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Abstract

Activation volume V*) is a fundamental parameter describing thermally activated flow
processem crystallinematerials Its determination is fundamentally defined by stress
response to an instantaneous change in the inelastic stra*asiuesweremeasured

for polycrystalline nickel (Ni) and copper (Cu) napidlars, fabricated irhouse by electron
beam lithography and electroplating processes, using a new strain rate change test
proceduredeveloped forF e mt o T o -NMTD3, anFiAsitu nanomechanical testing
appar#us Pillars were compressed a scanning electron microscogetemperatures of
300 1 Koperatingthe FT-NMTO03 in displacement control atkese nominal strain rate

of 0.004 & with rate change factors of 164 1/10. The instrument responseplicates the
stepr amp rate change met hod dev edcaespedimenr evi o
testing Continuous rate testwhich are typical in the literatureerealsomadeto compare

to rate changeesults V* values fof/sratechange tests on Cu were found to be 35214
b®and 34.4 1.3b3 and for 1/1Qatechange tests, found to A&.3 2.0 b* and 29.9

2.0 b® with or without stepramp compensation, respectively* for factor of four
continuous rate tests on Ni weg 0.1b° on averageV* values forl/4 change tests on

Ni were28.3 ¢&b? and 29.4 a8tb? andfor 1/10 change tests on Ni wet@é.6 1.3b*

and 21.0 ¢® b® with and without steps, respectively. It was determined that step
compensatiomid notsignificantly impactmeasurementwith the FT-NMTO03 compared

to thosemadewithout compensatiofor low-factor rate changebutfor rate changéactors

of 10 orgreater, tests without compensation underestim#teshough to alter conclusions
about ratecontrolling mechanismsThis work validates the stepamp method for V*

determination and the uncertainty in data previously repartdeenanacpillar literature.



Acknowledgements

| am grateful to numeroumdividuals for their guidance and support throughout this
project. Firstly, thank you to my supervisor, Dr. Brad Diak. His feedbexgertise,
encouragement, and dedication has kept me motivated and striving to do my best work
throughout my everaastheehardest of ineeg. f camnqgt put into words how
much | have learned from Dr. Diak, and | would like to extend my immense graiitude
him. | would also like to extend a thank you to Matthew Toppingafbthe assisince he
provided in operating the SEM and FemtoTool. Without his assistance, this project would
not have been possiblEhank you to Dr. Shig Saimoto for providing the single crystal Ni
and Cu substrates used for this work. am also indebted to Graham Gibson at
Nanofabrication Kingston for teaching me everything | know about lithography and all the
steps involved, and for making it a fun experience. The techniques | learned from Graham
at Nanofabrication Kingstomre invaluable and have made me a morelu@lnded
researchei. would like to thank Fibics Inc. for accefgs training, and assistance witie

use oftheir dual beam FIB.This project was made possible with finding provided by
Natural Science and Engineering Research Counditavfada (NSERC) and the MNT

award from CMC microsystems

Thank you to FemtoTools AG for the work completed to develop the new strain rate change
procedure which was used in this study. A special thanks.tdustyna Szeszko for the
time and effort spent meetingth the groupand for working to ensuréne new program

would fit with our specific needs.

Finally, 1 would like toextend my heartfelt gratitude to my family and friends, as their

unwavering presence has played an invaluable role in my journey hoany t degrei.s



Mom, Dad, Ben, and JJ, your belief in my capabilities and constant support have been a
source of strength for me. To my friends, thank you for staying by my side, both during the

challenging times and times of celebration.



Table of Contents

Y 0L = Lo AP PP PPPPPPPPPPPN L.
ACKNOWIEAGEMENLS.... .ot e e e e e e nennn s i
TabIe Of CONENTS. ... e e s smme e v
LIST Of FIQUIES.....ceeeeeeeeeee e e errer s e e e e e e e e e e e e e e e e e anene e e e e e aaaaaaes Vil
LISt Of TABIES ... et e e e e e e e e e e s ammr e e e e e e e XVili
List of Variables and ADDreviations................uuieeieiiieesiiiiiiiiiiieeeeeee e XXiii
Chapter 1: INtrOAUCTION. .......ceiiiiiiiiieeee e eeaes 1
00 Y 0] 1) V7= (o] PO P PO PPRPPP 1
2 @ ] o111 )= O 2
1.3 MEENOUOIOGY. ...ttt 2
1.4 Contributions t0 TNESIS. .....cviiiiiiieiei e 3
Chapter 2: BaCKGrOUNG.........ccoviiiiiiiiii et 4
2.1 Experimental Characterization of Dislocation Mechanisms.....................c..... 9
2.1.1 Insitu TEM Deformation EXPeriments...........ccoeuvviiiieiieeeeeeeeiiiieeeee e, Q.
2.1.2 Transient MechaniCal TESLS.........ccouiiiiiiiiiiii e 10
2.2 SMAHSCAIE TESHNG ....ceiiiiiieiei it rrer e eeeea bbb e e e e e e e e e e 14
Chapter 3: Experimental ProCeAUIE........ccooiiii i i iiiceeeeciiee e eeeeeenee e e e 18
3.1 FADIICALION. ....eeieiiite et 18
3.1.1 Substrate Preparation............. . eeeeeiiiaeaas e e e e eeenees s e e e e e e eeeens 18



TNt 2 - 11 (=1 1 1T PP 24

G0t G B = Tod 1 (o ] = 1] o S 28
3.2 MECNANICAl TESTING ... uuuueiiieiiiiiiiii ittt e e e 32
3.2.1 FemtoTools Collaboration...............ooooiiimmmn e 32
3.2.2 Continuous Strain Rate EXperiments.............ccccuvvvimmmrniniiiiiiieeeeeeee 36
3.2.3 Rate Change EXPerimentS..........ucieiiiiiieeceeeiiiis e e veeen e e e 38
3.2.4 CharaCteriZatiQl............uveereeeiiiiieeeeiie e et rme e e e e e s 39
Chapter 4: RESUIS.....ccoo oo 40
4.1 Pillar MICIOSTIUCTUIE.......coiiieiieeee e 40
4.2 MeChaniCal TESHING......cccuiuiiiiiiiiiiieieeeiiee bttt e e e e e erer e e e e e e e e e e e e e e e aa e e 47
4.2.1 FemtoTOOl PErformMancCe..........ccooiuuriiiiiieae et 47
4.2.2 SresSStrain ANAIYSIS........oovvuiiiiiiiiie e e e e e e e rreer s a e e e e aaaas 56
4.3 COPPEN Pllar TESLS....evviiiiiiiiii i i e e e s et s s e e e e e e e e e e e e e reeeis e e e e e e e e e e eeeeeeeanenanens 58
4.3.1 Continuous Strain Rate TeSIS......coooiiiiiiiieree e 58
4.3.2 Stress$Strain Behaviour for Rate Change TesSiS.........oooovvvviieeneennn 4 61
4.3.3 ACtIVALION VOIUMES......uuiiiiiiiiiiiiiiii et 69
4.4 NICKEl PHIAr TESES. ...utiieiiiiiiiiieiee et 76
4.4.1 Continuous Strain Rate TeSIS........ooviiiiiiiieeee e 76
4.4.2 Stress$Strain Behaviour for Rate Change TestS.....ccooovvveeiiiiiiiieecieienen. 80
4.4.3 ACtIVatiON VOIUMES......cooiiiiiiieie et mee e 83



(O gF=T o] (= gt o N I ot U 71 o 1 R 90

5.1 INTrOAUCTION. ...ttt e e e men e 90
5.2 FADICALION. ...ttt eeer ettt e e e e e e e e e e e e e e as 91
5.2.1 Substrate Preparation and Electroplating..............ccccouvmmmminiiiiiiininnnnne. 91
5.2.2 Electron Beam LithOgraphy........ccoeviiiiiiiiiiiieeee e 93

5.3 Mechanical TeSHNG.........ccoiiiiiiiiiie e e 94
5.3.1 FEMLOTOO! PerfOrmManCe..........oouviiieiieiiicmreiiee e 94

5.4 Activation Volume COMPANISON..........uuuuiiiiieiee e eeeeiiiisee e e e e e e e reeera e 94
Chapter 6: Conclusions and Future WQrK...........ccccceiiiiieemiiiiieeeeeeeieee 100
RETEIENCES. ...t 102
Appendix A: Pillar DeSIgNatiONS............cuuuuuuuuiiiimreeeeeriiiree s e e e emmmrann e 107
Appendix B: Plating TralS.......ccccoeeeeiiiiiiieeeeee e 109
Appendix C: FENMTO03 Specifications.............oovvvvviiiiiiiieemeeeeeeeeeeeeve s 111
Appendix D: SEM Images Of PillarS...........cooooiiiiiic e 112

Appendix E: Stres$Strain Plots, Activation Volumes, and SEM Images from Cu and Ni

IS £ PPN 122
Appendix F: Mechanical Data from Cu and Ni TESIS.........ccooccvviiiiiimeneeniiiireeeennn 156
Appendix G: MATLAB COUES......cooiiiii i 160

Vi



List of Figures

Figure 1: Reported activation volumes in micron andmidyon pillars of various FCC
materials at ambient temperature. Tetermination method for each dataset is listed in

the legend, where CSR refers to constant strain rate tests and SRC refers to strain rate
change test. HEA refers to higimtropy alloy. Tests are stated to be performed at room
temperature, or an unspeeiii temperature, both of which are assumed to be in the range
(o124 LR (o 10 I PSP RUPPPRP 16

Figure 2: Pole figures obtained via SEMBSD of Cu single crystal rod. EBSD was
performed at an accelerating voltage of 25 kV and working distance of 15.mm...19

Figure 3: Pole figures obtained via EBSD of Ni single crystal rod. EBSD was performed
at an accelerating voltage of 25 kV and working distance of 15.mm.................... 20

Figure 4: a) Electron beam evaporator during deposition, b) three Cu substrates after being
coated With 100 NM OFf AU....cooiiiiiiiic i reer e enense e e e e e e e eaeaaeeens 23

Figure 5: Laurell spin coating apparatuS...............uuuuueuuireeeeeeeriieninnneeeeeeeeesennnns 25

Figure 6: Example of a single dose array layout. Note that three dose arrays, each with a
different pillar diameter, were patterned on one substrate...............cccooveeecvvinnnnnns 27

Figure 7: Beaker electroplating apparatus for nickel................coovviiiiie e, 30

Figure 8: Array of mushroomed Cu pillars. Note that plating objects are missing from some
[oTor=1 ({0 o 1S 31

Figure 9: Main menu for FemtoTool Software Suite............ccooooeiiiiriiiiii e, 33

Figure 10: Graphical user interface of strain rate change test inputs for FemtoTool Software

VST 61 (0] o NP2 X S TR 35

vii



Figure 11: Visualization tool window. The visualization tool shows the strain aiate
displacementime waveforms to ensure rate change segments have been correctly inputted
prior to performing the teSt..........ccooi i 36

Figure 12: FemtoTool mounted inside the SEM in preparation fsiturtesting.......... 37

Figure 13 SEM micrograph of an agrown 6 x 6 Ni pillar array, taken with InLens detector

at 2 kV, 36° tilt. Some locations did not plate pillars. Note that the image aspect ratio has
been corrected for tilt by stretching 24% vertically..............cccccvvvvveeeeeeeeeneennnn 41

Figure 14: SEM micrograph of @agown Cu pillar, taken with InLens detector at 2 kV, 36°

tilt. Note that the image aspect ratio bagn corrected for tilt by stretching 24% vertically.

Figure 15: SEM micrographs of-gsown Cu pillar after FIB milling showing elevated
view of pillar cross section at the centirge, gold layer, and nickel single crystal substrate.
The apparent curvature below the pillar is an artifact due to prefenaiiting around the
substrate region outside the piteubstrate interface. 2 kV a) InLens image, b) secondary
electron image. Definition of heightp,ldiameter, 6l and taper angle are indicated in a).
Note that the image aspect ratio has been corrected for tilt by stretching 24% vetHcally.
Figure 16: SEM micrograph of Cu pillar, taken with InLens detector at 2 kV, 36° tilt. The
pillar shown underwent approximately 50% compression strain at a nominal base strain
rate of 0.004$ and temperature of 300 + 1 K. Note that the image aspect ratio has been
corrected for tilt by stretching 24% vertically............cooooviiiiiiiceeii 43

Figure 17: SEM micrographs of representative deformed Cu pillar after FIB milling to

reveal the cross section, imaged at 2 kV, 36° tilt, a) InLens image, b) Secetelzrgn

viii



image. Note that the image aspect ratio has been corrected for tilt by stretching 24%
Y= 1T RSP 44

Figure 18: SEM micrographs of-gsown Ni pillar, imaged at 2 kV, a) InLens image, b)
Secondanyelectron image. Note that the image aspect ratio has been corrected for tilt by
stretching 24% VErtiCAllY.........coooe e en 44

Figure 19: SEM micrographs of-gsown Cu pillar after focused ion beam (FIB) milling

to reveal the cross section, imaged at 2 kV, 36° tilt, a) InLens image, b) Secelatdrgn

image. Note that the image aspect ratios have been corrected for tiletohisty 24%

AV L= 1T USSP 45

Figure 20: Scanning electron microscopy (SEM) micrographs of Ni pillar, imaged at 2 kV,
36° tilt. The pillar showrunderwent approximately 50% compression strain at a nominal
base strain rate of 0.004 and temperature of 300 + 1 K. Note that the image aspect ratio
has been corrected for tilt by stretching 24% vertically................coooiiieeeiiiieeeen. 46

Figure 21: SEM micrographs of deformed Ni pillar after FIB milling to reveal the cross
section, imaged at 2 kV, 36° tilt. The pillar shown underwent approximately 50%
compression strain at a nominal base strain rate of 0-b@ddstemperature of 300 + 1 K.

a) InLens image, b) Secondaglectron image. The amount of substrate indentation is
exaggerated by the artifact of preferential milling outside the pillar edges. Note that the
image aspect ratios have been corrected tdntistretching 24% vertically.............. a7
Figure 22: Force versus PZT displ acement

unl oadi n g 0 -cahiroflep tompressioa tests performed on one Cu pillar at 0.004



Figure 23: Progression of loading and unloading stiffness with PZT displacement output
calculated from eight sequentiabdingunloading experiments on one Cu pillar. The lines
simply connect the data POINES.........cccovviieeieeeiiiieeeiiie e eeeeeeeeeeeecvviieene e e e e eeeeeeeeenn 49

Figure 24: SEM images taken before and after eight compression tests performed on one
Cu pillar for the data in Figure 22. Imaging was performed at 10 kV ahst@ge tilt, a)

before test 01, b) after test 01, c) after test 02, d) after test 03, e) after test 04, f) after test
05, g) after test 06, h) after test 07, i) after test 08........cccoeeeeiiiiiiieeeiiiiiieeeeeeeee 50

Figure 25: Stresstrain curves from composite test constructed using final areas, heights,
and maximum load values from each test in Figure 22, and continuous test performed on a
Cu pillar using a nominal strain rate of 0.00%a$ 300 + 1 K......cc.ecovveeevreereeererieenenns 51
Figure 26: Force versus PZT displ acement
unl oadi n g 0 -cahiroiep tompressioa tests performed on one Ni pillar at 0.004

S ettt b et e b tean et ebeere et et et aaeaneas 52

Figure 27: Progression of loading and unloading stiffness with deformation calculated from
seven sequential loadingloading experiments on one Ni pillar at 0.004.s........... 53

Figure 28: SEM images taken before and after eight compression tests performed on one
Cu pillar for the data in Figure 26. Imaging was performed at 10 kV ahst2fe tilt, a)

before test 01, b) after test 01, c) after test 02, d) after test 03, e) after test 04, f) after test
05, g) after test 06, h) after test Q7.........oiiiiiiiii e 54

Figure 29: Stresstrain curves from composite test constructed using final areas, heights,
and maximum load values from each test in Figure 26, and continuous test performed on a

Ni pillar using a nominal strain rate of 0.004a 300 + 1 Ku.......ccccovevveeveerieieieennnen, 55



Figure 30: Displacement versus time response for FemtoTool during a 1/4 down change
with data acquisition rate of 5000 Hz. a) entire test, one rate change performed, b) detailed
view of the stepramp rate change over 2 second time scale, cratep rateesponse over

40 MS TIME SCALE....ciiiiiiiiee e e e ener e e e e 56

Figure 31: Initial contact correction plots, a) force versus uncorrected displacement for
pillar tests, straight line with slope equal to the steepest slope of the elastic straining region
is plotted and location where the line and the fatisplacementurve intersect is taken as

zero displacement, b) force versus displacement curve after correcting for initial contact as
£ 0101 T T - ) 57

Figure 32: Piezoelectric displacement versus time control response for Cu pillar during
tests using nominal strain rates of 0.061 3004 &, and 0.016 $including reversal to
unload. Each test was performed at 30D K. ............ovvvuiiiiiiiii it 58

Figure 33: Raw force versus displacement response for Cu @itlaeminal strain rates

of 0.001 &, 0.004 &, 0.016 &. Each test was performed at 30A K...........c...cuv...... 59

Figure 34: True stress versus true inelastic strain from continuous strain rate compression
tests for Cu pillars at nominal strain rates of 0.0810s004 &, 0.016 &. Each test was

performed at 300 + 1 K. 15%, 30%, and 45% inelastic strain are indicated on each curve.

Figure 35: Log stress versus log strain rate for three continuous tests performed on Cu at

of 0.001 &, 0.004 &, and 0.016 $and 300 1 K. The slope represents the strain rate

sensitivity, M, at CONSTANT STrAUN...........covviiiiiiiiicmr e e e 60

Xi



Figure 36: 1/4 changes, no compensation steps, a) true stress versus true inelastic strain
response for G02-05, b) true stress versus time response for one rate change over 20
second time scale. Note that a nominal base strain rate of ¢-@dsed at 300 + 1 K2

Figure 37: Plots of true stress versus true inelastic strain for Cu pillar tests (info). a)
Example of an ovecompensated rate change(previous page), b) force versus time
response during an oveompensated rate change (previous page), ¢) example of@rn un
compensated rate change (previous page), d) force versus time response during-an under
compensated rate change (previous page), e) stress versus strain response during a well
compensated rate change, f) force versus time response during@mptnsated rate
change, g) stress versus strain response during an uncompensated rate change, h) force
versus time response during an uncompensated rate change. The serrations in the curves
are due t0 10CaAl BVENLS.........ooiiiiie it irees et e e e e e e e e e e e e e 64

Figure 38: 1/4 rate changes, with steps, a) true stress versus true inelastic strain response
for Cu02-20 using s b) true stress versus time response for one rate change over a 20
second time scale. 1.5 nm steps are used for the first two-cluanges, 2im steps are

used for the remaining dowshange Note that a nominal base strain rate of 0.60vas

(B E]=T0 I LA {00t PP UUTPRR T RRPPPRR 65

Figure 39:1/10 changes, no steps a) true stress versus true inelastic strain response for Cu
04-03, b) true stress versus time response for one rate change over a 30 second time scale.
Note that a nominal base strain rate of 0.00#%s1sed at 300 1 K........cccoeeeveennenee. 67

Figure 40: 1/10 changes with steps, a) true stress versus true strain respongg3faB8Cu

b) true stress versus time response for one rate change over a 30 second time scale. 3 nm

steps are used for the first two deelmanges, 4 nm compensation steswsed on the

Xii



remaining dowrchanges. Note that a nominal base strain rate of 0:b®4used and the

testis performed at 300 1 K......oiiiiiii i cceeeeeeeeeeeee e 68

Figure 41: V values for uncompensated 1/4 change tests. a)-stregs response for Gu

02-05 with stress drop measurement locations plotted, ¥@rgus true strain foEu-02-

05. A nominal base strain rate of 0.004isused and at 300 + 1 K. Red and blue markers
plotted on stress strain curves indicate where the change in stress upon change in strain rate
has DEEN MEASUIEA..........ooo i et e e e seee e 69

Figure 42: V values for compensated 1/4 change tests. a) sthess response for G-

20 with stress drop measurement locations plotted, We¥Xsus true strain for GD2-20.

Note that a nominal base strain rate of 0.0b# sised at 300 + 1 K. Red and blue markers
plotted on stress strain curves indicate where the change in stress upon change in strain rate
has been measured. Note that rate changes that did not meet the 80% instantaneous stress
drop were treated as invalideasurements and were not used in further calculatiorO

Figure 43:V for uncompensated 1/10 change tests. a) ssteai® response for G04-03

with stress drop measurement locations plotted, We¥sus true strain for Gd4-03. Note

that a nominal base strain rate of 0.004issused at 300 + 1 K. Red and blue markers
plotted on stress strain curves indicate where the change in stress upon change in strain rate
WEIE IMEASUIE.. ... et e e et e e e e e e eeeeia e e e e e e e e e e e e e e e e eeetatnnneeeeaeeeeeeesessaesssnnnammmeeeeeessnnnns 72

Figure 44: Vfor compensated 1/10 change tests. a) sstas response for G0G-18

with stress drop measurement locations plotted, Wevsus true strain for G03-18. Note

that a nominal base strain rate of 0.004ssused and tests are performed at 300 + 1 K.

Red and blue markers plotted on stress strain curves indicate where the change in stress

upon change in strain rate were measuUred...............uuiiiiieeeieeeeeeiiine e e 72

Xiii



Figure 45: Box and whisker plots for all V* calculated from a) 1/4 changes with steps, b)
1/4 changes without steps, c) 1/10 changes with steps, d) 1/10 changes without steps on Cu
1] L= USSR 75
Figure 46: Box and whisker plot for all V* calculated from 1/4 and 1/10 changes on Cu
PIllArs With StEPS........ciiiieieeeeii s e e e e errs s s s e e e e e e e e e e eesessannnseeeeaaess i O
Figure 47 Piezoelectric displacement versus time control response for Ni pillar during
constant nominal strain rate tests using strain rates of 0.:600.804 &, and 0.016°$
including reversal to unload Each test was performed at 300 £+ L. K..................... 7
Figure 48: Raw force versus displacement response for Ni @llaeminal strain rates of
0.001 &', 0.004 &, 0.016 &. Each test was performed at 30A K..........cccecevverueenee. 77
Figure 49:True stress versus true inelastic strain from constant nominal strain rate
compression tests for Ni pillars at 0.00%, ©.004 &, and 0.016 & Each test was

performed at 300 + 1 K. 15%, 30%, and 45% inelastic strain are indicated on each curve.

Figure 50: Log stress versus log strain rate for three continuous tests performed on Ni at
0.001 &', 0.004 &, and 0.016 $and 300 + 1 K. The slope represents the strain rate
sensitivity, m, at CONSTANt SIraIN...........coiiiiiiii e e 79

Figure 51:1/4 changes, no steps, B)d stress versus true inelastic strain respondsifor

01-10, b) true stress versus time response for one rate change over 20 second time scale
Note that a nominal base strain rate of 0.00#%s1sed at 300 + 1 K.........ccooeuveneene. 80

Figure 52:1/4 rate changes with steps, a) true stress versus true inelastic strain response
for Ni-01-07, b)true stress versus time response for one rate change over 15 second time

scale 1 nm step used on first dovehange, 1.5 nm step used on second doange, 2

Xiv



nm steps used on remaining dealmanges. Note that a nominal base strain rade00¥4 s

e SRV IST=Yo I Ve 0[O I e RO 80

Figure 53:1/10 changes, no steps a) true stress versus true inelastic strain response for Ni
01-18, b) true stress versus time response for one rate change over 40 second time scale.
Note that a nominal base strain rate of 0.00#&sised at 300 + 1 K.......c.ccveevveenen. 82

Figure 54:1/10 changes with steps, a) true stress versus true inelastic strain response for
Ni-01-15, b) true stress versus time response for one rate change over 40 second time scale.
Note that a nominal base strain rate of 0.00#s1sed at 300 + 1 K..........ceeveeneene. 82

Figure 55V" determination for 1/4 change tests without steps. a) sttesia response for
Ni-01-10 with stress drop measurement locations plotted, ¥@rgus true strain for Ni

01-10. Note that a nominal base strain rate of 0.00i sised at 300 + 1 K. Red and blue
markers plotted on stress strain curves indicate where the change in stress upon change in
strain rate has been measured.............oooiiiiiin e 84

Figure 56" determination for compensated 1/4 change tests. a)-stragsresponse for
Ni-01-08 with stress drop measurement locations plotted, b@rgus true strain for Ni

01-08. Note that a nominal base strain rate of 0.004 ssed and test is performed at 300

+ 1 K. Red and blue markers plotted on stress strain curves indicate where the change in
stress upon change in strain rate has been measured.............cccoovveeeeeiieeeeveninnnnn. 34

Figure 57V" values for uncompensated 1/10 change tests. a)-stragsresponse for Ni

01-18 with stressirop measurement locations plotted, By&fsus true strain for N)1-

18. Note that a nominal base strain rate of 0.0b#% sised at 300 + 1 K. Red and blue
markers plotted on stress strain curves indicate where the change in stress upon change in

strain rate has DEEN MEASULE.......c.. o 86

XV



Figure 58:V" values for 1/10 change test with steps, a) ss&sén response for M1-15

with stress drop measurement locations plotted, #¢Mgus true strain for N)1-15. Note

that a nominal base strain rate of 0.084ssused 300 + 1 K. Red and blue markers plotted

on stress strain curves indicate where the change in stress upon change in strain rate has
DEEN MEASUIEM.......uiiiiiiiiiiiee e 87

Figure 59: Box and whisker plots for all V* calculated from a) 1/4 changes with steps, b)
1/4 changes without steps, ¢) 1/10 changes with steps, d) 1/10 changes without steps on Ni
PUIAIS......c e e e e e e e e e e e e e et ananr e e e e aaaaaaeeeeeraerraaaand 89

Figure 60: Box and whisker plot for all V* calculated from 1/4 and 1/10 changes on Ni
PIllArS WIth STEPS.......coiiieeeeeeee e e errer e e e e e e e e e e e e e e e s rnneaaeeeaees 90
AverageV* values determined from tests performed with stepp are plotted ifrigure

61 for Cu and Ni and compared to the existing literatvtevalues are similar to those
reported for single crystal pillars fabricated and tested by Xiao et al. [48], but regbdrted
values for Cu of similar pillar diameters are less than half of those found in this\Wtork.
values found through continuous strain rate tests are shown for comparison to those
determined through rate change experiments..........ccccceeieiiiieceeieiiiiise e 98

Figure 62: Reported activation volumes in micron andmaidson pillars of various FCC
materials at ambiertemperature. The determination method for each dataset is listed in
the legend, where CSR refers to constant strain rate tests and SRC refers to strain rate
change test. Tests are stated to be performed at room temperature, or an unspecified
temperature, &th of which are assumed to be in the range of 295 to 300 + 1 K. Data from
the current work is plotted for comparison using triangular and diarslozged markers,

where the error value is less than the mMarker Siz€........oo.veeee e, a8

XVi



Figure 63: Cu plated on polycrystalline Cu substrate with 100 nm Au seed layer. Sample
was plated for 15 minutes at 50 mAfkfhe film thickness is measured to be

oY o] 0000 41 =1 (=1 ) I U o OO 109

Figure 64: Cu plated on polycrystalline Cu substrate with 100 nm Au seed layer. Sample
was plated for 14 minutes 48 seconds at 15 mA/Ene film thickness is measured to be
apPProXimately 3. M. ... e errn e e e e 109

Figure 65: Ni plated on polycrystalline Cu substrate. Sample was plated for 16 minutes 14

seconds at 15 mA/cm2. The film thickness is measured to be approximptaly..3 110

Xvii



List of Tables

Table 1: Typical activation volumes for common dislocation mechanisms, after Conrad

Table 2: Detailed chemical polishing solution recipes for nickel and copper samples [60,
L] vttt eeeee et e et eemee et en et et en et en et 22

Table 3: Electroplating bath recipes for Cu and Ni plating............cccevvvvvvieeeneeeennn. 29

Table 4: Cumulative deformation obtained from mechanical data in Figure 22 and
measured from SEM images shown in Figure 24. Each data is taken after the test number
listed in the lefthand column. The rigkitand column provides a measure of the difference
between mechanical data and image data................ccoovvieeeiiiii e 51

SEM images taken before and after each sequential test are shown in Figure 28 and
measurements made from SEM images versus obtained from mechanical data are listed in
B 1= 1] S TSP PPPPPPRPPPPPPPPP 53

Table 6: Cumulative deformation obtained from mechanical data in Figure 26 and
measured from SEM images shown in Figure 28. Each data is taken after the test number
listed in the lefthand column. The rightand column shows the difference between
mechanial data and image data, with a negative value indicating an-pnefdiction of
deformation from mechanical data..............ccccoviiiiieemiii e 54

Table 7: m and V* values calculated fromnstant nominal strain rate compression tests

for Cu pillars at 0.001%5 0.004 &, and 0.016$. Each test was performed at 300 + 1 K.
Values are listed for inelastic strain amounts of 15%, 30%, 45%, and the average, and

values are calculated from rate0ad16 &' to 0.0048 and 0.004$t0 0.001 &. ......... 61

Xvili



Table 8: Mechanical data for 1/4 change tests on Cu pillars. Rate change tests were
performed using a nominal base strain rate of 0.6/0# s temperature of 300 + 1 K. Note

that the error in reported yield strengths is calculated from the reported force sensing and
position measurement resolution of the FemtoTool, and pillar height and area measurement
(=570 ] (U110 o TP PPPPPRRP 66

Table 9: Mechanical data for 1/10 change tests on Cu pillars. Rate change tests were
performed using a nominal base strain rate of 0.6bdrsl at fray + 1 K. Note that the

error in reported yield strengths is calculated from the reported force sensing and position
measurement resolution of the FemtoTool, and pillar height and area measurement
(=570 ] (U110 o TP PPPPPRRPR 68

Table 10: Sequential "Walues for 1/4 down changes on Cu pillars at 300 + 1 K and a
nominal base strain rate of 0.004 £u-02-05 and was performed without compensation
steps, while C#2-20 was performed with steps. Note that the error in reported V* values

is calculated from the resolution of the force sensing and position measurement of the
FemtoTool, and pillar heigland area measurement..................c.cvvvvceeeeeeeeevinnnnnns 70

Table 11: Sequential strain rate sensitivity values, m, for ¥4 changes on Cu pillars at 300 +
1 K and a nominal base strain rate of 0.084&+02-05 and was performed without steps,
while Cu02-20 was performed with steps. Note that the error in reported V* values is
calculated from the reported force sensing and position measurement resolution of the
FemtoTool, and pillar height and areaasaerement resolution...................cccevvvueeen. 71

Table 12:Sequential Vvalues for 1/10 changes on Cu pillars at 300 + 1 K and a nominal
base strain rate of 0.004.2Cu-04-03 was performed without steps, while-G8+18 was

performed with steps. Note that the error in reported V* values is calculated from the

XiX



reported force sensing and position measurement resolution of the FemtoTool, and pillar
height and area measurement reSOIULION...............uuuuiiicccreeeeeeee e 73

Table 13:Sequential strain rate sensitivity values, m, for 1/10 changes on Cu pillars at 300
+ 1 K and a nominal base strain rate of 0.004 Gu-04-03 was performed without
compensation steps, while ©3-18 was performed with compensation steps. Note that
the error in reported m values is calculated from the reported force sensing and position
measurement resolution of the FemtoTool, andapilieight and area measurement
(=570 ] (U110 o TR PPPPPRRP 14

Table 14: V and m values calculated and averaged from all rate change tests performed
(o] I O U o1 = T U PPPPRPPPRRN 74

Table 15: m and V* values calculated froonstant nominal strain rate compression tests
for Ni pillars at- = 0.001 &, - = 0.004 &, and- = 0.016 & Each test was performed at

300 + 1 K. Values are listed for inelastic strain amounts of 15%, 25%, and 40%, and values
are calculated from rates 0016 &' to 0.0043 and 0.004$t0 0.001 5..................... 79

Table 16:Mechanical data for 1/4 change tests on Ni pillars. Rate change tests were
performed using a nominal base strain rate of 0.0G# a temperature of 300 + 1 K. Note

that the error in reported yield strengths is calculated from the reported force sensing and
position measurement resolution of the FemtoTool, and pillar height and area measurement
[(STST0] 1111 0] o OO PUPPPRPPPTTPPPRPRRIN 81

Table 17:Mechanical data for 1/10 change tests on Ni pillars. Rate change tests were
performed using a nominal base strain rate of 0.6/ s temperature of 300 + 1 K. Note

that the error in reported yield strengths is calculated from the reported force sensing and

XX



position measurement resolution of the FemtoTool, and pillar height and area measurement
(=570 ] (U110 o TSP PPPPPRP 83

Table 18:Sequential Vvalues for 1/4 down changes on Ni pillars 300 + 1 K and a nominal
base strain rate of 0.004.sNi-01-10 was performed without compensation steps, while
Ni-01-08 was performed with compensation steps. Note that the error in reported V* values
is calculated from the reported force sensing and position measurement resolution of the
FemtoTool, and pliar height and area measurement resolution..............ccooeeeeeeenes 85

Table 19:Sequential strain rate sensitivity values, m, for 1/4 changes on Ni pillars 300 + 1
K and a nominal base strain rate of 0.064Ni-01-10 was performed without steps, while
Ni-01-08 was performed with steps. Note that the error in reported m values is calculated
from the reported force sensing and position measurement resolution of the FemtoTool,
and pillar height and area measusat resolution...................ueeiiiiccceeeeeeevvin, 86

Table 20:Sequential V values for 1/10 down changes on Ni pillars 300 + 1 K and a
nominal base strain rate of 0.004 #§li-01-18 was performed without steps, while-0di-

15 was performed with steps. Note that the error in reported V* values is calculated from
the reported force sensing and position measurement resolution of the FemtoTool, and
pillar height and area measanent reSoIUtION. ... 87

Table 21:Sequential strain rate sensitivity values, m, for 1/10 changes on Ni pillars 300 £
1 K and a nominal base strain rate of 0.004 Ni-01-18 was performed without
compensation steps, while-1-15 was performed with compensation steps. Note that the
error in reported V* values is calculated from the reported force sensing and position
measurement resolution of the FemtoTool, andampiheight and area measurement

1101 (1] 1T0) o TR RTRPRTR 88

XXi



Table 22:V" and m values calculated and averaged from all rate change tests performed

(o NV 01 = £ PPPPPPRR 38

XXii



List of Variables and Abbreviations

Table i: Physical constants

Boltzmannds co 0 P Y p T UTD

Table ii: Variables

a Length of dislocation segment
@ Burgers vector
1 Effective shear stress
T Athermal shear stress
T Applied shear stress
30  Gibbs freeenergy
3'Q Change in free energy associated with atomic displacements occ
during activation
Q Activation distance
0 Activation area
W Activation volume °)
) Activation volume ()
Y Temperature
3Y Change in internal energluring activation
3"Y Change in internal entropy during activation
3Y Change in entropy associated with the change in vibrational
between minima in potential energy

T Plastic strain rate
7 Density of dislocations of typ®
W Average velocity of dislocations of tyfie

— Angle between the applied stress and slip direction
Angle between the slip direction and the normal to the slip plane
@ Velocity of dislocations
Distance traveled of a dislocation after a successful fluctuation
' Vibrational frequency
Structure
Strain rate sensitivity
Thermodynamic strain rate sensitivity
Time constant for creep testing
Activation volumedetermined through creep testing

e- 8~z_<= Q-+

XXili



Table ii: Variables

DGgc % o %

Variation of strain during creep testing

Time

Variation ofshearstress during stress relaxation testing
Melting temperature

Taylor factor

Pillar height

Pillar diameter

Table iii;: Abbreviations

NEMS
MEMS
FCC
TEM
HVEM
SEM
FIB
EBL
CSR
SRC
HEA
EDM
EBSD
RPM
PMMA
Disp.

Nancelectromechanical system
Micro-electromechanical system
Facecentered cubic
Transmission electron microgo®
High voltage electron microscope
Scanning electron microscope
Focused ion beam

Electron beam lithography
Constant strain rate

Strain rate change

High entropy alloy

Electrical discharge machine
Electron backscatterediffraction
Revolutions per minute
Polymethylmethacrylate
Displacement

XXIV



Chapter 1lIntroduction

1.1 Motivation

The deformation behaviour of suicron specimens is an extensively researched topic,
highly motivated by the push for smaller and smaller devices. Understanding the
deformation behaviour of materials at the -soiloron scale can improve both
manufacturing and performanoé devices at the nan@nd micre scale, such as nano

and micre electromechanical (NEMS AND MEMS) devices. The discovery of enhanced
strength in submicron specimens is another source of motivation for understanding
deformation mechanissnas the governing mechanisms at small length scales differ from

those in bulk materiald].

The rate at which deformation occurs drystalline materials idictated by the ratef

dislocation movementvhich is dependent on the bypassing of dislocations grestyy
barrierssuch as other defedi®-6]. The bypassing of dislocations past energy barrieas is
thermally activatable process which can be characterized by the area swepttioait by
dislocationsegment under applied stress to the pthet configuration overcomebe
obstaclewith no furtherincreaseinstregss mul t i pl i ed by the mater.|
characteristic quantity, referred to as the activation volume, can be calctriated
measurements made during a transient mechanicabDisstepancies in the literature for
reported ativation volumes specifically for pillar geometries at the micron and sub

micron scalehave been identifiedndicaing the need for a reliable way to measure these

values.



1.2 Objective

The following study investigasethermal activation in small volumes of material. The
investigation focusson materials with a faecentered cubic (FCQrystalstructureand
relatively high melting pointenablingexperimentgo be performed atoom temperature

without significant recovery.

The project will address discrepancies in measured activation volumes reported in the
literature by conventional means of measurement such as constant strain rate tests and

traditionalstrain ratechangeesting.

1.3 Methodology

The objectives of this study have been accomplished through resegpehnimentation,

and collaborationn nanofabricationtesting moduledesign and smakscale mechanical
testing The thesiss separated intéve main sections. Chapter 2 provides a review of the
relevant literaturéo motivate the present researCihapter 3 describes the experimental
procedure used to complete the investigadindis split into two main sections describing

the fabrication procedure and mechanical testing, respectively. Chapter 4 presents the
results obtained through fabrication andites including nanopillar microstructure and
data obtained from rate change experimemtsluding activation volumes. Chapter 5
consists of an Hlept discussion of the results obtained and how they tie back to the theory
and literatureThe thesis culminates with Chapter 6, which lists the main conclusions of

thestudyand recommendations for futuresearch



1.4 Contributions to Thesis

All work, unless otherwise stated was done by the author. The modification of the
FemtoTool software to incorporagtandardstrain rate change capability was done by
FemtoTool programmers with the authoros gul
Szezko of Femfbools AG. The stepramp method for strain rate change measurement

was then developed and tested by the author.



Chapter 2Background

It is well known that plastic deformation of crystalline materials is a thermally activated
process that relies on temperature and strain rate. The first suggestion of the existence of
thermally activated deformation came from Beckgrand Orowan[3], where it was
proposed that the difference in flow between liquids and solids originates from flow units
which exist on a much larger scale, as opposed to on the atomistic scale. This led to the
notion that the rate of deformation is dictated by the lsipgsof dislocations past
obstacles in their slip planga thermal activation. In later years, these theories were
extended through work by Orowd|, Kauzmanr5], Seegef6], and others. Extensive
studies were carried out in the field of thermal activation in the years following, much of
which involved the experimental and theoretical investigation of single dislocations past

obstacleg7].

The notion that the flow stress resulting from deformation of a metal could be separated
into two distinct parts originated from the work of Cottrell and St¢8EsThe flow stress
was shown to be comprised ari irreversible component of flow stress, (also referred to

as athermal stress by some autliet} t , and thereversible componergalso called the

effective or thermal streg®]), 1°. The irreversible stress originates from lenagge
interactions of dislocations with the microstructure, also known asrbomge obstacles.
Long-range obstacles, or athermal obstacles as they are often termed, commonly take on
the form of large precipitas or second phase particles, or other dislocations on parallel
slip planes[10]. The reversible stress stems from shartge interactions between
dislocations and energy barriers, where the stress field is on the ot@atoimic spacings

[8, 10]. The reversible part of flow stress has been shown to be proportional to the total

4



flow stress by Cottrell and Stok§g], and this proportionality has come to be known as

the CottrellStokes law. These sharnge energy barriers, as first theorized by Befer

and Orowari3], are generally small obstacles located on the slip plane, and may take on
the form of clusters or precipitates, forest dislocations, or even a lattice resistance in some
materials, also known as the Peid¥lgbarro stres$11-13]. Since these interactions
between dislocations and energy barriers take place in such a small volume of material, the
thermal vibration of atoms plays a key role in how these interactions occur, and whether
dislocations will successfully bypass energyrieas under an applied streds3]. As the
temperature of deformatiancreases, the stress required to push dislocations past these
obstaclesdecreasesObstacles to dislocation motion are often referred to as being
Atransparento to dislocations when [8.hey ar
These processes of overcoming energy barriers are known as thermally activated processes,

and they affect most temperature dependent properties of matesials

There are different methods to determine the contribution of reversible flow stress to the
total flow stress, such as through temperature or strain rate changes during a regular tensile

(or compression) test, which will be discussed in a later section.

The minimum Gibbs free energy required to move a linear dislocation segment of length
& and Burgers vectoof magnitudegy under an effective strest’, was determined by
Schoecl14], and Gibbg15-17]to be

30 3'Q t'a0Q (1)

wherezQis the change in free energy associated with the atomic displacements occurring

during activationandQis the activation distance if activation occurs reversibly and at



constant temperature. The prodéiftis also known as the activation aréaand is defined
as the area swept by a dislocation betweensthble and unstable configuratsoas it
overcomes a shaerainge obstacléMultiplying A by b of the material in questiotefines a

geometric activation volumé/'.

It was also shown by Gibl§35, 17]thata'resembles a Helmholtz free energy

3Q Y Y 8Y 2)

where 3Y and 3°Y are the changes in internal energy and internal entropy during

activation, respectively, am&’Y is the change in entropy associated with the change in

vibrational modes at the saddle point between the minima in potential ¢b&}gy

The plastic strain rate of a specimen deformed in tension is givetmebyDrowan

relationship[19]
i " OwAT-GAT O (3)
where” is the density of dislocations of tyff@ith average velocitgp, and—and are

the angles between the applied stress and the slip direction and the slip direction and the

normal to the slip plane, respectively. The velocity of dislocations is represented by

@ RAop— 4)

whereV is the vibrational frequency,andi s t he di stance travel
fluctuation.

Assuming the moving dislocations are only of one type, the above expression for velocity

can be sustitutedinto Equation 3 to obtain:

e



i AT-ATRAPP— k7 Aob— (5)
which was used by Beck§?] and Eyring[20] to describe plastic deformation, and, in its

simplest form, resembles an Arrhenius rate equd@ipn

If Equation 1 is differentiated with respectthe effective stresshe following expression

is obtained9]:

_ _ Aa0Q o o—

oY — . (6)

Since the lowest free energy state will always be adopfedO 1 for all values of

stress and temperattes]. Thus, from Equation [O]:
A'Q tawAQ ToQ Ax T 7)

and accordingly,

- a0 — o — . (8)
The above can be rewritten in terms of partial deriva{®@gs

~

. a0 — FOHQ — (9)

and, from Equation 6 and Equation 9

- i . (10)

If — 11, wheret is the applied stress, then differentiating Equation 1 with respect

to the applied stress yields expression for the activation voluaeobtained by Schoeck

[14]



— @ (11)

If the logarithmic form of Equation 5 is differentiateith constant structuré,:

0w QY— (12)

The activation volumean benormalized byb® as:
ATAY (%) (13)

Using the same measuralgarametersthe strain rate sensitivity parameter, can be

calculatedrom Equation12 [21]

(14)

Note that Equation4lrepresents the engineering definition of the strain rate sensitivity,
and the thermodynamic strain rate sensiti@ycan be obtained byultiplying m by the

absolute temperature.

Equation 12 and Equatiordan be applied for the experimental determination of the
activation volumeand/or strain rate sensitivity parameteshich is a provemmethod of

guantifying the thermally activated contribution to flow stress of a material.

The range of activationsolumesattributed to specificlislocation mechanisms are listed
below inTablel, after Conrad10]. It is obvious that ne value cannot be attributenply

to onemechanism.



Table 1: Typical activation volumes for common dislocation mechanisms, after Conrad

[10].

Mechanism Typical Activation Volume

Overcoming the PeierdNabarro stress 107 100 B

Dislocation intersection 1007 10000 B
Nonconservative motion of jogs 107 100 B
Climb 10

The type of mechanical tests often used for experimental determination of activation
volumesarecalled transient mechanical tests. Another common method of characterizing
dislocation mechanisms is through direct observation by transmission electron microscopy

(TEM) [13, 22]or numerical simulation.

2.1Experimental Characterization of Dislocation Mechanisms

2.1.1In-situ TEM Deformation Experiments

The first direct observation of moving dislocations under thermal stressesbgnission
electron microscopyTEM) was in 1956 by Hirsch et 423], using an accelerating voltage
of 100 kV. Two years later, Wilsdorf performed one of the firstitan TEM tensile tests,

at an accelerating voltage of 100kV using a newly designed TEM testing appaddius

which is the precursor tosmallscale mechanical testilg.e ar t he | at e 19600 s

electron microscopes (HVEM) with accelerating voltage capabilities ranging frormh 600
1000 kV weredeveloped The higher accelerating voltage allowed much thicker samples

to be imaged, thus reducing possible surface effects known to be prevalent in thin foll



samples. Many experiments were performed following this time peribd45]), but as
of the 1980s, most imitu TEM deformation experiments have been performed at
accelerating voltages of 200400 keV, as HVEMs often produce radiation damage and

can be difficult to operate.

2.1.2Transient Mechanical Tests

Transient mechanical tests are performed by introducing a small change in the conditions

of the sample or test at some point, knowt
responsg13]. While in-situ TEM deformation experiments allow the user to directly

observe dislocations, a considerable amount of sample preparation is rgfiiiradd the

effects of image forces were difficult to neglethe accessibility and ease with which

transient mechanical tests can be performed makes them a commonly used characterization
technique. Three types of transient mechanical tests are widely used to comprehend
parameters that are otherwise inaccessiblenguronstant strain rate testeese include

creep tests, stress relaxation tests and strain rate change tests.

Creep Tests

One of the transient mechanical tests commonly used to characterize thermally activated
dislocation mechanisms is through a creep test. To perform a creep test, the sample is
initially loaded as it would be during a regular strsgain test, until a caain point in the

test where the stress is kept constant and the strain is recorded with increasiig,time

27]. The variation of strain with increasing time will depend on the deformation conditions
and the material being tested, for instance, strain may follow a logarithmic curve, which

can be describeak

10



3y — 11p — (15)

where® is a time constant, arid is a volume. By fittingEquation15 shown above to the

creep curve and can be determined.

Stress Relaxation Tests

Stress relaxation tests are another type of transient mechanical test commonly used to
measure the thermally activated contribution to flow stress. To perform this test, a standard
tensile test is interrupted by stopping the crosshead once some leveliothsis been
reached, and recording the resulting decrease of stress witf28in&imilar to a creep

curve, the shape of the stress relaxation curve will depend on the material being tested and
the deformation conditions. The variationsbfearstress with time may be logarithmic or
nortlogarithmic, with a logarithmic variation being widely reportédscribed b¥Equation

16:
3t —1 Ip - (16)
wherew is the apparent activation volume, ands a time constant.

Strain RateChangeTests

In thetraditionalstrain ratechangeest sometimes referred to as the strain rate jump test

a constant strain rate tensile or compression test is interrupted by a sudden change in the
strain rate for a period of time, followed by a change back to the original straj@9ate

30]. This test enables the activation volutode determined

®w QY— (17)

h
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In Equation17, ‘Qis the Boltzmann constarityis the absolute temperatuieis the ratio of

the two strain rates, arsd is the resulting change in stress due to the change in strain rate.
Transients resulting from a change in temperature versus a change in strain rate were noted
by Basinski (1959)31] to be comparable. Tests where temperature changes are undertaken
tend to be less reliable than those involving strain rate changes, since changes in
temperatureannot be done quicklynay invoke changes in the elastic modulus, which can
cause changes in the irreversible portion of flow stf@8F In addition effects due to
unloading like changes on the dislocation configuratioannot be avoided during
temperature change experiments, since the test sample generally must be unloaded before

performing a change in temperat{8é].

One of the problems associated with the strainafe@geest, however, is that the change

in stress must be measured after an instantaneous change in strain rate, where the structure
of the sample remains const§8®]. However, upon a reduction in strain rate (in a tensile

test) an elastic unloading occurs due to relaxation in the testing apparatus, which increases
the duration of time to reach the new strain rate. Kocks et al. (1281)ypothesized that

the transient resulting upon change of strain rate originates from dynamic recovery, since
dislocations move into lower energy positions during recovery, leading to a change in the
overall deforming structure. The stiffness of the tgstins y st emés i nfl uence
rate changes has been investigated and described by many groups. This leads to
discrepancies in where the new value of stress should be mef30fe8ome groups

choose to measure the new stress value once steady state has been achieved, while others

choose the local maximume.,the value of stress at the yield pdjfur increases in strain

12



rate) or the extrapolated value to the initial slope. These different approaches can impart

significant differences in the resulting measured magnitude of stress change.

After Z.S. Basinski first determined how a scrduwven tensile testing machine could be
modified to perform precise strain rate changes in 1965, research by Saimoto, Champion,
Jackson, and Foxall helped develop the modification, the details of whickpdaned at

length by Champion et al. (19834]. The test machine consists of an outer and inner rod,
where the specimen is attached to a cage at the base of the outer rod housing, and the inner
rod extends the specimen. An electromagnet is put inside the outer tube, so that when the
load drop occursuk to the strain rate change, a portion of the outer rod shortens at the
same time. This stiffens the system, ensuring the specimen does not elastically unload

during the stress drop, and thus the true stress drop can be measured.

Saimoto and Basinsii35] predicted that, using a sereontrolled hydraulic testing
system, a step ramp can be used during displacement control instead of the nullifying
device described by Champion et al. (1982, and this method was
ramp methodo. The details of the i mplement
8500 Series Materials Testing System are described at length by Carlone and Saimoto
(1996)[36]. The basis of the technique is that during the test, when a rate change is desired,
the user presses a key on the computer, at which point the computer calculates the position
where the time between when the key on the computer was pressed and thenhex2po
seconds, to allow time for the computer to determine the value of the new p{&#iion

Once the new position is known by the computer, the second waveform is calculated by
the computer and the Instron is commanded to end the first waveform at the new position

and begin the new waveform instantiile inputting an external step sign&he interval

13



during which the new rate is undertaken is set ahead of time by the user, and the initial rate
is continued by the second waveform after this time int¢8&l An updated version was
i mpl emented to Gordezky and37]DAvardkonwasalso | nst r

implemented by Upadhyaya for a piezoelectric driven rilcdenter38].

2.2SmallScale Testing

It has now been well established that the strength of materials can be improved through
grain refinement39, 40] Some of the first reports of a strength size effect due to specimen
dimensions only were reported by Eisf@t] and Brenner[42], [43], where the tensile
strength of whiskers, including silicon, copper, and silver whiskers was noted to increase
to near the theoretical limit. Since then, many experiments have been undertaken to
understandthis socalled size effect, including those on singbnd polycrystalline
materials. There are different length scales which dislocation mechanisms associated with
dislocation processes such as motion, nucleation, pinning, storage, and multiplication are
active over, thus it is imperative to gain an ersianding of the mechanisms active over
these different length scales to understand how devices with components on the micro
scale will perform. In 2004 one of the first investigations into the size effect on the strength
of micropillars fabricated throdgfocused iorbeam (FIB) milling was performed by Uchic

et al.[1] through compression testing. Pillars were FIB milled from pure NAINTa, and

a Ni superalloy, with diameters ranging from 0.80 um. The pure Ni pillars exhibited a
strong size effect up to a diameter of 20 um, whereas samples inith&030m diameter

range behaved similarly to bulk materials. Following this, nunsestudies have been

performed to further understand the size effect on strergthi4d-49]).
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In addition to investigating the size effect on strength, many studies have been aimed at
accurately measung activation volumes in small volumes of material through transient
mechanical testigl7, 48, 5056]. Themost usedesting methods includsntinuousstrain

rate tests, where tests are performed at different strain rates on multiple samples, and strain
rate changetests.The use of thesvo methods results in discrepancies in the reported
activation volumes related to samysi@mple variations and differences in the interpretation

of deformation behaviour during rate chang@se of the main issuesssociated with
smaltscale testing is the need foighly forcesensiive testing apparates The elastic
compliance of the testing apparatnust be incresed for more sensitive measurements
which leads to largemachine transients during rate changéle transient effecis

worsened with the use of loadntrolledapparatuses

Activation volumes reported for seveF(CC pillarsat ambient temperature wittifferent
micron and swmicron specimen diameterare shown inFigure 1. Note the order of

magnitude scatter observed in reported activation volumes for Cu pillars.
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1000 ® Cu, Single Crystal <111>, EBL,
® CSR, Jennings et al
Cu, Poly Crystal. FIB, CSR, Zhar
et al
Ni, Single Crystal [627], FIB,
SRC, Xiao et al
® Al, Single Crystal <100>, FIB,
100 SRC, Xiao et al
) ° ® Ni, Poly Crystal, EBL, CSR, Lee

al
‘ ) ® Cu, Poly Crystal, EBL, CSR, Lee
PS et al
('} b ® Cu, Single Crystal <100>, FIB,
: CSR, Zhang et al
e 109 ® CrCoNi HEA, Single Crystal
° ° ¢ <001>, FIB, SRC, Xiao et al
® CrFeCoNi HEA, Single Crystal
° <001>, FIB, SRC, Xiao et al
® CrMnFeCoNi HEA, Single Cryste
<001>, FIB, SRC, Xiao et al
® Cu, Single Crystal, <347>, FIB,
CSR, Malyar et al

Activation Volume ()

1

0.1 Pillar Dia%neter (um)

Figure 1: Reported activation volumes in micron and-snigron pillars of various=CC
materialsat ambient temperatur@ he determinationmethod for each dataset is listed in
the legend, where CSR refers to constant strain rate tests Dde®Rs to strain rate
changetest.HEA refers to higkentropy alloy.Tests are stated to be performed at room
temperature, or an unspecified temperature, both of which are assumeuthttheeange

of 295t0 300 K

Most activation volumes reported ihe published pillatiterature are obtained through
constant strain rate tagperformed on multiple samplasually using rate change factors
of 10 or higher One of the thermodynamicrequirementsfor activation volume
measuremenis that stress drgpnust bemeasured after an instantaneous change in strain
rate, where thetructure + hremains constantas shown in Equation 124, 30] The
constant structure requirement invalidates any activation volushésined through
constant strain rate testing or strain rate change tests vat@xationis allowed tooccur

duringa strain rate change.
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The following study investigaseusing the stepamp methodof measuring activation
volumes in small volumes of matenaith pillar geometriesising a commercial apparatus
The technique involin-situ strain ratechangeexperiments employing a compensation
to nullify the relaxation which occurs in the testing apparfatilswving a reduction irstrain

rate.
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Chapter 3Experimental Procedure

This chapterdescribesthe experimental procedure used to complete this stldy.
procedure is split intothree main sections, FabricatipriMechanical Testing and
Characterization The Fabrication section will cover the steps used to prematel
nanopillars, including cutting and preparation flaft, low-defect containingsubstrate
mateials, patterning of substrates, aatkctroplatingto grow pillars The mechanical
testing section will diauss the collaboration with FemtoTools to create the new strain rate
change program, and the subsequent testing perfousied the new program. The
characterization section will give a brief overview of the scanning electron microscopy
(SEM) imaging and focused ion beam (FIB) milling performedccharacterize thas

grown and asleformed pillar microstructure

3.1 Fabrication

3.1.1Substratd’reparation

Nickel (Ni) and copper (Cuillars were studied becaulsethelements are FCC witlell-
defined activation volume values from bulk measuremiaerisage 11 aBOO Kof 200-500

b3 [57] and1000-4000 5 [58], respectivelyFurthermorethe meltingtiemperaturef each

is high enoughor testing atambienttemperature to be classified as loviemperature
testing, as the homologous temperatiVEY , is0.17 for Cu and 0.22 for Ni, which falls
in the lowtemperature testing regimé&esting was performed in the low temperature

regimeto limit diffusion-controlleddeformation mechanisnig].

Electroplating practices are wadbktablished for each materiahabling a lithographic

approach to pillar fabricatiorSingle crystalline substrated Ni and Cu were used to
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template the Ni and Cu pillar growth, respectivetyjncrease the chance lofv-defect
containingsingle crystalline pillars~or Ni pillar fabrication, previously growB9] 12 mm

long Ni rods with diameters of 6.3 mm and growth direction [001] were utilized as a
substrate material. The rods were sliced into 1.5 mm thick disitgy anelectrical
discharge macha(EDM), also referred to as a spatktter. Copper substrates were
selected and cut in a similar manner, however, the single crystalline copper rod utilized
had a square face with side lengths of approximately 8.6 mm. Electron backscatter
diffraction in the SEM(SEM-EBSD) was used to verify the orientation of each kng
crystal rod. Pole figures obtained are showRigure2 andFigure3, and specify a [110]
orientation for the Cu crystal, and @fkis [100] for the Ni crystalThe scatterin other
solutionsobtained forthe Ni single crystainaysuggest the existence of sgkains in the
sample. Both Ni and Cu single crystal orientations were chosen for their multiple slip

behaviour in uniaxial deformation.
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Figure 2: Pole figures obtained viSEMEBSD of Cu single crystal rod. EBSD was
performed at an accelerating voltage of 25 kV and working distance of 15 mm.
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Figure 3: Pole figures obtained vi&BSDof Ni single crystal rod. EBSD was performed
at an accelerating voltage of 25 kV and working distance of 15 mm.

To facilitate EDM of the small crystals, they were bonded onto a longer holding rod using
hot mounting wax, and a silver suspension across the joint to maintain electrical
conductivity during machining. A damag@ee substrate is required to grow virtually
defectfree pillars. EDM cuts were donsith a ServoMet (Materials Researchtd.,
Cambridge, England)singa cutting speeaf approximately0.5 mm/hrand Cu wire of
thickness0.1 mm but surface damage in the form of roughness was visible to the naked
eye after cuttingDamagewas removed by mechanical and chemical polishing methods,
starting with 120 grit paper, polishing on a lap wheel using a 1 um diamond suspension,
and chemically polishing on a solutisaturated linen cloth stretched over a glass polishing
surface and pdahing the samples imneminute intervals. Chemical polishing of Ni
samples was performed using a solution comprised of glacial acetic acid and nitric acid, as
detailed by Fox US Patent 2680678A (expird)], and Cu samples were polished using

Mi t chel | X, wkiah is ecampriged of a saturated solution of anhydrous copper
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(11 chloride and polyethylene glycol. Detailed recipes for each chemical polishing solution

are listed inTable2.

After chemical polishing, each sample was electropoligieedemove any remaining
deformation The nickel samples were electropolished using the Struérssélution
Initially, the JeaAWirtz electropolishing system was utilized, but polishing in a beakkr
electrodes and separate power suppdg experimentally found tgield a more uniform
surface.The beaker electropolishing system consisted of a beaker sitting atop a magnetic
stirring plate with a spin bar. The solution was maintained at approxim2&iZ by
placingthe beakein a dry icefilled Styrofoam vessel. Samples were suspended at the
surface of the solution usirfgrritic stainlesssteeltweezers affixed to a clanget above

the beaker. Theickel polishing was performed using a voltage of about 28 V in 30 second
increments. The copper samples were polished in the same masmgr an
orthophosphoric acid polishirgplution;however the solution was kept at approximately
-10°C, and polishing was performed atarrent density of 0.8 A/cfncorresponding to
approximately 10 VEach sample was rinsed in ethanol immediately after polishing and
dried using avarm airdryer.Detailed recipes for each electropolishing solution are shown

in Table2.
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Table2: Detailed chemical polishing solution recipes for nickel and copper sarfGfles

61].
Solution Name | Recipe Voltage | Current | Total | Temperature
V) Density | Time (°C)
(Alcm?) (s)
Nickel Chemicall 65 mL CHCOOH N/A N/A 60 Ambient
Polishing 35 mL HNG
Solution 0.5 mL
concentrated HCI
Copper CuChksat.in45mL N/A N/A 60 Ambient
Chemical concentrated HCI
Polishing 5 mL polyethylene
Solution glycol 400
(Mi t chel
Solution)
Nickel 20% distilled HO 28 0.25 30s -25
Electropolishing| 70% ethanol
Solution (Struerg 2% butylcellosolve
A-2 Solution) 8% HCIO
Copper 60% 10 0.8 30s -10
Electropolishing | orthophosphoric
Solution acid
40% distilled HO

An additionall00 nmthick gold (Au) film was deposited on the single crystalsies to
improve polymer resist adhesion with the Cu and improve nickel electroplating on the Ni.
While the purpose of the Au film was not explicitly to seed the electroplating growth, it

will henceforth be referred to as a seed layer.
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TheAu seed layer was deposited through electron beam evaporation using a Thermionics
3 kW Linear Egun Electron beam evaporatias performed byfocusing a beam of
electrons at a cruciblsontaining the material to be depositedlerhigh vacuum causing

the material tanelt and eventually evaporate. The matarggdor will thenmovefrom the
crucible towards the substraaad deposit as a filnT.he gold deposition process for this
study was performed at a rate of 1.3 A/s and pressamging fromapproximately

T pT1 torrtop p 1t torr. Shown belwv in Figure 4 a) is the electron beam
evaporator during deposition, where tAa-filled crucible is observed to be glowing.

Copper substrates after being coatedurare shown irFigure4 b).

Figure 4: a) Electron beam evaporator during deposition,ttiee Cu substrates after
being coated with 100 nm of Au.
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3.1.2Patterning

Substratesurfaces werepatterned in preparation fpillar growth (by electroplatinyafter

they werecut, polished, and coatedth a thin film of Au. The patterninggrocessan be
broken down int@pin coatingelectron beam lithographgnd developindAll steps of the
patterning process were performed in a class 1000 clean Toentarget pillar dimensions

a height of 1.25 um and diameter of 500 nm, or a height to diameter aspect ratio of 2.5:1

to coincide with typical geometries used for compreststing[50, 53]

3.1.2.1Spin Coating

Spin coating is @echniqueusedfor spreading a thin, even layer of a solution onto a flat
substrate by spinning the surface at a high speed foragepeemined duration of time. The

final thickness of the thin film depends on the spin speed, spin duration, solution viscosity,
and substte type. Spin coating can be used for multiple applicatidrege thin uniform

films are requiregbut itis commonly used to apply resists onto substrates for lithographic

purposes

Prior to spin coating, substrategere sprayed with Ngas to removdoose debris
accumulatedafter golddeposition Substrates were then placed on a vacuum chuck inside
the spin coater, and the center of the sample was carefully lined up with the axis of rotation
of the spin coater to ensure film uniformity. Once the substratdinemsup the vacuum
system was turned on to hold the sample in pdacig resist application and spin coating.
Spin curvesprovided by MicroChem Cor@. were utilizedprior to the beginning of
fabricationto determine the optimal resist type and spin spesdg a target film thickness

of 1.257 1.50 um to accommodate pillar growth to 1.25 1A950K molecular weight

PMMA solutionof 9% solids in anisole was chosen (designated 950PMMAR®).spin
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recipe used consistd an acceleratiostep of 500 RPM/s up to 4000 RPKllowed by

30 seconds at 4000 RPM, atften a deceleration step of 500 RPM/s down to statipnary
and was developed for a target film thickness of 1.9¢2h The resulting film thickness
using the 1.5 um film recipe was approximately 1.25 gmthis recipe was used for all
subsequent spin coatinghe spincoatng apparatusised in this work shown iRigure5

is a Laurédl spin coate, with clockwise or counterclockwise rotatioRPM capabilities
from 1-12,000 in steps of 1 RPM and accuracy within 0.1 RP&hd a maximum
acceleration of 30,000 RPM/Ehe spin coater cazpatsamples up t&60 mm in diameter

or square samples 100 nbyp 100 mm.

Figure 5: Laurell gin coating apparatus.

3.1.2.2Electron Beam Lithography

Substratesvere patternediia electron beam lithographEBL) using a Raith Pioneer
SEM-EBL, hereafter referred to as the Raiilne beam spot size for the Raith is 2.5 nm,
and all patterning was performedaat accelerating voltage of 30 kWatterns made using
theRaith arewritten as a series of dots separatec lmgerdefineddistancereferred to as

the step size, whickhouldgenerallybe an integeffactor of thefeature sizeFor instance,
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the step size should be 50 fion 500 nm featuref3]. The step size should be no greater

than 1/5 of the minimum feature si68]. If anarea is written as a series of lines, patterning
occursas follows: a line is written by patterning a spot, then the beam is deflected by the
step size distance, and another spot is patterned. Once the whole line is patterned, the beam
is blankedand the next line is started below the first, at the end point of the first line
Curved features such as circles are pattebyedurved lines, where the first line is the

outer edge of the circle, and subsequent lines are whitséshe the first point, with e&c

circle sharing a center poif@4].

The dwell timerequired to fullypenetrate the resist without overexipgsand causing

features to be larger thaesiredmust be determinggtior to patterning features. Theam

dwell time is dictated by théose energywhich isspecifiedby the usein units of & h

andbeam currentwhich is measureprior to patterningThe required dose energy depends

on resist typkhickness and substratend generally must be determined experimentally

using a dose array. A dose array is an array of the same pattern repeated using different
dose energies relative somebase dose energi. base dose energy of 1000 uCfowas
choserbased on previous wuserso6 e x[p5k suffidemtc e wi t
focus must be obtained before patterning to impmatternresolution. For the purposes

of patterning for pillar growth, microscope focus was deemed sufficiézutifires half of

the critical dimensionj.e., the diameter, can be resolved. The microscope beam was
focused at the substrate surface as opposed to resist surface to ensure the beam reached its
narrowest point inside the resist, rather than reaching its narrowest point before entering
the resist anavidening inside the resist. Beamidening in the resist lowers the resolution

of EBL. Pillar dameters of 500 nm, 750 nm, and 1 um weatterned to determine the
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optimal dose and diameter combination, with a separate dose array for each dizawhter.
six-by-six pillar array is contained in its own 100 pm by 100 um writefield with 15 um
spacing between pillars. These array layout is shown belowFigure6, where 1.0 refers

to 100% of the base dose energy, 1.2 refers to 120% of the base dose energy, and so on.

..................

cccccccccccccccccc

------------------

------------------

..................

------------------

..................

..................

..................

..................

------------------

------------------

Figure 6: Example of a single dose array layout. Note that three dose arrays, each with a
different pillar diameter, were patterned on one substrate.

The optimal dose was determined to be 1600 u&fonCu sampleand1200 uC/cm for

Ni sampleseach for a pillar diameter of 500 rand height of 25mm.

Thefinal patterningdayoutconsiss of four groups of16, sixby six pillar arrays, for a total

of 2304 pillars patterned per substrate.
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3.1.2.3Developing

PMMA is a positivetone electron beam resisp the regions of PMMA which were
exposed to the electron bearring lithographyunderwent dissolution via the breakdown

of chemical bonds. These regions were subsequently washeddamiag a process
referred to as developing. Developing was performedibyersingthesubstrate vertically

in a solution of 1 part methyl isobutyl ketone and 3 parts isopropanol,@#ammonly

used developing solution for PMMAor 60 seconds. This was performedn ultrasonic
bathto gently agitate the sample and ensalfexposed regions of PMMA were removed.
After developing, the sample was rinsed for 30 seconds in isopropanol, then driedausing N

gas.

3.1.3Electroplating

Electroplating is an electrolytic process of depositing metal onto a surface. This is
performed by placing an anode and cathode into an electrolyte bath and applying an
electrical potential, causing negatively charged ions to move to the anode and Igositive
charged ions to move to the cathpabichdeposis as a thin film of metal. The electrolyte

bath recipes used in this work are listed able3.
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Table3: Electroplating bath recipes for Cu and Ni plating.

Nickel Plating SolutionWa t t 6 )66]8 290 dL NiSOs J6H.0
50/L g NiCl> 6H20
35L g HsBO3

10 L deionized KO
Copper Plating Solutiof67] 200 g/L CuSO4%BH0
53 g/L bSOy

1 g/L dextrin

1 L deionized HO

Electroplating for both materialsasperformed in gume-hoodusing a400 mlPyrex®
beakemvith a stir bar to maintain uniform flow of the plating bath. The Ni plating bath was
heated t&5°C prior to platingising atemperaturecontrolled Corning hot platevhile Cu
plating was performed at room temperatétiating bath temperatures were chosen based
off of work done by Sedor6] and Ray[67] using the same bath recip&mples were
suspended in the plating batkingferritic stainless stedveezers, which were connected

to the negative terminal of an AgileB8620ADual output DCpower supply0i 25V, 0

T 1 A). The anodes used for Cu aNd were apolycrystalline 99.99% Cielix, and a
99.99% Ni polycrystalline rod, respectively. The electroplating setup for Ni is shown below

in Figure7. Note that the Ni rod was inserted into the bath pristadingplating.
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Figure 7: Beaker electroplating apparatdsr nickel

Severaltrials were performed to determine the plating conditions necessary to obtain the
desiredpillar height toresistthickness. Thecurrent density plays a significant role in
plating rate and waskept low to achieve slow, controlled growithe first plating trials

were performed using a current densifyapproximately 525 mA/cfon unpattened
samplesinitially, the same voltage as in the first plating trials was tsethte a patterned
sample, but thisesulted in overgrowth of pilladue to gorocess commonly referred to as

mushrooming. Mushrooming occlafter the thickness of plated metal readhessurface
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of the resistandgrowth starts occurring in the lateral as well as vertical direstias

shown inFigure8 for Cu pillars

. . -
agzﬁé%
L3384

20 pm Mag = 700 X WD =155 mm
InLens EHT =10.00 kV

Figure 8: Array of mnushroomed Cu pillardNote that plating objects are missing from
some locations.

A current density of 15 mA/cfrhas been reported to produce sirgigstallinestructures

during electroplatingf Cu using a copper sulfate b§88], and was foundxperimentally

to result in slow, controlled growthBased on the plateable area on each substrate, the
current required to achieve a current density of 15 mAfonthe objects to plateas too

low to be resolved using the available power supplyich had acurrentresolutionof 1

mA. To combat this, a dummy sample was bonded to the patterned substrate, which
increased the plateable area and allowed a higher current to be used. Once the area to be
plated and current required was determined, the necessary plating time to achieaa a cert
thickness was determined by using the number of moles of metal deposited per unit time.

A sample calculation is shown below
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Additional plating trial details can be found AppendixB.

A completelist of pillar tests used in this work including the pillar naming convention and
type of test are shown in Appendix A. The pillar naming convention, or designation, refers
to order of testing, for instance, ©3-01 refers to the first Cu pillar tested in théd Cu

pillar testing session. The pillar designations alone do not provide information regarding
the type of test performed. In total, results from tes3®Gu and 19 Ni pillars are reported

in this work.

3.2Mechanical Testing

3.2.1FemtoTools Collaboration

Mechanical testing was performed usifgmtoToolsAG FT-NMTO03, a commercially
availablen-situ nanomechanical testing apparatursd will hereafter be referred to as the
FemtoTool. The FemtoTool can be used for a variety of sreadlle tests, including
uniaxial compressioror tensiletests,nanoindentation, antatigue testingTests can be
performedin load-controlled or displacemembntrolled modeand it is suitable for use
under vacuum conditionAll FemtoTool testing was performedunder displacement
controlled moden a SEM at ~300 + 1 K The FemtoTool camtilize different force

sensorsknown asFT-S Microforce Sensing Probedepending on testing requirements.
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TheFT6S20, 000

Mi c r ohbisaforcerangeof20i000 giN with sofdroe

resolution of0.05uN. Actuation is performedsing a piezoelectric transducer, witfiree

actuatiorrange of 0.05 nm to 25 um, and coarse actuation from 1 &h tom.

The home page for the softwauser interfaces shown inFigure9, with each clickable

box representing a different testing modutelll specificationdor the FemtoTooln the

configuration usedre listed imMAppendixC.

& FemtoTools Software Suite

User:
Change User RMTL

System

é TOOLS

v2.44.1 (64-bit)

e

[Fr-nmmos 115)

| Refresh | | Connected Joystick
| Compliance Map |
| Tip Calibration S| | | Tip Calibration C5M |
Compression 5 Rate ) T Dynamic Simpl oM
Tensile Ctram ate "'Trp EISt Mechanical Fatigue Testing | dlr’\r\p & Ind
Testing ompression/Tensile Analysis ndentation ndentation
£ Ve H R 3 i WAL e
[ T T
- . Cyclic Harmonic Strain Rate Jump Test
Data Anal R M Microhandl
ata Analysis eclpe Manager ‘erehanding Indentation CSM Indentation
X D N | Iais
. (2‘,?—\‘ %\ ) S

Figure 9: Main menuor FemtoTool Software Suite.

Through collaboration with FemtoTools, riew programwas implemented int@an

upcomingsoftware releas® performstrain rate changests Thegoalfor the new testing

programwas toallow users to input rate changes at predefined locations duniniguéal
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compression or tensile test, with thtion to include compensation stequsto stiffen or

relax the system, depending on the direction of the strain rate ¢lzsnger the ste@mp
method described i@hapter 2Since the displacement steps cannot occur at the same time
as a rate change due to gequential control utilized by tHeemtoToo) the new testing
module allows useit® prescrbesmall displacement stepsing a fast acceleratialirectly
before a rate changdo nullify the relaxation or stfiening resulting froma strain rate
changeT h e ma cekponsetinaasevaluated taletermine ifthe new program can
replicate thestepramp methodLocationswhere strain rate changes ocewe prescribed
using displacement of thieiezoelectric tip. The user interface for theew programs
shown inFigurel10. The Visualization togblots thedisplacementersus timeelationship

for input strain rate segmensior to beginning the tesisshown inFigure 10.
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Figure 10: Graphical user interface of strain rate change test inpiats FemtoTool
Software versioR.4.4.1
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Figure 11: Visualization tool window. The visualization talowsthe strain rate and

displacementime waveform#o ensure rate change segments have beeectly inputted
prior to performing the test.

The precision of the FemtoTool was explored by observing the displacement of the probe
over time during a rate change using a high data acquisition rate of 5000héiz.
FemtoTool software can collect a maximum of 10008@€a points, so onlpne rate
change was performed during this test. All subsequent testing was performed using the

default data acquisition rate of 100 Hz to reduce computational requirements.

3.2.2 ContinuousStrain Rate Experiments

Once the new strain rate change test moduleimpkementedcompressiortests were

performed on Cu and Ni nanopillaisll pillars were compressedith a 5 um diameter
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flat-tipped probenside tte FEI FEGNova Nano&M. Substrates were fixetb 12 mm
SEM stubsusinga small drop of acolloidal silver suspensigret least 24 hours prior to
testing to ensure the silver suspension had adequate time fthdriFfemtoToolequires
SEM stubswith a stub length of 6 mm and diameter of approximately 3.14 Tima

FemtoTool testing rig mounted on the SEM stage is showigirel2.

Figure 122 FemtoTool mounted inside the SEM in preparation fesiin testing.

The first step in pillar testing is fond contact with the surface adédtermine thsubstrate

stiffress The AFi nd Cont achting the measuramedt probe touhe e d t
substrate surface prior fgerforminga A Si mp | e | nThe inderdatian ¢estd t e s
measureshe reference stiffness, i.eghe stiffness of the measurement chain, which
includes thed=emtoTool stage, stubried colloidal silversubstrate, anBemtoTool force
measurement prob€&ind Contactvas repeated at theeginning of each testing session

but the measured reference stiffness values were not used in the instrument control, but

instead an artificially high value was usslthat the instrument displacement values were
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raw and uncorrectedifter performing the simple indentation test, uniaxial compression
tests were performed on pillars. A variety of different tests were performed to understand
the behaviour and limitations of the FemtoTanladdition tothe deformation behaviour

of pillars. Constantnominalstrain rate tests were performed on Cu and Ni pibérs=

0.016 &, | =0.004s?, andi =0.001 &, which are factor of four of the intermediate rate.
The strain rates throughout the test are calculated based on the initial heighpitbéthe

All specimens were deformed until a true strain of approximately 50%, and then unloaded.

3.2.3Rate Change Experiments

Strain rate change tests were performed on Cu and Ni dilisirsising factor of 4 down
changes (referred to as 1/4 chandesy abasestrainrate off 0.004 &', which means
thetestbeginsat a strain rate d.004 &', followed by abrief decrease in thgrain rate to
0.001 st at a predeterminegoint in the test, specified by the displacement ofpitode.
Rate change tests were first performed uncompensated, then steps were added directly
beforedown-changesCompensation steps were prescribed in the negdireetion i.e.,
away from the pillar The exactstep magnitude requirddr rate changes watetermined
through trial and ear by evaluating pillar responses to steps of different magnitudes
Different pilar responses are discussed in the Results settentate change behaviour
of pillars duringcompensated and uncompensatétd rate changes was explored once
repeatable results duridg4 changes were obtainedll tests were performed 800° 1 K

in ambientSEM chamberenvironment All normal stresses were converted to shear

stresses using the Taylor factbt, of 3.

38



3.24 Characterization

As-grown and deformed Cu and Ni pillar microstructures were characterized via scanning
electron microscopy (SEM) and focused ion beam (FIB) mill#B. milling was done to
reveal the pillar crossection down below to the seed layer and single crystal subgitate.
samplesvere first imaged using the Raith Pioneer operating at 110 kiéterminghebest

pillars for testing. Laterseverakepresentative pillars wemnaged andectionedvithout

using a protective coat ia Zeiss Crossbeam 550L SEM/FIBhe methodology for the
Crossbeam 550 lwas tofirst find the pillarby SEMat 2 kV, followed byFIB milling

using a beam current of 50 pA and 30 kV, and imgggain by SEM.
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Chapter 4Results

This chapter presents the research results and is divided into four parts. The first part
describes the Cu and Ni pil&arn grown and deformedeometies and microstructures.

The second part presents the rate dependent-stragsbehaviour of the naymllars and

the effect of the stepamp compensation method on the strain rate change response. The
chapter culminates by reporting the experimentaltgmieined activation volumes {Yfor

the nanepillars.

4.1 Pillar Microstructure

The microstructure of agrown and deformed pillars were characterized using the Ziess
550 L Crossbeam SEM/FIBAn example of aNi pillar array is shown irFigure 13.
Representative micrographsakingleasgrown Cu pillar are shown below Kigure14.
Measurements of agrown pillars indicate the electroplating growth rates for patterned
substrates were 0.31 pm/min f6u and0.22 um/min forNi. All Cu pillars imaged were

found to have a taper of approximately 11°, while Ni pillars hiedsertaper of 8°.
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Figure 13: SEM micrograph ofn asgrown 6 x 6 Nipillar array, taken with InLens
detector at 2 kV, 36° tiltSome locations did not plate pillafdote that the image aspect
ratio has been corrected for tilt by stretching 24% vertically

Figure 14: SEM micrograph of agrown Cu pillar, taken with InLens detector at 2 kV, 36°
tilt. Note that themageaspect ratio has been corrected forbjtstretching 24%vertically.
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