and NMG3 films. Columnar grains, oriented
perpendicular to the substrate surface, are clearly visible in all thin films. For NMG1 and NMG2
the film thickness 1s almost 1dentical, while the NMGS3 1s thinner. Reduced film thickness at higher
substrate temperature might be due to re-evaporation of the film after sputter deposition. Simmlar
observation have been reported by some authors of which they attributed to the re-evaporation
phenomenon [265], [266]. Jaber et al. deposited Cadnuum Sulfide (CdS) thin film by thermal
evaporation at different substrate temperatures and observed decreasing film thickness as the
substrate temperature increases [265]. This they attributed to enhancement of re-evaporation
coefficient of the adsorbed thin film matenial which resulted in decrease in surface concentration
of the film matenial Bilgin et al. also observed decreasing film thickness as the substrate
temperature increases mn the deposition of CdS thin film by ultrasomic spray pyrolysis techmique
[266]. When the substrate temperature 1s too high the adatoms kinetic energy increases with
collisions with each other and consequently results in re-evaporation of the film matenial [267].

The gramn size analysis was performed using the micrographs of the film planar surface, Figure
5.21 (a), (c), and (e), and the Image] software [268]. The average grain size was determuined using

the mean linear intercept method, as described in the ASTM standard E112 [261]. The
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measurement of the average grain size and obtaimng grain size distribution from electron
micrographs of thin films by using the mean linear mtercept method was reported by several
authors [269]-{271]. The grain size average and 1ts standard deviation for each thin film 1s plotted
mn Figure 5.22, as function of substrate temperature. The film thickness vanation 1s also plotted in

Figure 5.22.
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Figure 521 Secondary electron micrographs of the Ni-Mn-Ga thin films deposited on S1(100)
substrate at 500°C (NMG1), 600°C (NMG2), and 700°C (NMG3). (a), (c), and (¢) Morphology
of thin films planar surfaces. (b), (d), and (f) Micrographs of the cross-sectioned films.

Figure 5.22 shows the effect of substrate temperature on grain size and film thickness. Both, the
average grain size and film thickness decrease with increasing substrate temperature. The average
grain size slightly decreases from 258 nm of the NMG1 thin film (deposited at 500°C), to 227 nm

for the NMG3 thin film (deposited at 700°C). The decrease in grain size with increasing substrate
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temperature contradict what 1s largely reported. The explanation to this behavior can be associated
to two possible reasons: the first reason 1s that, at higher substrate temperatures, adatoms gain
higher kinetic energy which increases their collision with each other and consequently result in re-
evaporation of the thin film material [267]. As a result, a reduction in grain size and film thickness
are observed. The second reason might be due to variation in the chemical composition of the three
samples as confirmed by both EDS and AES data. The oxygen contanunation mught also be a

contributing factor to the variation in grain size as reported by Vergara ef al [272].
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Figure 5. 22 Effect of substrate temperature on grain size and film thickness.

5.4.3 XRD analysis
Figure 5.23 1illustrates the XRD patterns of Ni-Mn-Ga thin films deposited at 500°C, 600°C, and
700°C respectively. Film deposited at 500°C has the Heusler L2 cubic structure having the space

group Fm3m and lattice parameter a = 0.5820 nm . The dominant austenitic peak occurred at 20
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=44 02°. Increasing the substrate temperature to 600°C, resulted in the splitting of the austenitic
peak (220) into three diffraction peaks at 26 = 41.94°, 42.93°, 44.31°. Peak splitting has been
reported as an indication of martensitic transformation [77]. The diffraction peaks observed are
associated with the monoclinic martensitic structure belonging to the I2/m space group having

lattice parameters a = 0.422830 nm, b= 055752 nm, ¢ =2.1001 nm, p =90.325°[273].
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Figure 5. 23 X-ray diffraction spectrum of Ni-Mn-Ga thin films deposited at substrate
temperatures 500°C, 600°C, and 700°C.
In addition, a diffraction peak at 26 = 48.66° which belongs to MnNi phase was seen which may

be due to chemical segregation as a result of preferential sputtering. Further increase in substrate
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temperature to 700°C, showed similar diffraction pattern except that the intensity of the diffraction

peak at 26 = 44 31° 15 reduced.

5.5 Post-heat treatment of as-depaosited room temperature Ni-Mn-Ga thin film
Ni1-Mn-Ga thin film deposited at room temperature was subjected to post-annealing treatment to
mvestigate annealing effect on the surface morphology and the crystal structure. The heat-
treatment was carried out in the Carbolite tube furnace used for the target sintering. Thin film was
place m alumina crucible sample holder and gently transferred into the tube furnace. The tube was
evacuated using a mechanical pump until a base pressure of 5 mTorr was attained and then ultra-
high punty argon gas was mtroduced into the tube at a pressure of 300 mTorr. The tube furnace
was subsequently purged three times with argon gas. Thin film was annealed at 600°C for 1 hour
at heating rate of 15°C/mun. Figure 5.24 (a) - (b) shows 3D atomic force mucroscopy (AFM)
micrographs of Ni1-Mn-Ga thin films deposited at room temperature and annealed. The as-
deposited film seen in Figure 5.24 (a) revealed a smooth surface morphology with some noticeable
spherical gramns of about 90 nm size. The annealed film on the other hand showed a morphology
whose gram structure 1s quite rocky and rough as seen in Figure 5.24 (b). The film expenienced
gramn growth with an average grain size of about 200 nm. Figure 5.25 shows XRD spectrum of Ni-

Mn-Ga thin films deposited at room temperature and annealed at 600°C.
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Figure 5. 24 3D Atomic force microscopy (AFM) image Ni-Mn-Ga th;n films: (a) As-deposited,;
(b) Annealed.

The XRD spectrum for the room temperature film shows a typical austenitic phase with a (220)

diffraction peak associated with the stoichiometric N1;MnGa. The annealed film on the other hand

showed much higher (220) diffraction peak assoicated with the austenitic phase and additional

peaks matched with NiossMno 15 and Gaog25sMno 75 and an extra peak without a match. The result

showed that the annealed film is more crystalline than the as-deposited film however, 1t also

experienced chemical segregation resulting in chemical inhomogenieties.
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Figure 5. 25 XRD spectrum of Ni-Mn-Ga thin film deposited at room temperature and annealed

at 600°C.
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CHAPTER 6

Binder jet 3D printing of complex geometry copper sputtering targets and
characterization of obtained thin films

6.0 Introduction

Magnetron sputtering technique 1s among the most widely used techmque for thin film fabnication
due to its high deposition rate, formation of high punity films, high rate of film umfornmty and
good adhesion to substrate [36]. This techmque employs magnetrons to effectively trap secondary
electrons closed to the target surface to enhance 1omzation efficiency at low gas pressure [274].
The secondary electrons trapping 1s achieved by the interaction of both electric and magnetic fields

[275]. This interaction 1s governed by the Lorentz force equation given by equation (6.1).

F=qE+quvxB (6.1)

Where q 1s the electric charge on electron, E 1s the electric field vector, v 1s the velocity of electron,
and B 1s the magnetic field vector. The cross product between the velocity vector and the magnetic
field vector observed in the second term on the right-hand side of equation (6.1) 1s an indication
that the magnetic force 1s perpendicular to the direction of the moving electron and the magnetic
field [276]. As a result, the electron traverses along the magnetic field lines following a curve path
near the target surface creating more 1omization of argon gas [276], [277]. Thus, the positive charge
argon 10ns are attracted at high speed towards the cathode (target) inducing sputtering of the target
material The high 1omzation of the argon gas due to the electron trapping confined the plasma
locally in the vicimity of strong magnetic field parallel to the target [278]. The plasma generated
1s mntense at regions where the electric and magnetic fields are mutually perpendicular [279]. This
leads to non-uniform erosion profile of the target which subsequently affect the efficiency of the

target (see Figure 6.1) [280].
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Figure 6.1 Schematic planar magnetron sputtering with electron trapping.

In a typical planar magnetron sputtering system, target utilization reported in literature 1s about
20-30 % [281]. The poor target utilization of the planar magnetron sputtering makes the process
mefficient and uneconomucal [282] especially for high cost target materials like gold, indium tin
oxide (ITO) [283] and Ni1-Mn-Ga alloy. Many attempts have been made to improve the target
utilization by employing techmques such as interpoles target-hollow magnetron [39], a rotatable
cylindrical magnetron [284], and rotating tilted unbalanced yoke magnet [285]. Most of these
techniques are complicated and may be difficult to implement on the industrial scale. A simphified
approach to improve the target utilization efficiency have been proposed by Arakelova ef al. [279].
They proposed a non-planar target with a conical protrusion at the erosion region based on the
ballistic transport model. The idea was to create a target profile such that the magnetic field
generated would be directed parallel to the target surface for umiform erosion during sputtering.
Results from their work showed improvement in target ufilization efficiency and better film

properties in the case of ZnO [279]. Bulk polycrystalline Ni-Mn-Ga alloy 1s very bnittle and
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difficult to machine into complex parts. To produce Ni-Mn-Ga targets with complex geometries,
using the existing target manufacturing techmiques, it would be challenging due to the brittleness
of the material However, binder jet additive manufacturing (BJAM) could be the game changer
due to the design freedom of making complex parts, Figure 6.2. Thus 1s evident in the work of

Caputo et al. and Mostafae1 ef al. of making complex parts of Ni-Mn-Ga alloy through BJAM.
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Figure 6.2 Classification of technologies based on number of parts and parts complexuty [286].

In this work, there was linuted quantity of Ni-Mn-Ga powder available to explore complex
sputtening target geometries. However, 155A copper and 316L SS gas atomized powders were
available in large quantities. Therefore, in order to demonstrate that non-planar targets having an
increased hife fime usage can be easily manufactured from various matenals (including brittle ones,
such as ceramics and Ni-Mn-Ga alloys) using BJAM, copper powder was selected, due to its
availability n the Youngstown State University laboratory. Copper targets of different designs

were proposed 1n this work for target utilization enhancements. Comparison between flat and non-
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flat targets erosion assessment were carried out to estimate target life or utihzation usmng the

following equation:

M—Mg

Target Utilization (Uy) = o

X 100 (6.2)

Where M 1s the mitial mass of target and MF 1s the final mass after target erosion.

This chapter will present the results on binder jetting 3D prninting of Cu targets with planar and
non-planar geometries, the results of analytical investigations of Cu thin films deposited using the
3D printed targets, and the evaluation of target utilization for both planar and non-planar targets.
The S1(100) substrate have been used for Cu thin film depositions. The printed targets and the thin
films have been mvestigated using scanning and transnussion electron microscopy, atomic force
microscopy, X-ray diffraction, profilometry, and four-point probe electrical resistivity

measurement.

6.1 Materials and Methods
6.1.1 Copper Powder
Copper atomized powder purchased from ACuPowder International, LLC was used m this
research with composition shown in Table 6.1. Sieving was performed using 75 pm mesh size of
sieve. Particle size distribution and particle morphology analysis were carried out using particle

size analyzer Cilas 1190 and JEOL JIB-4500 Mult: Beam System SEM/FIB_

Table 6. 1 Chemical composition of 155A Cu powder.

Element Cu Fe

Composition (wt%) 985 15
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6.1.2 Justification of target designs, BJAM printing process and post-processing

The conventional planar target in a magnetron sputtering system erode non-uniformly due to the
mnteraction between the electric field and the magnetic field. As a result, a racetrack of about 30
mm 1n diameter 1s created which affects the target utilization. It becomes even more problematic
for high purity and expensive matenials since 1t limuts the usage of the material This research 1s
proposing new target designs such as toroidal, conical, and trapezoidal protrusions at the target
surface in order to address target wastage. The protrusions are situated where the racetrack of the
planar target 1s formed. During sputtering the protrusion area 1s exposed to the magnetic field to
enable uniform erosion of the target and the surface parallel to the honzontal component of the
magnetic flux density. In thus way, material utihization will be enhanced, and material wastage
mimmized. Figure 6.3 (a) — (c) shows one of the proposed target designs with the top and cross-
sectional views.

Imitial attempt to print copper target failed because the size of the mesh beneath the hopper (150
um) of the ExOne Innovent+ was too large to hold the copper powder in the hopper. In order to
print the copper target, an extra mesh of 75 pm was embedded inside the hopper m order to hold
the powder in place for the printing process. Copper targets were successfully pninted with binder
saturation ranging 50% - 60% and layer thickness of 90 pm. 3D printed targets were then cured at
180°C for six hours using Yamato DX402C oven. Cured targets were sintered at temperature range
1075 -1085°C for 3 hours under argon atmosphere using Carbolite VST 12/300 tube furnace.
Sintered copper targets were charactenized for their microstructure using both optical microscopy

and SEM.
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Figure 6.3 (a) Target design created in SOLIDWORKS; (b) Top view of target; (c) Cross-
sectional view. The dimensions are in inches.

6.1.3 Thin film fabrication of copper
Copper targets prepared by 3D printing were employed in the DC magnetron sputtering system for
film deposition. Prior to the deposition, S1 (100) substrate was prepared by following standard
cleaning procedure set out in the sample preparation: cleaming in acetone, followed by
1sopropanol, and then rinsing in deiomized water. Copper thin films were prepared using the
following sputtering conditions: 0.1 A discharge current, 4 5 mTorr argon pressure, 4 x 10”7 Torr
base pressure, two to three hours deposition time, 20°C substrate temperature, and 8 cm target to
substrate distance. Copper films deposited at room temperature were further subjected to post-heat
treatment (annealing) mn argon atmosphere using rapid processor (RTP-300). The annealing

process was carried out at temperatures 150°C, 200°C, 250°C, 300°C, and 400°C respectively for
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120 seconds. Thin films were charactenized for theirr morphology, mucrostructure and cystal
structure. Sputtered targets with erosion groove were also examined using 3D profilometer VR-

5000 Keyence to estimate the depth profiles.

6.1.4 Copper thin film characterization

6.1.4.1 Transmission electron microscopy (TEM)

Prior to TEM mvestigation, electron transparent copper thin film samples of about 100 nm or less
were prepared using the JEOL JIB-4500 Multi-Beam (SEM-FIB) system equipped with gas
mjection system and a nano-manipulator. The FIB generates a beam of gallilum (Ga™) 1ons which
are accelerated toward a target area for milling or etching. First of all, the area of interest on the
sample was viewed with the SEM and then tilted and viewed with the FIB, until the eucentric
height was achieved. This was followed by deposition of carbon at the area of mnterest as a
protective layer against surface damage by Ga™ 1ons. Two trenches were cut out on both side of the
target area by 1on beam mlling, followed by lift-out in which the thin film lamella was welded to
the tip of a tungsten needle and transferred to the TEM grid. The thin film lamella was welded to
the TEM copper grid support by depositing platinum (see Figure 6.4). Further thinmng and

polishing of the lamella was performed until electron transparent sample was obtamned.
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Figure 6.4 Thin film lamella welded to TEM copper gnd.

TEM studies were performed using JOEL 2100 scanning transmussion electron microscopy
(STEM) at acceleration voltage of 200 KV. Bright and dark field imaging modes were used to
examine the microstructure of the cross-sectioned samples, while the selected area diffraction

(SAD) mode was used for crystallographic investigation.

6.1.4.2  Electrical resistivity measurement
The electrical resistivity of the films was determuned at room temperature by the four-pomt probe
technique where two outer probes were used for the current source and two mnner probes for voltage
measurement. The probes were positioned on the film at equal spacing of 200 pm from each other
m a linearly manner. The Instruments used for the electrical resistance measurements were
Keithley precision current source and Keithley nanovoltmeter 2400 model. Ten electrical

resistance measurements were performed for each sample.
A differential electrical resistance for test sample 1s given by:

dR = p= (6.3)
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Where dx 15 an infimtesimal length of test sample, p represents the resistivity of test sample, and
A represents the cross-sectional area of the test sample. For the copper thin film the cross-sectional

area 1s given by A = 2m- x -t , where t represents film thickness. Integrating equation (6.3)

becomes
[dR = [ p— (6:4)
Where S 1s the probe spacing.
R == [In(®)IF (655)
R= %( In(2S) — In(S)) (6.6)
R=LIn2 (6.7)
p= % (6.8)

Electrical resistance R 1s given by:

R= % , Where v represents voltage across the mnner probes, and I 1s the current flowing
through the outer probes.

p=1z(7) (69)
The film thickness was used for the resistivity calculations instead of the probe spacing because

the film thickness was far below the probe spacing.

6.2 Results and discussion
6.2.1 Powder characterization
As-received Cu powder was examined for its particle size distribution and particle morphology
using laser diffraction particle size analysis method and SEM. Results from laser diffraction

method are shown in Table 6.1 and Figure 6.5. The Dio, Dso, and Dgo are typical statistical
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parameters used in describing size distribution of powder particles which were found to be 25.66
um, 36.88 pm, and 5330 pm respectively as shown i Table 6.2. Result shown m Figure 6.5

depicts monomodal size distribution with average particle size around 37 pm.

Table 6.2 Distnbution percentile values of Cu powder

Powder Do (um) Dz (um) Dsg (Jum)

155A Cu 2566 36.88 5330
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Figure 6.5 Particle size distribution of Cu powder.

Figure 6.6 shows SEM micrograph of Cu powder. The mucrograph shows the spherical
morphology of powder particles. No agglomerations of powder particles are observed which

indicates good flowability. XRD analysis was also performed on the Cu powder to determune 1ts

crystal structure.
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Figure 6.6 SEM nmucrograph of Cu powder.

Figure 6.7 shows XRD pattern of 155A Cu powder indicating diffraction peaks at 26 values 43.35°,
50.49°, 74.19°, and 90.03° correspond to the crystallographic planes (111), (200), (220), and (311)
respectively. The result shows a typical XRD pattern of copper with face centered cubic structure

in Fm3m space group having lattice parameter a = 0.36122 nm [PDF no. 04-001-2746].
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Figure 6.7 XRD pattern of Cu powder.
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6.2.2 Target manufacturing via binder jetting process
Figure 6.8 shows 3D pnnted planar and non-planar disc targets after cunng. A dark grey color of
the cured 3D printed copper target 1s observed which may be due to the binder responding to
changes m temperature as a result of the heat from the oven. The diameter and thickness of the

disc target measured were 58 80 mm and 4.3 mm, respectively.
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Figure 6.8 3D printed disc copper targets after curing (a) Planar, (b) Non-planar.

6.2.3 Sintering and characterization of 3D printed targets
To further increase target strength and burn out the binder, target sintering was carried out in a
Carbolite furnace equipped with a vacuum system, under argon atmosphere.
Figure 6.9 (a)-(d) show photos of as-sintered targets labeled TC 1, TC 2, TC 3, and TC 4. By visual
mspection of the targets, it 1s seen that the sintering process had sigmificant influence on the
appearance of the target. A complete color change from dark grey (cured targets) to orange red
(sintered targets) 1s observed which 1s due to pyrolysis of the binder at higher temperature [287].

At lugher temperature, liquud binder undergoes decomposition which may results in the formation
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of combustion products. After a complete burnout of the binder, densification 1s initiated by fusion
of powder particle which results in neck formation. The structural integrity of sintered targets
remained mntact since no geometrical defects or warping was seen. However, a considerable linear
shrinkage was observed in the sintered targets. The linear shrinkage was determined from the disc
diameter and thickness of as-printed and sintered targets. Ten measurements were recorded for
both diameter and thickness i order to estimate the mean value and standard deviation usmng a
STORM digital caliper. The linear shrinkage was calculated by subtracting the diameter or
thickness of the sintered disc from the diameter or thickness of the as-printed disc target divided
by diameter or thickness of as-printed disc target expressed as a percentage. The disc target sintered
at 1075°C for 3 hours exlibited a linear shrinkage of 16.34% = 1.93 whereas targets sintered at
1085°C for 3 hours showed a linear shrinkage of 20.80% = 2.16. Results showed dependency of
linear shrinkage on sintering temperature. Increasing sintering temperature amount to increasing
linear shrinkage due to decreasing pore volume in the target. Results obtained 1s consistent with

work reported by Richmawn et al. [287].
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Figure 6.9 Photo of sputtering targets: (a) TC 1 planar target sintered at 1075°C for 3 hours;
Non-planar target (b) TC 2 sintered at 1075°C for 3 hours, (c) TC 3 sintered at 1080°C for 3

hours, (d) TC 4 sintered at 1085°C for 3 hours.

Figure 6.10 (a) and (b) show SEM micrographs of copper targets sintered at 1075°C and 1085°C
for 3 hours. In Figure 6.10 (a), some areas of the target show particle to particle contact indicating
onset of necking whereas other areas display sintered necks with varying neck lengths. A complete
neck formation seen mn the mset 1s evidence of densification. During the period of sintering, mass
transport occurs by atomic diffusion causing particles to fuse or bond together and evolves into
sintered necks. Rapid growth of sintered necks increases densification and nimimizes pore volume.
For the specimen sintered at 1085°C, the target exhubits high grain growth with the elimination of

necks and reduced pore volume, Figure 6.10 (b).
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Figure 6.11 shows optical micrograph of cross-section of copper target sintered at 1085°C
revealing its microstructure after etching with the following reagent: 2.0 g potassium dichromate

dissolve mm 100 mL of distilled water and mixed with 8 mL of sulfuric acid.

Figure 6.10 SEM mucrograph of copper target sintered at: (a) 1075°C and (b) 1085°C.

The polycrystalline target consists of equaxed grains and umform distributed pores. The pores are
largely circular in shape and are seen along the grain boundaries. Annealing twins are visible in
several grains. Annealing twins usually occur after recrystallization and gran growth in face
centered cubic (FCC) metals with low stacking fault energy [288]. Grain boundary mugration by

curvature reduction 1s another mechamism for the occurrence of annealing twins [289].
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Figure 6. 11 Optical micrograph of cross-section of copper target.

6.2.4 Erosion and depth profile of planar and non-planar targets used in DC

magnetron sputtering
A subtle way to improve the target life m this research was to increase the amount of material in
the target region where maximum erosion occurs or where the horizontal component of the
magnetfic field (Bx) 15 maximum and reduce matenial at regions where erosion 1s low. A
distribution of magnetic field lines can be observed near the surface of the proposed target design
mn Figure 6.12_ It 1s anticipated that, the proposed target would have longer target life than the
regular flat target due to more material at erosion region. A comparative study was carried out
between flat (TC 1) and non-flat (TC 4) target to estimate the rate of mass sputtered and depth
profile. Target mass was measured before and after each deposition to determine amount of
material sputtered as seen in Table 6.2. Each target was sputtered for 3 hours at a discharge current

of 0.13 A The results showed that within 3 hours of sputtering, the flat target losses 1.28% of

material whereas the non-flat target losses 0.733%. Results suggest that less matenial 1s sputtered
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from the non-flat target than the flat target which implies non-flat target would last much longer

than the flat target. In order words, target utilization 1s improved using the non-flat target.

Figure 6.12 Distnbution of magnetic field lines near surface of proposed target design.

Table 6.3 Mass of fresh targets measured before and after 3 hours of sputtering.

Target Flat (TC 1) Non-Flat (TC 4)
Initial mass (g) 70378 80.535
Fial mass (g) 69474 799445
Mass loss (g) 0.904 0.5905
Target utilized (%) 1.28 0.733

In order to exanune the surface evolution of racetrack and the depth profile, a 3D profilometer VR--

5000 Keyence was employed. Figure 6.13 (a) and (b) show optical images of targets sputtered
after 3 hours. Results show how the racetrack pattern evolved between the center and the periphery

of the targets. The racetrack region confirms where the 1on current density was high Figure 6.14
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shows the depth profile of both flat and non-flat targets. It can be seen that for the flat target the
erosion mostly occurred between the target radius whereas for the non-flat target the erosion
occurred on the side walls of the cavity. Observation of the surface erosion of the non-flat target
1s very interesting and may require more depositions to estimate target efficiency. The preliminary
result in this research has laid the foundation for further mvestigation into improving target

utilization using different target geometries.

Figure 6.13 Optical image of targets after 3 hours of deposition (a) Planar (b) Non-planar.

147



5 —— Imitial Planar target
4 - : —— Initial Non-planar target
: —— 3 hours Planar target
—— 3 hours Non-planar target
— 2 7]
%- 0- .
3
g
m - —
E 2
4 -
_ﬁ 1 : v 1 v 1 v :I

10 20 30 40

Position on target (mm)
Figure 6.14 Erosion depth profile of planar and non-planar target.

6.2.5 Characterization of Copper thin films
6.2.5.1 Surface morphology of as-depaosited copper thin film from TC 1 target
The surface morphology of the copper film was examined using Agilent 5500 atomic force
microscopy (AFM) with a scan area of 5 pm x 5 pm at a scan rate of 0.2 /s in the contact mode.
Figure 6.15 shows 2D AFM image of as-deposited copper thin film The result depicts a surface
morphology with equiaxed gram structure with no visible crack. The average grain size was found

to be about 30 nm_
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Figure 6.15 2D AFM image of copper thin film deposited at room temperature.

6.2.5.2 Microstructure of rapid thermal annealed copper thin films
Copper thin films deposited at room temperature were further subjected to post-heat treatment
using rapid thermal annealing and their crystallimty and microstructure was investigated using

XRD and TEM respectively.

6.2.5.2.1 Crystal structure
XRD pattern of as-deposited and annealed copper thin films are illustrated in Figure 6.16. The
XRD pattern reveal that the Cu thin films are polycrystalline and have cubic structure. The as-
deposited and annealed films showed strong diffraction peak along the (111) plane observed at 26
= 43 34° and smaller diffraction peaks (200), (220), and (311) at 26 =50.54°, 74.10°, and 90.02"
respectively, which 1s expected since Cu has a face centered cubic (FCC) structure. This suggests
that the Cu thin films have a preferred onientation in [111] direction. No sigmificant difference was
found in the intensity peaks for films annealed from 150°C to 250°C which may be attributed to

less thermal energy necessary to recrystallize the films At 300°C and beyond, a sharp mncrease in
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(111) diffraction peak 1s observed with reduced peak broademing which suggest that enough

thermal energy was acquired by virtue of mncreased temperature for recrystallization of the films.

6.2.5.2.2 Crystallite size and microstrain
To gamn more insight into the nucrostructure of the Cu thin films, the crystallite size and
microstructural parameters such as microstrain and dislocation density were calculated from the
XRD data. The dominant X-ray diffraction peak (111) for each film was fitted using the Gaussian

shape i a fitting software called OnginPro 2021b (student version).
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Figure 6.16 XRD pattern of as-deposited and annealed copper thin films.
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The fitting analysis was used to calculate the full width at half maximum (FWHM). The FWHM
values were converted into radians and then used in the Scherrer equation below, to determine the
crystallite size.

KA
"~ Beos@

(6.10)

Where D i1s the crystallite size, 4 1s the X-ray wavelength (0.15406 nm), £ 15 the width of the peak
(FWHM) after correcting for mstrumental peak broadening (f expressed in radians), @ 1s the Bragg
angle and K 15 a dimensionless number of the order of umity known as the Scherrer constant [290].
The Scherrer constant (K) used in this work 1s 0.94. The dislocation density and the microstrain

were also determined using the equations (6.11) and (6.12) respectively.

5= % (6.11)
€= %fnﬂ (612)

Where 6 = dislocation density, e = microstrain. Table 6.3 presents calculated values for crystallite
size, dislocation density and microstrain. The highest crystallite size of 14 nm occurred at 300°C

with corresponding nucrostramn of 0.007001.

Table 6. 4 Estimation of crystallite size, dislocation density, and mucrostrain for as-deposited and

annealed copper thin films.

L Dislocation : :

Sample 20 Crystallite size (nm) density (om?) Microstrain
RT 43 34 1025 0.0095 0.009561
150°C 4333 10.05 0.0099 0.009759
200°C 43 .30 10.00 0.01 0.009812
250°C 43 35 10.60 0.0089 0.009245
300°C 43 .37 14.00 0.0051 0.007001
400°C 43 38 12.78 0.0061 0.007667
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Figure 6.17 shows a plot of crystallite size and microstrain as a function of annealing temperature.
The crystallite size was relatively constant from 20°C to 200°C but at 250°C a sharp nise n the
crystallite size 15 observed. An opposite trend occurred in the case of the mucrostrain. Increase in
annealing temperature promotes recrystallization and gramn growth thereby increasmng the average
crystallite size of the films. Higher crystallite size nught be attnbuted to decrease in defects such

as gramn boundarnes, lattice distortions, dislocations, faults, and inhomogeneities.
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Figure 6.17 Crystallite size and microstrain as a function of annealing temperature.

6.2.5.2.3  Microstructure via TEM
From the XRD results, it was shown that samples annealed at 300°C and 400°C exhibited higher

crystallite size, therefore, a further microstructural assessment was carried out using transmission

electron mucroscopy (TEM). Figures 6.18 shows bright field TEM mmage and selected area
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diffraction patterns (SADP) of copper thin films annealed at 400°C. Both films reveal columnar
gramns, oriented with the longer axis perpendicular to the substrate. Nanotwins are visible within
some grains, as mndicated by the yellow arrow in Figure 6.18. Few wisible pores are observed
between the columnar grains. The film thickness for 300°C and 400°C samples are 500 nm and
400 nm respectively. The selected area diffraction pattern (SADP) shows diffraction nngs
corresponding to (111), (200), (220), and (311) planes which confirms results obtained from the

XRD.

Figure 6.18 Bright field TEM and selected area diffraction pattern (SADP) of copper film

annealed at 400°C.

6.2.5.3  Electrical resistivity
The electrical property of copper thin film deposited at room temperature and rapid annealed were
mvestigated using four-point probe. The electrical property of interest in this work 1s the electrical
resistivity. Results obtained from the electrical resistivity measurements are shown in Figure 6.19.

The results show that film deposited at room temperature exhibits an average resistivity value of
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6 pohm-cm which 1s higher than the bulk resistivity of 1.68 pohm-cm [291]. However, the room
temperature sample have lower resistivity than 300°C and 400°C samples. A possible reason may
be due to oxygen contamination which might have occurred durning the annealing process of the
two samples. The average resistivity of samples annealed at 300°C and 400°C are about 13.5
pohm-cm and 19 pohm-cm respectively. This 1s because the 300°C sample exhibits good
crystallimity and higher crystallite size than sample annealed at 400°C. In addition, the XRD results
showed that the 300°C sample exhibits lower lattice strain or microstrain than the 400°C sample
which suggest that the 300°C sample has less impurities and defects than the 400°C, hence lower

resistivity.
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Figure 6.19 Effect of rapid thermal annealing on electrical resistivity of copper thin films.
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6.2.5.4  Comparison between the thin films deposited by flat (TC 1) and non-
flat (TC 4) targets

6.2.5.4.1 Surface Morphology
The surface morphology of films sputtered from both TC 1 and TC 4 targets have been
mvestigated. Figure 6.20 (a) and (b) illustrate the SEM of the top view of copper films deposited
at room temperature by planar and non-planar targets, respectively. Result for the film deposited
by the planar (flat) target shows open cracks within the film During deposition at room
temperature, due to linited thermal energy, 1t 1s possible the adatoms lack sufficient kinetic energy
to nucleate and migrate to other adatoms for coalescence of 1slands for the formation of continuous
films. As a result, micro-cracks are generated and that would affect film properties. This crack-
like mucrostructure 1n Cu thin film was first reported by Joh ef al. when they were investigating
the effects of the deposition pressure on the nucrostructure of Cu thin film [292]. They attributed
the open boundary nucrostructures to shadowing effect which occurred at high deposition pressure.
However, film deposited by non-flat target show different surface morphology as can be seen in
Figure 6.21 (b). The surface morphology appears grainier and no mucrocracks. Due to the
protrusion of the target, during deposition, the Cu atoms are sputtered from different angles of the
protruded area creating uniform distribution of adatoms on the surface of the substrate [279]. In
addition, the sputtered atoms from the non-flat target acquired higher thermal energy by virtue of
its geometry (protrusion region closer to the substrate), promote surface diffusion and adatom

mobality.

6.2.5.4.2 Crystal Structure
Figure 6.22 shows XRD pattern of copper thin films sputtered from TC 1 and TC 4 targets. Result
from Figure 6.22 shows that film sputtered from TC 4 show higher intensity peak at (111), (200),

(220), and (311) than film sputtered from TC 1. Hence, TC 4 film show better crystallimity than
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TC 1 film In addition, Table 6.4 shows values of crystallite size, dislocation density, and
microstrain for films sputtered from both flat and non-flat targets. Results show higher crystallite
size and lower microstrain for the film obtained from the non-flat target which may be due to

decrease 1 lattice defects [293].

Figure 6.20 SEM micrograph of the top view of copper films sputtered from different targets: (a)

Flat and (b) Non-flat.
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Figure 6. 21 XRD pattern of copper films sputtered from different targets: (a) Flat and (b) non-
flat.

Table 6. 5 Estimation of crystallite size, dislocation density and microstrain of copper films from
flat and non-flat target.

Films )0 Crystallite size Dlslucmmlidenﬂt}' Microstrain
(nm) (nm—)
Flat target 4334 10.25495256 0.009509 0.009561
Non-flat target 43.46 10.89279682 0.008428 0.008977
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CHAPTER 7

316L Stainless Steel Target Made Via Binder Jetting Additive Manufacturing
and Thin Film Fabrication by Magnetron Sputtering

7.0 Introduction
It was mentioned at the beginning of the previous chapter, in order to investigate the possibility of
manufacturing complex geometry sputtering targets via 3D binder jet techmiques, two readily
available powders have been used: copper powders and 316L stainless steel (SS) powders. This
chapter will present the results of investigating the 3D printing of sputtering targets from 316L SS
powders. Also, the preliminary results on the characterization of thin films obtained from the

stainless-steel targets will be mtroduced.

7.1 Materials and Methods
7.1.1 316L SS powder
Gas atomuzed 316L SS powder purchased from ExOne was used as the starting matenial for proof
of concept. The composition of the 316L SS used i this research 1s shown in Table 7.1. Sieving
was performed using a 45 pm mesh size of sieve. Particle size distribution and particle morphology
analysis were carried out using particle size analyzer Cilas 1190 and JEOL JIB-4500 Multi Beam
System SEM/FIB. Phase structure analysis was conducted using Bruker-Nonmus D8 Advanced

Powder X-ray Diffractometer equipped with Cu ka radiation source.

Table 7.1 Chemical composition of 316L SS powder (procured from ExOne).

Element Fe Cr Ni Mo Mn Si C
Composition

Bal 16-18 10-14 2-3 2 1 0.03
(wi%a)
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7.1.2 Binder jet printing and post-processing
A disc of diameter 5588 mm (2.2 inches) and thickness 6. 35mm (0.25 inches) was created mn
Solidworks (see Figure 7.1(a)) and imported to the printing software of the printer. The target was
printed using Exone Innovent + binder jetting 3D printer with printing parameters shown in Table

1.2

Figure 7.1 (a) Solidworks design for disc target, diameter 55 88 mm, thickness 6.35 mm, (b) 3D

printed 316L SS sputtening targets.

Table 7.2 Printing parameters used for 316L SS target.

Printing parameters Values
Binder saturation 50 %
Layer thickness 50 pm
Recoat speed 150 mms!
Roller rotation speed 250 rpm

Roller traverse speed 3 mms™
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Afterwards target was cured at 180°C for six hours using Yamato DX402C oven. After curing, the
green part was sintered at 1200°C for 12 hours with a ramp rate of 10°C/mun under argon
atmosphere for densification, using a TevTech vacuum fumace In order to obtamn a smooth
surfaced target, sintered target was ground and polished to obtain a mirror like surface. As-sintered
and cross-section of 316L SS tarpet were examined for their morphology and chemical
composition using SEM/EDS. The crystal structure investigation was performed using Bruker-
Nomus D8 Advanced Powder X-ray Diffractometer with a Cu ka radiation source. The density of
the target was determined using Archimedes method. Equation (7.1) was employed to calculate

the density.
Density = %‘_’ (7.1)

Where Mr 1s the mass of target and Vr the volume of target. The volume of the target was measured
by immersing the target in a graduated cylinder filled with de-1omized water and recording volume
of water displaced. Image analysis software ImageJ was also used to estimate the porosity and

the density.

7.1.3 Thin film fabrication of 316L SS
S1 (100) substrate was prepared by cleaning using acetone, alcohol, and de-iomzed water. 3D
printed target together with the Si (100) substrate were loaded 1n the vacuum chamber and pumped
down to 5.0x10”" Torr. 3161 SS thin films were prepared under argon atmosphere using direct
current (DC) magnetron sputtering system. Several deposition trial experiments were conducted
in order to optimize the deposition parameters for better film quality. The deposition conditions
used for the sputtering process were as follows: argon pressure = 4 mTorr, flow rate = 10 scem,

discharge current = 0.1 A, substrate temperatures = 20°C, 200°C, 300°C, 400°C, and deposition
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time = 10 munutes. The surface morphology, chemical composition, and crystal structure of the
thin films were mvestigated using advanced charactenzation techmiques such as Agilent
Technologies 5500 AFM, SEM/EDS JEOL mstrument, and Bruker-Nonius D8 advanced powder

X-ray diffractometer.

7.2 Results and discussion
7.2.1 Powder characterization

Figure 7.2 shows a bimodal size distribution plot for 316L. SS powder where a small fraction of
fine particles with a distribution ranging from 0.1 pm to 0.5 pm corresponds to 8% volume
fraction. A large fraction of the powder 1s distributed in range of 1 pm to 20 pm corresponding to
about 92% volume fraction. The mean diameter of the powder 1s about 9 pm The statistical
distribution parameters D1o, Dso(median), and Dso obtained for the powder are 4.75 pm, 11.02 pm,
and 19.66 pm respectively.

Figure 7.3 (a) shows secondary electron image recorded from the 316L SS powder. Result shows
both fine and coarse particles having spherical morphology and some few irregular particles. The
fine particles form agglomerates, and the coarse particles show attachment of satellite particles.
Yusuf ef al. reported simular powder morphology of agglomerates of satellite particles attached to
the coarse particles [294]. Figure 7.3 (b) shows EDS spectrum collected from the 316L SS powder,
red square region in Figure 7.3 (a). Result shows the presence of Fe, Cr, N1, Mn, and Mo same as

the nonunal composition of 316L SS powder specified by the supplier.
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Figure 7.3 316L SS powder: (a) SEM micrograph and (b) EDS spectrum.
Figure 7.4 shows XRD pattern of 316L SS powder containing a nuxture of austemite (y-Fe) and
delta ferrite (6-Fe) phases. The delta ferrite phase constitutes a small fraction of the mixture evident
by the weak diffraction peak. The small fraction of the delta ferrite prevents hot cracking during
weld solidification [295]. The austemte phase dominates with high intensity peaks which

correspond to (111), (200), and (220).
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Figure 7.4 XRD pattern of 316L SS powder.

7.2.2 Target characterization
The microstructure and crystal structure of the sintered target was investigated using SEM/EDS
and XRD techniques. Figure 7.5 show SEM mucrographs of 316L SS target sintered at 1100°C for
12 hours under argon atmosphere. Neck formation 1s observed as the particles bond together with
reduced pore volume. This apparent good densification 1s the result of bimodal size distribution
of the starting powders. The fine particles filled well the space between the large ones. Simmlar
observation was reported by Shan ef al. in their investigation of fast densification mechanism of
AION powder with a bimodal particle size distribution under pressureless sintering condition
[296]. Shan et al. achieved a relative density of 96.33% under sintering held at 1700°C for 30 min.

The fast densification and grain growth were attributed to the re-arrangement of near-spherical

163



particles in the bimodal particle size distribution. The density of the 316L SS target was found to
be 7.769 gem™ which is 97.11% of the theoretical density. The linear shrinkage following the

sintering was estimated to be 13.64%.

Figure 7.5 SEM mucrographs of as-sintered target: (a) Low magmification and (b) High
magnification.
Figure 7.6 (a) and (b) show SEM mucrograph and EDS spectrum of polished cross-section of 316L
SS target. The SEM micrograph shows small open pores randomly distributed. The porosity

determuned by ImageJ was found to be 2.388%. EDS spectrum collected from a section mn Figure

7.6 (a) shows the presence of Fe, Cr, N1, Mn, and Mo as seen in Figure 7.6 (b). Table 7.3 shows
atomic concentrations of element present in 316L SS target obtamned from the EDS quantitative
analysis. Result agrees with composition of starting powder mdicating less contamination during

sintering process.
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Figure 7.6 Polished cross-section of 316L SS target: (a) SEM and (b) EDS spectrum collected

from the red square area 1n (a).

Table 7.3 EDS quantitative analysis of 316L SS target.

Element at%
Mo 190
Mn 134
N1 10.63
Cr 18.86
Fe 6727

Figure 7.7 shows XRD pattern of 316L SS target with diffraction peaks corresponding to the

austemtic phase. There are no secondary phases present. No evidence of oxidation was seen due

to the mert atmosphere used duning the sintering process.
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Figure 7.7 XRD pattern of 316L SS target.

7.2.3 Thin film characterization
Figure 7.8 shows AFM mmage of 316L SS thin film deposited at room temperature. The film
surface shows few pores with no visible cracks. The grains show spherical morphology with
uniform composition. The average grain size 1s about 15 nm. Figure 7.9 (a) and (b) show SEM
micrograph and EDS spectrum of cross-section of 316L SS thin film sandwich mn a plastic holder
embedded in epoxy. Due to improper cutting of the film section, the SEM micrograph displays
broken pieces of film cross-section. The EDS analysis of the thin film shows the presence of all
expected elements as seen in Figure 7.9 (b). Table 7.4 shows atomic concentrations of individual
element present i the film cross-section. Other peaks such C, O, and Si were detected by the EDS
detector which possibly may be coming from the epoxy and substrate. Comparing the composition
of the powder, target, and the film, no significant vaniation can be seen which 1s an indication of

less contamination throughout the process.
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Figure 7.9 (a) Cross-section of 316L SS thin film placed in a plastic holder embedded in epoxy

and corresponding EDS spectrum (b).
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Table 7.4 EDS quanfitative analysis of cross section of 316L SS thin film.

Element at%
Mo 233
Mn 1.39
N1 11.01
Cr 18.80
Fe 66.47

Figure 7.10 shows XRD pattern of as-deposited 316L SS thin film on S1 (100) substrate. Two
diffraction peaks are observed, one corresponds to the film and the other to the substrate. The
diffraction peak for the film was mndexed as (111) which corresponds to the austenitic phase. No
secondary phase or precipitates were detected. Result show consistency with XRD pattern

obtained for the target.
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Figure 7.10 XRD pattern of as-deposited 316L SS thun film_

Figure 7.11 (a)-(c) show top view SEM micrographs of 316L SS thin film deposited at substrate
temperatures 200°C, 300°C, and 400°C. The SEM mucrograph of film deposited at 200°C shows
nano-size grains with spherical morphology. At 300°C substrate temperature, a shift from spherical
to tniangular-pyranudal morphology 1s observed with increased grain size of about 30 nm. At much
higher substrate temperature, the grain morphology remained unchanged but with mcreased grain
size as seen 1 Fipure 7.11(c). Figure 7.11 (d) shows cross-section view of 316L SS thin film

deposited at 400°C. The thickness of the film was measured and found to be 70 nm.
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200°C

Figure 7.11 SEM mucrographs of top and cross-section view of 316L SS thin films at different
substrate temperatures: (a) 200°C, (b) 300°C, (c) 400°C, and (d) 400°C._
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CHAPTER 8
CONCLUSION AND FUTURE WORK

8.0 Conclusion

The conclusion drawn from this research are summarized as follows:

Chapter 3 presented results obtained from powder characterization of ball mulled Ni-Mn-Ga
powder. Particle size analysis result showed a bimodal particle size distribution characterized by
the statistical parameter values Dio = 23.86 pm, Dso = 67.3 pm, and Dgg = 105.2 pm. The powder
showed an irregular powder morphology with homogenous composition. The thermal analysis
performed on the as-nulled powder showed no martensitic transformation due to induced stress
coming from mechanical collisions between powder particles. To relieve the mduce stress and to
restore the martensitic transformation, annealing experiment was carried out on the powder. SEM
result showed the presence of martensitic twin microstructure. DSC result of the annealed powder

showed martensitic transformation at 87_7°C.

Chapter 4 presented results obtained from the characterization of printed and sintered target of Ni-
Mn-Ga alloy. Ni-Mn-Ga targets were successfully printed usmmg BJAM. Observation from the as-
printed target showed better green density estimated to be ~ 57% whach 1s an improvement of what
was reported in literature. The improvement of the preen density of the as-printed target was due
to the bimodal particle size distribution of the starting powder. N1-Mn-Ga targets were sintered for
densification and mechanical strengthening. It was found that the microstructural evolution of the
martensitic twin structures was influenced by the sintering conditions whereby a transformation
from tetragonal (Target 1 and Target 2) for low sintering temperatures to orthorhombic structure

(Target 3 and Target 4) for high sintering temperatures were observed. Oxidation of the targets

were reduced by employing flakes of manganese getters.
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Lmear shrinkage of targets sintered at different temperatures were also examined i both radial
and axial direction. It was found that as the sintering temperature increases shrinkage in the axial
(thickness) direction was higher than in the radial (diameter) direction which suggest that particles
packed i the printing direction (vertical) fuse faster than the radial direction.

Porosity of the targets decreased as the sintering temperature increased. The maximum achieved
density percentage of the target was about 88% which occurred at a sintering temperature of
1080°C. The composition of Target 2, Target 3, and Target 4 were closed to the powder
composition with variation within a 3% himit with the exception of Target 1. Target 1 showed
significant variation i both Ni and Mn contents, a result of high manganese evaporation during
sintering. XRD results showed that Target 1 and Target 2 have tetragonal martensitic structure but
different space group and lattice parameters, which could be attributed to variation in chemical
composition. Target 3 and Target 4 showed nuxed phases of 7M martensite and non-modulated
martensite structures. The martensitic transformation temperatures of the targets were observed to
be composition dependent, that 1s, 1t was seen that as the atomic concentration of N1 content
decreased the martensitic transformation temperature also decreased. Target 1 exhibited the
highest martensitic transformation temperature at ~148°C and the lowest martensitic
transformation temperature at ~74°C was seen 1 Target 4.

In Chapter 5, the effect of discharge current and substrate temperature on the surface morphology,
composition and crystal structure of Ni-Mn-Ga thin films deposited on S1 (100) substrate was
mvestigated. As the discharge current increased, the film showed increased grain size. The grain
morphology, as appeared from the investigation of the film planar surface was of elongated grans.
The film crystallimty also mncrease with increased discharge current, as proved by XRD

mvestigations.
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The most important effect of maintaiming the discharge current value constant and increasing the
substrate temperature was the change mn chemustry and crystallography of the obtamned Ni-Mn-Ga
thin films The film deposited at 700°C showed the closest chemical composition to the target
composition. For the other substrate temperatures, the high oxygen contamination, due perhaps to
not-so-optimum deposition conditions, drastically altered the film composition. By increasing the
substrate temperature, the film crystal structure changed from Heusler L2; cubic (hugh temperature
phase) to monochnic (low temperature phase).

In Chapters 6 and 7, it was demonstrated, using sputtering targets 3D printed from Cu and 316L
SS powders, that sputtening targets of different design geometries such as trapezoidal, conmical
protrusions could be manufactured by BJAM with improved target utilization efficiency compared
to regular disc target. It was also shown that thin films sputtered from these 3D printed targets
have similar morphological, chemical, and crystallographic characteristics to the films made using
classical manufacturing techniques, such as casting, machining, and HIP.

Moreover, thin films sputtered from binder jet 3D printed non-planar targets exhibited less micro-
cracks as compared to films produced from flat targets. Higher crystallite size and lower micro-

strain was observed for films sputtered from non-planar targets, which 1s an indication of improved

crystallimity.

8.1 Future work
This research has demonstrated that N1-Mn-Ga alloy sputtening targets can be manufactured by
binder jetting additive manufacturing technique. In addition, Ni-Mn-Ga thin films have been
fabricated from the binder jetting additive manufactured targets with film properties comparable
to those reported mn hiterature. Yet there 1s still more work to be done. For future work the following

are recommended:
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To achieve full target density, much finer particle size powder 1s recommended as a starting
material for the 3D pnnting. In addition, sintering conditions should be optimized to
enhance densification and reduce porosity.

The target designs proposed in this work should be implemented to make more targets of
Ni1-Mn-Ga alloy with different geometries to realize higher target utilization efficiency.
Further investigation should be carried out on Ni1-Mn-Ga thin films deposited at substrate
temperatures of 600°C and 700°C using ligh resolution SEM or TEM to confirm
martensitic microstructures observed from the XRD spectra.

Target manufacturing by BJAM should be extended to ceramic and semuconductor

materials.
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