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SUMMARY

In the past years, fatigue investigations of mi@od nanoscale structural metals
have become of great significance due to the prominent and extensive use of
microelectromechanical systems (MEMS) and metallic thin films. Many MEMS and thin
films consistof movable smalkcale components that are subjected to a large number of
loadingcycles throughout their lifetimes and exhibit a strong influence from size effects
that deviates their behavior from bulk size materials. Therefore, there is a need to
invesigate and understand the fatigue behavior and properties ofsrabdlmetals under
loading conditions relevamb their applications. This dissertation investigates the fatigue
behavior of Nimicrobeams subjected to size effects (extreme stress/stealiems and

microstructurally small cracks) under fully reversed loadings.

A previously reported microresonator technique used to investigate the High
Cycle/Very High Cyclg-atigue(HCF/VHCF) regime of the microbeams was adapted to
runin situ scanning eletron microscope (SEM) fatigue tests. Tihesitu tests consist of
MEMS microresonators that are driven at resonance inside the SEM at a frequency of ~8
kHz. The strestife fatigue curve obtained inside the SEM (vacuum conditions) highlights
over three aters of magnitude increase in fatigue life with respect to the fatigue curve
obtained in laboratory air. The average crack propagation rates on the surface of the
microbeam are extremely low and of the order of?i@/cycle in air and 1& m/cycle in
vaauum. Focused lon Beam (FIB) cressctions revealed that the nanoscale fatigue
mechanism in the HCF/VHCF regime does not follow the conventional mechanism of

crack tip stress intensification. Instead, the nucleation and propagation mechanisms are

XV



controlled by the nucleation of voids (resulting from vacancy condensation processes)

underneath extrusions or ahead of the crack tip. Electron backscatter diffraction (EBSD)
revealed the transgranular nature of the voids associated with transgranular cracking. Thi

void dominated fatigue mechanism is a consequence of the reduction in driving force for

crack growth caused by the effects of extreme stress gradients. Therefore, the loading
conditions applied in HCF/VHCF are below a threshold limit for the conventional

mechanisms to operate.

In order to investigate the LowCycle Fatigue (LCF) behavior of the Ni
microbeams, a micromechanical external actuation technique was developed to test
microbeams at higher applied strain amplitudes and lower fatigue lives. Reghlight
significant differences in the slope of stress and strainf e behavi or (Basqul
@ 18t X d@nd Coffin Manson coefficiend 1@ )or LCFand® 18t 0 gnd®

@ tfor HCF/VHCF) and crack propagation rates that differ from an average’éf 10
m/cycle in HCF/VHCF to an average of &@n/cycle in LCF. Frequency effects were
investigated contrasting the microresonator technique with the external actuation technique
(8 kHz and 0.5 Hz, respectively), highlighting no frequency effects in microbeams tested
at a similar stress/strairThese results, in addition to FIB cressctions, suggest that the
mechanisms follow the conventional mechanisms of crack tip stress irgatisifiin the
LCF regime, which is in stark contrast to the void controlled mechanisms in the
HCF/VHCF regime. Additionally, these results demonstrate that the transition in governing
mechanisms from void controlled to conventional mechanisms is highigmnted by the

size effects present in the microbeams. Therefore, the application of larger strains

XVi



amplitudes (larger driving force) to these microbeamsults in a transition in the

governing fatigue mechanisms to the conventional fatigue mechanisms.

This dissertation also presents the investigation of fatigdeced grain coarsening
in the ultrafine grained region of the Ni microbeams (bottom 2.5 um). EBSD tomographies
reveal that microbeams which exhibit a (001) texture microstructure show abnaamal gr
growth after fatigue tests conducted at maximum strain amplitudes ranging from 0.18 to
0.85% and cycles ranging from 1@ 1C. Results highlight cycle dependent growth of
grains which exhibit a near (001rjktionoand ent at
average grain growth rates ranging fromf' 1® 1 nm/cycle. Finite Element Simulations of
synthetic models of the same microstructure reveal that the main driving force for grain
growth is the reduction in elastic strain energy, although tha streergy density of the
coarser grains is not at the minimum. Additionally, the apparent Schmid factor of the

coarser grains tends to be larger suggesting that plastic deformation enables grain growth.
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CHAPTER 1. BACKGROUND AND MOTIV ATION

1.1 Introduction and Motivation

Over the past 30 years, the study of the fatigue behavior of-sozdél materials
has become of great importance due to the technological drive to transition from bulk
traditional engineering structigeto micro/nano structure§l-3]. Many of these
micrometerscale structures and metallic films have been prominently used in recent years
and encompass a wide range of applications. For exanmpicroelectromechanical
systems (MEMS) have been used as a variety of sensors, ranging from accelerometers and
gyroscopes to biotechnology and chemical ser{88%. More specifically, fatigue failure
is of paramount importance to these structures due to the high number of movable

components that are exposed to repeated loadings foatengraber of cycles.

Silicon is the main structural material employed in commercial MEMS devices,
although it is very brittle (fracture toughness around 1 MP3.nHowever, due to the
increasing demand for the usage of MEMS in more rigorous environnseicts as high
temperature environmentBiQure 1.1a) [4], other structural materials, including metals,
are likely to be widely used in the near future, especially where brittle materials may not
be suitabld4, 9]. For example, metallic MEMS films, such as the one shown in Figure
1.1b, wit an excellent thermal and mechanical stability were recently synthesized, and are

promising candidates for the next generation of metal MEMS depca§).

Fatigue mechanisms in bulk materials are mostly well undergtbhdl?] but
smallscale materials exhib& particular behavior due to the presence of size effects.

Hence, more advanced and specific techniques are needed to study their fatigue behavior.



In addition thequantitative evaluan ofthe reliability of metallianicrocomponentander

different condionsis imperative for the design of MEMS

Therefore, new studies are required to characterize the fatigue damage and its size
effects at the nanoscale in metallic microcomponents under cyclic mechanical $oading
conditions relevant to MEMS devices. It mecessary to investigate the influence of
environment and of applied loadings in the fatigue behavior of metallic MEMS.
Furthermore, it is importanto understand the underlying physical mechanisms that
produce fatigue damage in order to design procesainth application procedures to

increase the reliability and the fatigue life of such devices.

(a)
= ) ) - Deep Well Drilling , ) (b)
.8 - Medical & Biotechnology Telemetry - Micropower generation
§ @ Sensors - Turbine Engine Sensing,
S 6 - Communications Telemetry, Control &
o 5 Sensors, Switches, Actuation
g) = Resonators, etc  _ automotive On-cylinder &
2§ - Intertial Sensors: Exhaust pipe sensing
B < Ac‘g"” omelers & - Spacecraft Power bs
roscopes ; -
X yroscop Management wmm,]l I.ll""“ lc S ‘
.l
<200°C 200-800°C > 800°C < '““‘. T ““Hu“' -
- (T (UL [P
3. si Ni-W alloys sic 'ﬂ“ﬂ\.‘!;" ““[“. .
ER sio, GaN Diamond-like Carbon g
= = Si,N, Superalloys? Siliconcarbonitrides ""
SE N, If
Qg TiN
51 s LIGA Ni
=4 5 Au, Au-alloys
£2® Cu, Cu-alloys
== Al, Al-alloys
uw TiNi SMAs

Bulk Metallic Glasses

Figurel.1i (a) MEMS materials and application for rigorous environments; (b) Example
of a metallic MEMY 4]

1.2 Background Information
1.2.1 Classical Fatigue Behavior and Mechanisms

Total life fatigue behavior studies are generally summarized in a stress or strain
life curve (SN curves), such as the one shown in Figure 1.2a. The figure highlights two

points along the curve: one in the Low Cycle Fatigue (LCF) regime, where stresses are



high enough to cause plastic deformation, and another in the High Cycle Fatigue (HCF)
regme, where stresses are low and the material mainly deforms elastically. Fatigue lives
are usually divided into two terms, the initiation lifejXldnd propagation life (). As
demonstrated in the figure, in LCF, the fatigue life is dominatedylfgidwnby the green
rectangle)while having a relatively shortiNyellow rectangle)and in HCF, the life is

dominated by Nwhile having a relatively shortyN12, 13].

(@)
(b) |
R
O, |
Y
A
3
N, |
(c) extrusion | o

|
/ intrusion :
T —

P{IB e ::::::}TAF

Figurel.2i (a) SN fatlgue behavior; (b) Classical fatigue crack initiation mechanisms
[12]; (c) Classical fatigue crack propagatimechanism$13]

Classical fatigue initiation mechanisms in ductile metals are mediated through the
roughening of the free surface in the form of extrusion/intrusions caused by irreversible
deformationgmicroplasticity)along Persistent Slip Bands (PSB), as shown in Figuee 1.2

The repeated cyclic straining causes the irreversibleusitip that, in turn, causes



stress/strain concentration effects near PSBs, facilitating fatigue crack nucleation. One of
the most usedkories for the origin of irreversibilities is the generation of many vacancies

caused by the annihilation of dislocations gliding along the P&B44].

Fatigue propagation mechanisms are usually characterized by crack tip opening
displacements (CTOD) caused the opening and bluntitigeotrack tip followed by the
resharpening of the tip, as shown in Figuréo1The localized deformation caused by the
slip along the plastic zone around the crack causes the crack to extend and become blunt
as the maximum load is applied. Then, the crackesharpened as the applied load is
decreased. Crack growth is highly influenced by the stress concentration effects at the crack

tip during cyclic loading$13, 15].
1.2.2 Size effects (Stress gradients and ostiucturally small cracks)

Normalized stress gradients are calculated by Equation 1.1. Typical values for these
stress gradients in bulk materials under bending are about 10%(anh®% decrease in
stress for every millimeter away from the free surfaceihe presence of sharp notches in
bulk materialsthe stress gradients are of the order-@P4 puni [16, 17] and the fatigue
behavior of such structures is mostly well undersfd&l. However, the stress gradients
experienced by microscale structures can be about an order of magnitude larger (extreme
stress gradients) under bending and can have a great influence on the fatigue properties and
mechanisms. Many studies have investigaee effects in the fatigue of microscale
structures but the majority of them utilized mitemsile fatigue tests to understand the
influence of grain size and specimen thickness on the fatigue properties and mechanisms
under the absence of extreme stigrsglientd 18-22]. More recent studies have explored

the fatigue behavior in microbeams under extreme stress graf®ert8, 24], using



bending loadings which are more appropriate to certain applications of MEMS devices.
The extreme stress gradients have a great influence in the crack propagation rates and
fatigue lives since they decrease the driving force forkceatension and possibly arrest

cracks.

paQ,
L Qo

Equationl.1

Another factor that contributes to the changes in the fatigue behavior ofssaiall
components is that only microstructurally small cracks are present due to the limited
dimensions of the components. These cracks are about the same order of magthieide of
mi crostructuredés characteristic |l ength, an:
analyzed with linear elastic fracture mechanics (LEFM) nor with the elastic plastic fracture
mechanics (EPFM) framework&atigue cack growthis generally dvided into two
groups: Stage | crack growth, which correspond to microstructurally small cracks, and
Stage Il crack growth, which correspond to long cracks that cover many grains. Stage |
cracks do not follow the conventional fatigue mechanisms and hawvemform crack
growth rateg25], while Stage Il cracks usually follow the conventional fatigue behavior

and mechanisms highlighted in Section 1.2.1.

Figure 1.3 demonstrates the crack growth behavior of Stage$tage |l cracks
in the absence of stress gradients. Small cracks exhibit much faster growth rates compared
to long cracks (propagation rates of the order of s to 16 m/s) that decrease with
increasing crack sizf26]. The decreasing tes are explained by the absence of crack
closure effects and by the interaction of the crack tip with barriers along the crack path

such as grain boundariga7].
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Therefore, both the extreme stress gradients and the microstructurally small cracks
highly influence the fatigue behavior of MEMS and more advanced micro and
nanomechanical techniques must be developed to igatstthese size effects in

microcomponents in conditions relevant to their applications.
1.2.3 Review of Micro Scale Behavior in Nickel Thin Films

Among the metallic materials used in the MEMS industry, Nickel is one most
widely used ones for rigorous applicats, as it has good ductility and fracture toughness.
Generally, electrodeposited Ni thin films are used as the mechanical components in MEMS
which can sustain a high number of cycles throughout their lifetime. The usage of Ni
electrodeposition as a fabatbon method allows for the creation of structures which have

high strength and high aspect ratio.

Previous investigations have studied the fatigue behavior of Nickel thin films under

tensile fatigue to study several size effects. Yatrad.developed aansile fatigue technique



to study microstructurally small cracks that nucleate at notches in Ni thin films. They have
found that the microstructure plays an important role in the difessehavior of Ni

MEMS by raising the endurance limit and the MEMfEdue life when the grain size is
decreased fr om[l8 THe sasmeresearch grdup alsmreports that fatigu
crack propagation mechanisms in these thin films demonstrate large amounts of plastic
deformation even at low stres4d$§)]. Choet al. have investigated the tensileNScurves

of Nickel thin films. They addressed how the decrease in sample width further decrease the
mechanical strength and fatigue resistance of the Ni micro specj@@nsAdditional
investigations have looked at the fatigue resistance and crack growth behavior as a function
of the Ni microstructure grai size and concluded that in general, grain refinement

increases the fatigue live of the Ni sampg 22].

Even though a great number of these studies hasestigated the size effects of
grain size and growth of microstructurally small cracks, they have not observed how
fatigue properties and mechanisms change under conditions more relevant to certain

MEMS applications which experience the effects of extrstress gradients.

Boyceet al.have examined the high cycle behavior of a Ni micro cantilever beam
with extreme stress gradients. They utilized a servohydraulic load frame to apply a fully
reversed bending loading to the beam #rad allowed them to rumlisplacement control
fatigue test$9]. They reported a high cycle fatigue behavior that had similagdras to
that of bulk Ni asserting that there were no perceivable size scale effects in the Ni beam
that possessed a stress gradient of aboul b, although some effect would be expected
They also investigated the role of oxygen in slip band crack tioitiaduring fatigue

loading, highlighting that environmental effects are important to the study of MEMS under



fatigue loadings. They asserted that oxygen present in the environment affects crack
initiation because of the formation of brittle oxides on bimd surfacef9]. Baumertet
al. have also studied a similar oxygen assisted fatigue crack initiatiohamiems in Ni
microbeams under extreme stress gradients, highlighting the coupled size and

environmental effectg28, 29].
1.2.4 Review of High and Very High Cydtatigue of Ni microbeams under bending

Pierronds research group has developed
extensively study the High and Very High Cycle Fatigue (HCF/VHCF) behavior of Ni
microbeams under bending loadings. The technique isibdeddn more detail in Section
2.2 During a fatigue test, these microbeams experience extreme stress gradients and

exhibit microstructurally small cracks once fatigue damage develops.

Baumert and Pierron first introduced the resonance technique anddsthdie
fatigue damage evolution, which can be correlated with the decrease in resonance
frequency (), in a notched microbeam with an extreme stress gradient a§ ¢ PThey
studied norpropagating cracks and possible mechanisms for crack initiation aligpad
damage could be evaluated with the Scanning Electron Microcopy ($E&tnortem
anal ysis of the extrusi on/ [28.6adegkiliolodnancat t he
Pierron have studied the fatigue crack propagation in Ni microbeams under extreme stress
gradients utilizing the same HCF/VHCF technique. They used abioation of
experimental and a 2D Finite Elements (FE) model to calculate the crack growth rates of
two different beam geometries, one unnotched withp x Bim™ and a second notched
beam with— v 1 lum™? and under two environments, a mild (30 °C, 50% RHR) a

harsh (80 °C, 90% RH) environments. Figure 1.4 shows the results of the fatigue damage



and § decrease of some of tested specimens. They calculated average rates that are
extremely small (from 1 to 10 m/cycle) with faster rates for the sampieith the
smaller stress gradients and little influence of the studied environments. They postulated

that the extreme stress gradients are likely to cause theslaltvgoropagation ratd23].
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Figurel.41 Frequency evolution curve apodstmortenSEM images of microbeams
tested in the HCF/VHCF reginj23]

They have also studied the VHCF fatigue life and behavior of notched microbeams
with— o ¢ Rim™* under the environments highlighted above. They report samples with
extensive fatigue damage along the notch root with siitng/intrusions and 3D stage |
cracks that form 2D cracks as the damage incrd@6gsThe extrusion height, measured
from SEM images, of samples ran in the harsh environments are higher and are possibly
explained by the formation of thiek oxides along slip band9]. In addition, a higher
concentration of oxygen in EDS scans is observed along the fateuage in these
regions. Another possible explanation for these observations is the nucleation of voids rich
in oxygen. They reported that the fatigue limit of these notched microbeams is about 450

MPa, significantly larger than in bulk Ni, and that thedae curves have unusually low



Basquin and CoffirManson coefficients. They also observed that the change of
environment from mild to harsh has little effect on the fatigue life of the microbeams. In
addition, they investigated the crack propagation rasesg the same 2D FE model and
found similar ultraslow propagation rates that decrease with increasing crack size. The
extreme stress gradients not only play a role in reducing the crack growth rate but also on

deaccelerating the crack rate as the craciease$30].

Furthermore, Sadegfiiohidi and Pierron have compared the effect of HCF/VHCF
fatigue life and crack propagation rates of two different normalized extreme stress
gradients on a notched microbeam-of o @ Rum™ and on an unnotched beam-of
p X mt. They again reported ultraslow propagation rates, shallow ifieessirves and
little difference of fatigue life in harsh and mild environments for each stress gradient. The
fatigue life of microbeams with ¢ @ Rimtwas three orders of magnitude higher than
microbeams wite-  p X Rim™for a particular stress or strain amplitude (shown in Figure
1.5aand b, highlighting the significant role that extreme stress gradients play on the
propagation of microstructurgllsmall cracks. They also reported about an order of
magnitude higher propagation rates in+the p x pum!stress gradient (Figure 1.5ad
d). They highlighted the need to rimsitu SEM tests in vacuum conditions to have a better

understanding of the fefcts of the environment in the fatigue mechanifdis.
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1.3 Scope of Present Work: Objectives and Governing Hypothesis

The study of fatigue behavior of smattale metals is of great importance. Many
techniqus have been adopted to study size effects in Ni, mostly focusing on the effects of
grain size, sample width and the growth of microstructurally small crft&22].
However, fewer studies have intigated the combination of effects of extreme stress
gradients and microstructurally small cracks in the fatigue behavior of Ni micresoater

structureq 23, 28-31]. These effects are widely present in many MEMS applications (for
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example, any application that involves repeated bending loadings) and, therefore, there is

a need to characterize the fatigue damage and mechanisms undeztheffeds.

The main objective of this work is to understand the underlying nanoscale crack
nucleation and propagation mechanisms of microstructurally small cracks in Ni
microbeams under extreme stress gradients at the High Cycle Fatigue and Low Cycle
Faigue regimes. Based on previous results showing ultraslow crack propagation rates, we
hypothesize that the extreme stress gradients greatly reduce the driving force for fatigue
crack growth, causing the unusual fatigue behavior in the HCF/VHCF. Howeeer, th
application of a larger driving force (higher strain amplitudes) in the LCF regime is
expected to change the fatigue behavior of the microbeams and reduce the influence of the

extreme stress gradients.

Therefore, this work investigates the mechanisntgyua behavior (SN curves,
propagation rates) and the fatigue crack characteristics (intergranular or transgranular) in
the two regimes. Additionally, environmental effects are investigated in the HCF/VHCF
regime, while frequency effects are investigdigdracing comparisons of tests performed
at significantly different frequencies. Lastly, fatigieluced grain coarsening is observed

and studied in the ultrafine grained region of the microbeam.

Hence, this work is divided into three main chapters:

i. High and Very High Cycle Fatigue Behavior

In chapter 3, this thesis explores the use of an existing microresonator technique for
HCF/VHCF and its adaptation to rimsitu Scanning Electron Microscopy (SEM) fatigue

tests. Througlin situ SEM testing, unprecnted levels of detail on fatigue damage are

12



observed and the role of the environment on fatigue damage and life is investigated. The
fatigue behavior, properties and the average propagation rates are also investigated with
thein situtechnique. Additioally, Focused lon Beam (FIB) cross sections are performed

in order to evaluate the fatigue crack nucleation and propagation mechanisms in this
regime. Finally, fatigue crack path characteristics are investigated with 3D Electron

Backscatter Diffraction (EBD) scans.

ii. Low Cycle Fatigue Behavior

The mechanisms found in the HCF/VHCF contrasted the conventional fatigue
mechanisms and therefore, the previous results led to infer that tests were done below a
threshold limit for the conventional mechanismadt In chapter 4, this work explores the
design of a technique for LCF (higher strain amplitudes) to investigate propagation
mechanisms, crack propagation rates and fatigue behavior in this regime. Frequency effects
are also explored by comparing samplas at similar stress amplitude ranges but at

different frequencies (8 kHz and 0.5 Hz) and 3D EBSD scans were also performed.

iii. Fatigue-Induced Grain Growth

Chapter 5 explores the grain coarsening in the ultrafine grained region of the
microbeam (bottom.5 um) under cyclic bending loadings. T@stmortenEBSD scans
gathered from the 3D EBSD procedure allowed for the characterization of grain size and
orientations in this region of the microbeam. Results highlight abnormal grain coarsening
insamplestet ed over s taraagingfrom Mpslto 0t8% % and fatigue lives
ranging from 1&to 1. This chapter also explores the origins of the thermodynamics

driving force and kinetics of this fatigue driven grain growth.
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CHAPTER 2. EXPERIMENTAL PROCEDU RES

This chapter presents the experimental samples and techniques used in the study of
the fatigue properties and behavior of sksathle metallic components under extreme
stress gradients. In addition, the chapter presents fractography and microstructural
charaterization techniques for the-gtepth study of nanoscale fatigue mechanisms and

microstructural variation along the fatigue crack paths.

2.1 Microresonators and Microbeam Description

The MEMS microresonator used in this study is shown in Figure 2.1(a) and consists
of a freestanding Ni microbeam fixed to the substrate on one side and connected to two
arms of interdigitated yngers (combrsstruct
were originally designed for the study of HCF/VHCF and to be actuated at their resonance

frequency (~8 kHz).

(b) 800~

Top Surface 700 '

(Covered with Au) 600F

500F

400F

Stress (MPa)

300F

200F 3
Ni Sidewall E

100F

10 ym

0 L 1 L
0 0.002 0.004 0.006 0.008
Strain (-)

Figure2.11 (a) Microresonator and microbedB?]; (b) Monotonic stresstrain curve
for electroplated Nj30|

These devices were fabricated with the MetalMUMPs process from MEMSCAP

[33]. The mcroresonator is composed of Ni and possesses&~M5t hi ck Au | aye
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topanda~0E m t hi ck Cu | 8§ .éAthougmthetpresencdabthetAo layer

makes the top surface rough, the sidewall of the microbeam (where fatigue damages
accumulates) has negligible surface roughngss.electroplating was performeding a
conventional, additivéree sulphamate bath (including 405 g/L nickel sulfamate, 7.5 g/L
nickel bromide, 97.5 g/L nickel, 37 g/L boric acid) at 30°C, pH = 4, using a direct current

(DC) density of 20 mA/cA[34-37].

The electroplated Ni microbeam has a columnar microstructure, with a grain height

of 510 em and a diameter of approxietwaenel y 1°

columnar grains, and a strof@01) out of plane textur§31]. The microstructure varies
along the thicknessf the microbeam, starting witAn ultrafine grained region in the
bottom 1.5¢ m(See Section 2.6and exhibitingthe columnar grains in the toffhe

mechanical monotonic tensile properties have been previously measured using

microtensile tests of dog borshaped specimens, are summarized in Table 2.1 and the

stressstrain curve is shown in Figure 2.1B8]. The microbeam has dimensions of

approximately 60 T 12 1 20 em and -exhibit:

p X Rm™.

Table2.17 Mechanical Properties from microtensile t42i§

Mechanical

Properties

Youngo:

Modulus [GPa]

0.2% Yield
Str enfviPdl ,

Tensile Strength,

Guts[MPa]

Nickel thin film

166+19

656+70

873+26
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2.2 Resonance fatigue tests anid situ SEM tests

The high cycle fatigue experimental procedure has been used extensively by
Pierron and cavorkers[23, 28, 30, 31, 38], and therefore only an overview will be

presented here.

The microresonator allows for the eledtatic actuation through the comb
structures (via a high sinusoidal input voltage) resulting in a cycjitane fully reversed
bending of the microbeam which is electrically groundidd]. The actuation of the
microresonator is dictated by its resonance frequen@bbut 8 kHz) and, therefgrean
be used to characterize the HCF/VHCF behavior of microscale mateequliring about
3.5 h to accumulate $@ycles[32] . The oher set of comb structures is used as a sensing
circui-t through a capacitive current and
resonance frequency. As the fatigue damage
in the form of extrusion/intrugn and cracks, the stiffness and, consequently, the resonance
frequency decrease. The decreasg istfacked periodically throughout a fatigue test and
is used as a metric to define fatigue damage. An optical calibration is needed to measure
the angleof rotation () which, through Equation 2.1 (captured by FE modg§), is
related to the maximum stress ampdié (, ) that the microbeam exhibits at the sidewall
during a fatigue tesf30]. The optical calibration consists of measuring the distance
bet ween the edge of a combbés finger at res
combds finger vibrati mogrdeatbestimtehe apgiedstraiman c e f
amplitude, the aslic response was assumed to be similar to the monotonic response which

was captured by microtensile tests, and fitted through Rartbergg o o d 6 s model , a
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in Equation 2.2 with the properties in Table 2.2, whereis the plastic strain amplitude

[30].

” c

®T p— & 0 p T—

” "O-

Equation2.1

Equation2.2

Table2.2i Parameters for Rambe@s good o s [Bquati on

RambergOsgood Strength CoefficientO Strain Hardening
Parameters [MPa] Exponentg
From Ni microtensile testj 1451 0.136
For the microbeamtested under this techniquine fatigue life Ny, i S

deyned

the number of cycles to reach a 10% decreasg which has been shown to correlate to a

2-¢ rrong crack on each side of the microbda3]. Unlike bulk ultrasonic fatigue testing,

the small specimen size and large surfaee o | u me

rati o pre

vent any

of the microbeam at resonance, which would be captured by a large measured reversible

change ind (a 50 °C increase in temperature leads to a decreasefiDi1%)[28, 30].

This fatigue technique is therefore perfectly suited to investigate size effects rebethant t

long-term reliability (HCF/VHCF) of smalscale metallic components, such as the

nucleation and growth of microstructurally small fatigue cracks under extreme stress

gradientd32].

This technique has been successfully adapted to perform HCF/VHCF fatigue tests

inside a SEM thereby providing unprecedented lewélsletails regarding the fatigue

damage of

mi crobeams and

a

robust

guantiyc

growth of these small crack32]. Thein situ SEM fatigue tests allow for a more-depth
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observation of the evolution of fatigue damage (fatigue crack formation and evolution of
the crack shapdang the sidewalls) throughout a fatigue experiment and its relation to the
decrease inf whereas the previous fatigue tests would mainly alloypdstmortenSEM
examination$31]. Thein situ SEM fatigue tests are performed in a FEI Nova Nanolab 200
FIB/SEM, using electrical feedthroughs to apply the electrostatic force onto the actuation

comb drive, and to senseetinduced current from the sensing cofigure 2.2a and b)

Figure2.21 (a)In situ SEM Fatigue Test Setup, (b) Microresonator being tested in
vacuum

Figure 2.3 shows the frequency sweeps of two samples (one in air and another in
vacuum) performed at the beginning of a fatigue test in order to find,tbk the
microresonators. As mentioned before, sweeps similar to the ones shown are repeated
periodially throughout a fatigue test to keep track offttevolution. fis highly dependent
on the amplitude of the input voltage and there is usually a relatively small variation across
samples, accounting for small variations on the dimensions of the egorators. The
figure shows the different voltage output responses for the two cases, highlighting the slight
increase in quality factor, Q, for the frequency sweep ran in vacuum. The quality factor is

calculated by Egation2.3,whereY Qrepresents theufl width at half power (the amplitude
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at halfpower points is approximately 70.7% of the peak voltage response of the sweep
curve) [28]. The slight increase in the microres
decrease in damping forces caused by the absence of air damping, although the quality
factor is still dominated by diocation damping at that range of input voltage amplitude

[28, 37

4510

e Exsitu (Air)
47 ® In situ (Vacuum)|

35 \
3 \. 1

Voltage Output [V]

0.5

0 1 1
4000 4200 4400 4600 4800 5000
Half Frequency [Hz]

Figure2.31 Frequency sweeps for microresonators in air and in vacuum with a 200 V
amplitude input voltage

Equation2.3

<] <
'.Ol @)

As mentioned before, an optical calibration is performed at the beginning of each
fatigue test to find— by measuring the distance traveled by the fingeng input of a high
voltage in the SEM causes the electron image to become blurry, adding smertainty
to the— measurement. The uncertainty is found by measuring the blur of the stationary
combs in the SEM images, shown by the red arrow in Figure 2.4b, and typical values are

around 1 mrad. The uncertainty,inis ~20 MPa, based on the urte@mty in the angle of
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rotation at resonance (see Figure 2.5a). Figures 2.5b and c provide the overall trend in the
measured— and corresponding (estimated from Equation 2,ljespectively, as a
function of the amplitude of input voltage for alkte performed in air and vacuum. The
larger values in vacuum (comparing from 200 to 300 V) result again from the slight

increase in the mic[Bhresonatorods quality f

Figure2.41 SEM images of the combs for the optical calibration when the device is (a)
at rest and (b) vibrating at its resonance frequ¢agly

Due to limitations on the design of the microresonator and of the fatigue test
(Afixedd resonance frequency of the micror.
as well as the amping behavior of the resonators, this technique only allows for a
maxi mum applied stress amplitude ofaofabout
about 0.3%, well below the yield stress of the material, and, consequently, low plastic strain
amplituds o, < 10° [32]. Figure 2.6 demonstrates the ranges inliagpstrain
amp | i t indhbch thedelectrostatic technique can be applied. Therefore, in order to
increase dtloe taepdgl imed al | i ¢ compg@Ebevethsr at s

yield strength) a new external actuation technique was ajesel
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2.3 External Actuation Tests

Since the electrostatic technique would only allow for nominally elastic loadings,
a new technique was designed in order to study the fatigue behavior of the same

microbeams at higher strain ampliesdunder the LCF regime.

The external actuation system is depicted in Figuie ahd uses the same
microresonator device described in Sectoh The setup consists of a piezoelectric X
direction positioning stage (PF#11.1) that allows for movement only one direction.

The microresonator is mounted on top of the positioning stage and a Tungsten
mi cromanipulator tip (~0.5 em in diameter)
microresonator using a manual XYZ positioning stage (Edmund Optisgidhing

Stages). The micromanipulator is fixed in space and attached to a calibratedaiigen

load cell (Transducer Techniques G&@ which allows for the measurement of the force
required to displace the microresonator. The microresonator andnmaicigulator are

observed through an optical microscope for initial alignment.

The actuation of the microresonator consists of the input of a low sinusoidal voltage
into a piezo servo controller (PHEB0) in order to actuate the piezoelectric positioning
stage. Once the stage is actuated (along with the microresonator mounted on top), the
micromanipulator comes into contact with one arm of the microresonator displacing it by
a certain angle of rotation. As the voltage varies and the stage moves in tisgeoppo
direction, the micromanipulator releases contact with the arm and, after a short delay,
contacts the second arm of the microresonator, also displacing it. Concurrently, the load

cell measures the tensile force required to displace the first armeaodrtipressive force
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required to displace the second arm. The actuation of the microresonator for half a cycle is

shown in Figure 3.

Micromanipulator

Microresonator Die  Piezoelectric Stage Load Cell

Figure2.71 Setup for external actuation technique

Figure2.81 Micromanipulator actuating the microresonator, causing bending fatigue at
the microbeam
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Before a fatigue test is performed, a few cycles are conducted at a very low
frequency and strain amplitude in erdo properly align the micromanipulator with the
microresonator and ensure symmetric bending loadings on the microbeam. Once a full
cycle exhibits the same amplitude for the tensile and compressive forces, the fatigue test is
performed at a frequency 6f5 Hz and at a specified angle of rotation which is measured
with the optical microscope (same optical calibration performed in the electrostatic
technique]30]. Therefore, the microbeam attached to the microresonator experiences fully
reversed bending fatigue. As the fatigue damage starts to build in the microbeam, the
stiffness and, consequently, the measured load amplitude required to displace the
microresonator decrease, creating a metric to quantify fatigue damage. The fatigue life, N
is defined as the number of cycles to reach a 20% decrease in load amplitude (and therefore
rotational stiffnessQ), which is related to the resonance frequeifzipy Ecuation?2.3,
whereu is the polar moment of inertia. Hence, a 20% decreastffiness is equivalent
to a 10% decrease in resonance frequency which is the failure threshold used for the
electrostatic techniqy&2]. The maximum stress and strain amplitudes experienced by the
microbeam are then calculated from the measured angle of rotation thrauegio&sp.1

and 2.230].

o) .
- Equation2.4
v

0 ﬁ
C
This technique al | owusptofaouppenimicofiabdui 1goher a
as shown in Figure @. The limit is established by the maximum achievable angle of

rotationrestricted by the space between the fingers (See FigsikeThis allows for the

investigation of metallic components under loadings pertaining to their nominally plastic
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regime. Therefore, this technique is ideal to study the LCF of swvalk metallic
components. The technique can also be used for differaatid® and at different
frequencies ranging from 0.01 Hz to about 200 Hz, although in the current study, only fully
reversed loadings and a frequency of 0.5 Hz were used. Additionally, the eatguadion

all ows for the study of the J4=088wtnG@EsHZat i gu
and comparison with micr fbtwit rBkHzt(edestiostatic at al

technique) in order to evaluate frequency effects.

2.4 Fractography (SEM, FIB cuts, FIB slices)

In order to understand the crack path and growth behavior of tested specimens, sub
surface observations are needed. FIB cross sections of specimens that only had
extrusions/intrusions and others that had reached fatigue failere performed for
samples fatigued under the two techniques described above. These observations allow for
the interpretation of the underlying physical mechanisms needed to nucleate and propagate

a microstructurally small crack in the Ni microbeams.

A dud beam FIB/SEM (FEI Nova Nanolab 200) was used to characterize the extent
of fatigue damage in the microbeams. Before the FIB cuts for-seas®ning, a thin 1 pm
layer of Pt was deposited in order to avoid damage to the area of interest and to avoid the
curtaining effect from the FIB cut. The deposition was done at 30 kV a current of 0.3 nA.
Rough milling of the microbeam with the ion beam was conducted at a current of 1 nA and
polishing milling, at a current of 0.3 nA. Three different orientationd®fdfosssections
in relation to the microbeam were performed (vertical, horizontal and transverse) according

to Figure 29 [32]. The vertical and transverse cuts were done with the microbeam still
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attached to the base. For the horizontal cut, the microbeam itself was cut from the base and
from the two arms and rotateising a manipulator. Then it was attached to the substrate
using Pt and finally a FIB crossection was performg@9].

FIB Cross-Sections

Sidewall

Vertical Horizontal Transverse

Figure2.91 Orientation of FIB cut$32]

2.5 Microstructural Characterization and 3D FIB -EBSD Procedure

The characterization of the microstructure of the entire microbeam is essential to
understand crack growth behavior under the different applied strain amplitudes and
environmental conditions. Therefore, a 3D EBSD procedure was performed using a Tescan

Lyra3 FIBSEM and an Oxford Instruments Symmetry EBSD camera.

The microbeam beam sidewall where the fatigue damage is located was first
covered with Pt to avoid any damage to the surface. A horizontal FIB cut was performed
at the top of the microbeam asianned the width of the beam. The cresstion was done
with a FIB current of 2 nA for a depth of 1.5 pm. The cross sectioned surface was then
polished by a FIB current of 0.2 nA to obtain a flat surface. The sample was previously

pl aced o-ilthalder7afd the EBS® camera was inserted into the system. The 2D
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EBSD scans where performed with a step size of 0.1 pum and on an area of 45 pum x 15 um
extending across the center part of the microbeam where fatigue damage occurs. The
microbeam was crossctioned again by another 1.5 pum in depth and the 3D EBSD
procedure was repeated until the whole microbeam was characterized (about 413 cross
sections spanning the entire microbeam thickness, 20 um). Fighi@esBows the

microbeam at three different cressctions right before EBSD scans were performed.

Figure2.107 Images of the microbeam at three different slices of the 3D EBSD
procedure

2.6 Microstructure of the Microbeam

The 3D FIBEBSD procedure also alleed for the microstructural characterization
of an untested microbeam along its entire thickness. The EBSD grain orientation maps in
theoutof-pl ane (Z) and along the beambs | ength
were obtained from a horizontaltdualfway through the Ni layer thickness (Z = 10 pum),
see Figures 21k and b. The distance Z presented here is the distance from the lower
surface of the microbeam with Z=0 pum at the bottom and Z = ~20 ym at the top. As
mentioned beforéhe microstructue of the microbeam varies along the thickness, with the
smaller equiaxed grains in the bottom and exhibitolymnar grains in the tog his can

be clearly seen the ion contrast image of a vertical FIB @®sson of the Ni layer (see
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Figure 2.1f) where the first 2.5 um of the electrodeposited layer have an ultrafine grained
equiaxed microstructure. Figures Zxland d show the EBSD maps of an untested
microbeam from a horizontal cut at Z = 2.5 um, also indicating a (001) fiber texture in the
surface nanal direction. The corresponding grain size distribution plots for Z =1, 2.5, and
10 um are shown in Figure 24. The maximum grain size is 600 nm for Z =1 um, and

1.5 um for Z = 2.5 um, clearly showing that a gradient in grain size exists along the Z

direction, due to the transition from equiaxed to columnar microstructure.

io° 2.5 um
Grain Diameter [1zm]
Figure2.117 (a) and (b) Grain orientation maps in the-ofsplane (Z) direction and in
t he beamds | e negpechively, of an udtestecendcrobeann gbtained from a
horizontal FIB cut halfway through the Ni layer thickness (Z = 10 um); (c) and (d) Grain
orientation maps in the Z and X directions, respectively, of the same untested microbeam
obtained from a horizaal FIB cut ~2.5 um from the bottom of the Ni layer (Z = 2.5
pnm); (e) Grain size distributions from 3 cuts at Z =1, 2.5, and 10 um; (f) FIB-cross
section SEM image of the gm-thick Ni layer, highlighting evolution of grain

morphology from ultrafine eqaked grains at the bottom to microsized columnar grains.
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CHAPTER 3. HIGH AND VERY HIGH C YCLE FATIGUE

BEHAVIOR

In this chapter, the Ni microbeam HCF/VHCF behavior was investigated by
performing fatigue tests with the electrostatic technique (Se2i®nThein situtechnique
allowed for the evaluation of environmental effects on fatigue lives as well as the
measurement of average crack propagation rates. The fractography observations allowed
for the study of the nanoscale fatigue crack nucleation and propagatibamssegs in this

fatigue regime.

3.1 In situ SEM Test Results

Figure 3.1a shows the evolution efiuring anin situ SEM fatigue test performed
ata=0470 MEPa.30vn(M=56Bx10 cycles), compared to that of a situtest
perfor meda=idn0 aNlP a,ad®.8484 (N)= 3.7x16 cycles).Thefaand U
values presented here are the maximum values that the microbeam experiences at the
sidewall when testeastimated from Equations 2.1 and.2AZeries of SEM images taken
throughout the vacuum fgtie test (Figure 3.2b capture the evolution of fatigue damage
along the sidewalls, which correlates to the corresponding decreas iRidure 3.1a.
Thebtevol ution curve in a vacuum shows a ver
D3x10cycl es that is not observed in air, whi
fof rom the onset of t he tadatigue ekeusigns/intresiobse i n g
are observed after 8.2x%6ycles (Figure 3.1c). Between 8.2xHhd 3.2x10cycles, the
number of extrusions along the g 8ewal | [

intrusions (or fatigue crack embryos) develop as well at the edges of extrusions (arrows in
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Figures 3.1qy), resulting in a relatively slow decrease in(Figure 3.1a). Only after
4.3x10 cycles, corresponding to a 4% decreass, ioan a clear fatigue crack be observed
(arrow in Figure 3.1h). The nucleation of the fatigue crack occurred between 1.4 and
3.2x10 cycles, corresponding to a decrease inetweenl and 29432]. The comparison

of the curves shown in Figure 3a.&trongly suggest that the air accelerates the fatigue crack
nucleation process by at least 1 order of magnitude since for the test ran in air, a 4%

decrease insfhappens only after just 2.34dycles[32].
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Normalized Resonance Frequency

N = 0 cycles N = 8.2 x 10° cycles
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N = 3.2 x 107 cycles N = 4.3 x 107 cycles

Figure3.11 (a) Normalized resonance frequency evolutiel?)(during anin situSEM

test persfFodmOdaM®PB. BO%) and an .ex460 tMPa el
= 0.24%). (b1i) SEM images showing the evo
sidewall, at an increasing number of cydleg]
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Figure 3.2a also highlights thefluence of stress and stndbetween microbeams
ran in air and in vacuum. The as3%Paandi n Fi
Ch = 0.21% for N= 4.1x10 cycles, while the sample in Figure 3.2c was tested in vacuum
ata=0485 MpP=aD.32nfa N+¥4.3x10 cycles The stress amplitude applied in
the microbeam tested in vacuum was about 33% higher than the one tested in air in order
for both to fail at approximately the same number of cycles. Looking at the shape of the
curves, the resonance frequency of the mieao tested in air decreases steadily until a
~6% decrease in &nd then decreases rapidly until failure due to the fast crack propagation.
The % evolution curve for the microbeam tested in vacuum also decreases steadily,
although at a slower rate, urdiB% decrease and then shows either portions of fast or slow
decreases inuntil the rapid decrease at around 6%. This comparison again suggests the
influence of the air in accelerating crack nucleation and decreasing fatigue lives.
Additionally, the quai-continuous observation of the fatigue damage along the sidewall
(Figures 3.18) provides information regarding the evolution of the crack shape, from a
3D, fNnpkhapgdod crack to a |l onger crack that,
of the mcrobeam (2D crack), as seen in Figures 3.2b and c.

(a) Propagating Towards Neutral Axis Propagating Towards Neutral Axis

53
©
A

ot Failure Treshold

« In'situ SEM (o, = 485 MPa)
« Exsitu (0, = 365 MPa)

Normalized Resonance Frequency

=
@
@

1 2 3 4 5
Cycles %107

Figure3.21 Normalized resonance frequency evolution duringnasitu SEM test
perfor sve d4 8a5t Mia OamBd %) and an g£X365¢MPdand t est
(= 0.21%; (b) Sidewall images of the sample tested in air after failure; (c) Sidewall
images of the sample tested in vacuum after failure
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The test shown in Figure 3.3 conyrms t
mi crobeam wms @zt i 42 & Mfx®D.2680rfad 6.4310cycles, followed
by cycling 360 aMfdalfrfaDl.bx10 cycles, and further cycling
again i n a=42aMRauSEMinmages ai the end of each segment were taken
to observe cracknitiation and growth. Figure 3.3a shows thatlbes not decrease in a
vacuum f or 7dydles, atwhich poinbthe BBM image (Figure 3.3c) shows that
extrusions were formed, but no fatigue cracks, which is consistent with a corstant f
Duringtre f ati gue test i fifodedrenses 4ehewhiphicdrrelates witha | o
the initiation and growth of a fatigue crack (arrow in Figure 3.3d). This crack initiated next
to an extrusion formed while cycling in a vacuum. (See Figure 3.3c). Upthierftiesting
in a vacuum, the crack grew further, as evidenced by the decreasshowh in Figure
3.3a and the arrows in Figure 3.3e. Overall, these results indicate that air plays a crucial

role in the formation of fatigue crack32].
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3.2 StressLife Curves

Throughthe repetition okeveraltests like the ones shown above, it was possible
to develop streskfe and strain life curves to study the HCF/VHCF behavior. Figure 3.4a
shows the 8N fatigue curves for the Ni microbeams tested in a vacuonsifu SEM
experinents) and in airgx sity at 30 °C, 50% RH and 80 °C, 90% RH), while Figure 3.4b
shows the straifife curve[31]. The empty symbols denote runouts, while the solid ones
represent fatigue failure. As g=480MP&inseen
Figure 3.4a, the curves highlight 3 orders of magnitude longer fatigue lives in vacuum (N
D 10° cycles in a vacuum vB10° cycles in air). Below a stress level of 420 MPa,
specimens tested in a vacuum do not fail, while the ones tested in airdrangiNg from

10°to 1Fc y ¢ | e sanding from#50 to 300 MPa. No fatigue failure was obsenved i

33



ai r bae13aD WIPal(runouts >3 xi@ycles). Then situ SEM fatigue experiments

unambiguously demonstrate that the longem¥asured in a vacuum is both due to the

signiycant role of air in bot3]. fatigue <cr a
(a) (b) .
- ‘ ‘ 107
500
o 480 [T T T T T T e T 102
o
=400 3
@ 2 a4
ko] =10
2 350 g
g T
<300 £ 10°
%] =
a w
2250/
B 30 °C, 50%RH 10
200 80 °C, 90%RH ® Total Strain Amplitude
In situ SEM 4 Plastic Strain Amplitude
150 L L L 10-7 L L L
104 10°  10®° 107 10®  10® 1070 10*  10°  10® 10" 10®  10° 10"
Cycles Cycles

Figure3.41 (a) Stresdife and (b) strairlife curves forin situ (vacuum)andex situ(air)
fatigue test$32]

3.3 Fatigue Crack Growth Rates

The in situ technique also allwed for the further investigation into crack
propagation rates. The effect of air on fatigue crack propagation rates for these microbeams
was quantiyed through the followingo serie
evolution plot of a fatigue tesbcn s i st i ng of ¢y« i4n0g0 aMPsap e(clU
0.24%) in air for 9.3x10cycles, followed by cycling in a vacuum until 1.3%1§cles,

yrsta=a850G .MPa. 20%) a=xnd3 8 Hh aMP28%)( TWo 2D cracks

(i.,e., SEM examination ofnte si dewall s conyr med the <cra
mi crobeamds thickness), one on each side o
yrst portion of the test (Figure 3.5b). B

surface, 2a, where a is tleeack length, the average surface crack growth rate in air is
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3x10* m/cycle. This rate is extremely low and indicates strong size effects associated
with the fatigue behavior of these mdcrobe
= 350 MPa, buti t . = 885 MPa, the crack grew as shown in Figure &5the average

surface crack growth rate in vacuum is 5.5%3f/cycle, which is about 50 times slower

than in aif32].

;> = 9.3 x 10° N = 4.5 x 107 cycles
2a= 5.6 ym

o ©

40001

(d)

* Air (0, = 400 MPa)
+ Vacuum (o, = 350 MPa)
39001 - Vacuum (o, = 385 MPa)
« Stops

00 02 04 06 08 10 12
Cycles x108

Half Resonance Frequency [H:

N = 7.3 x 107 cycles
2a = 6.3 um

Figure3.51 (a) HCF test ran partially in air and then in vacuumy(é))Top images of
the cracked microbeam throughout the [8&}

In a similar experimentFigure 3.6a shows the évolution plot of a fatigue test
consisting of cycling a specimentat= 3 9 0 .M @.28%)(n @ir for 4.8x 16 cycles,
followed by cycling invacuo until 7.4x10cycles atla= 3 6 0 .MP.21%). Tuo
cracks, one on each side of the microbeam, developed in the portion of test ran in air.
Between stops (b) and (c) (see Figure 3.6a), the crack grows (compare Figures 3.6b and c),
based on the siace crack length, at an average rate of 2.0%h@cycle. The crack did

not extend in vacuo at, = 360 MPabetween stops (c) and (d), but extended between (d)
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and (f) (See corresponding SEM images in Figure 3.6) at a rate of 3*midycle. The

averge crack growth in vacuum is, again, about 50 times lower than the average rate in

air.
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Figure3.61 (a) HCF test ran partially in air and then in vacuumy(é))Top images of
the cracked microbeam throughout the [8&}

Figure 3.7a summarizes all of the measured crack growth rates in air and a vacuum,
based on the crack lengthe asur ements (ranging between 1
images (providing a resolutiof®1 0 nm) , as .2 ¢oamgt miomg of h &
rates and highlighting the roughly 2 orders of magnitude larger rates in air compared to a
vacuum. Figure 3.7b shows the crack growth rates as a function of measured crack length.
These ultralow cracigrowth rates were only measured for fatigue cracks that spanned the
mi crobeamds t hi cknessinéitd BEMdechmique shat allowedh a n k s
meticulous observation of the crack shape evolution. While this crack growth rate

measurement technigu®es not follow the traditional fatigue dimensional requirements,
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it is based on the direct measurement of the crack size and therefore provides an accurate
measurement of the local crack growth rates (at the surface), which are not expected to be
much diferent from the overall crack growth rates of the 2D cracks given the fairly uniform

crack fronts observeplostmortemImportantly enough, these rates are of the same order

of magnitude as the rates previousngte cal cu
decrease inofto an increase in crack si23, 31]. However, these new rates are more
accurate since they aredeal on the direct measurement of crack size (for 2D cracks),
whereas the previously calculated rates relied on simplifying assumptions (such as the
assumption of a single crack on each size of the microbeam contributing to the measured
decrease inJ. Ovaall, these rates are several orders of magnitude lower than that typically
measured on macroscopic specimens. Nonetheless, they can be measured thanks to the
large testing frequency and to the microscopic size of the specimens (in 1 min of testing, a
rateof 10 *m/cycle would leadt®5 nm crack extension). Bein
one interatomic spacind@.5 x 10°m) per cycle, these rates suggest that crack growth

is not a continuous process but instead occurs in between incubation perie&rfpie,

at an average rate of f&m/cycle, it would take 25 000 cycles (3 s of testing) to grow the

crack by one interatomic spacing. The fractography results sim@ection 3.5ighlight

a new fatigue mechanism accounting for this ultraslow fatigue crack gf8gjth
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Figure3.71 Average surface crack growth rates (a) as a function of stress amplitude and
(b) as a function of average crack si&?]

3.4 Extrusions Characterization

Thein situtechnique also allowed for the characterization of fatigue €xing on

the microbeamsé sidewalls as cycling incre

at different stages of a fatigue test were analyzed for both vacuum and air environments.
The extrusion heights were measured by analyzing top view SEM iroatesextrusions

in fatigued microbeams. Figure 3.8a shows the top view images of a microbeam tested in
vacuugar ad9 00 aM@32%)( Highlighting selected extrusions (extrusion #1 and
#2) for the characterization study. Figure 3.8b shows theigeolof the extrusion height

as cycling increased. Each data point in Figure 3.8b repsaseimterruption on thm situ

test for characterization of the extrusions. The expected fatigue life at this stress/strain
according to the 8l curveis ~4x10 cycles. The precision on the extrusion height
measurements from top view images is £ 30 nm. Extrusion #1 increased to a maximum
height of 300 nm after E7x1@ cycles, after which the extrusion stopped growing in
height. In contrast, extrusion #2 contidut increase in height as cycling continued,
reaching a height of ~480 nm after ~4%Xtgcles. Figures 3.8e show high magnification

images of extrusion #1 at different stages of the test. Although the extrusion height remains
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at a maximum, intrusions eclearly deepening into the microbeam as cycling increases.
A crack eventually forms near extrusion #2, highlighted in Figure 3.8f. The crack can be
observed on the sidewall after 4%1dycles, which is consistent with Figure 3.1, while

extrusions startgrowing after only 1x19cycles.

A similar analysis was perfor BOd dwPaa (0
= 0.24%) and on another 4 c3r80b g% eds t e d i
compare the environmental effects on extrusion formatiomigrobeams tested at similar
stress amplitudes. Two extrusions were selected, extrusion #3 in the sample tested in air
(Figure 3.9a and b) and extrusion #4 in the sample tested in vacuum (Figure 3.9c and d).
Figure 3.9e shows the extrusion heights asirectfon of cycling for the two selected
extrusions. Extrusions with recognizable heights are observed in both samples after
~1x1@®, however the rate at which extrusions grow is much faster in air. The extrusion in
air takes 2.6x10cycles to reach a heighf 0.4 um, while the extrusion in vacuum takes
at least an order of magnitude longer. This result highlights once more the influence of air

in accelerating crack nucleation.
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3.5 Fractography

3.5.1 FIB Cuts andVoids

To further understand the mechanisms responsible for the ultralow crack growth
rates, a series of FIB cross sections (orientations of the cuts in Figure 3.10a) was performed
on yve specimens: three fatigued ranmentg,i r anda
these FIB cross sections reveal a tortuous crack path consisting of voids (ranging in size
from D10 toD500 nm) that are linked together by straight crack paths. Voids are either
observed in the vicinity of the cracks (wittdl & m; e x agmr@3.105 c, i) arin F
the subsurface underneath the extrusions (also witiin ¢ m o f the surf ai
3.10kT m) . Figure 3.10d cl| el0 hnyin Szh,dowsed t wo ¢
D500 nm ahead of the main crack tip, at a 45° angle with retspe main crack. A very
thin crack appears to be linking the main crack tip to the two voids. Very similar
observations can be made at the location of the extrusions, where fatigue cracks nucleate.
For example, Figure 3.10l shows small voids developmdetneath the extrusions and
thin cracks linking them together. For the specimens tested in air, there are many more
voids along the crack path (Figure 3.10h and i), as a result of which the crack faces appear
to be rougher. Oxygen maps using EDS havecley i denti yed the voi d:
for the tests in air (example in Figure 3.10j), which is not observed for the tests in a vacuum,

i mplying that oxygen or water play a signi

Figure 3.11 shows the low magoation SEM images of a series of parallel
horizontal FIB cuts (at different distances from the top surface) performed on the

microbeam ran in vacuum which are also shown in higher magnification in Figure 3.10d,
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e, g, k and I. Figure 3.11 demonstrates3Beaspect of the crack and shows that the main

cracks at the end of these fatigue tests are fairly uniform through the thickness of the
microbeam. Similarly, Figure 3.12 shows low magnification images of a series of parallel
vertical FIB cuts (at differerdistances from the sidewall) for another microbeam tested in
vacuum. Higher magnification images of the cracks are shown in Figle &xtl c. The

crack is through the entir eg,upioe2pumbrenatned s t h
sidewall. In Figue 3.12h and i (closer to the neutral axis), the crack is present only in the

top half of the microbeamds thickness.

Additionally, Figure 3.13a shows the location of a progression of transverse FIB
cuts (at different di st armacrackof& mioameamn teded mi cr
i n ai=r 3a6t0 §MB.20%)fokK.4 x 16 cycles. Figure 33b-f show a void that
grows as the FIB cuts get closer to the ciiacthe sidewallThe spacing in between the
transverse cuts is a few nm. The prograssibtransverse cuts highlights the complex 3D

nature of the voids in the vicinity of cracks.
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(a) FIB Cross-Sections

Vertical Horizontal

O] e Pt]

Figure3.10i ( a) Schematic details presenting the
(b1 g) Crackmsita®EMvtoe sitss f ofh1Ti ) Cracks and
Results of oxygen concentration from EDS scans along the crack of a specimen tested in

air
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Figure3.117 (a) Location of horizontal FIB cuts along sidewall; (b) Top view image of

microbeam after fatigue test. The red arrow indicates the location of the fatigue cracks.

The red dotted line is theeutral axis; (c) Schematic showing the definition of distance

from top surface; (djh) SEM images showing the overall shape of the fatigue crack at
the various locations
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Sidewall after Fatigue Test Top View after Fatigue Test

(c) - Distance from
: Sidewall
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Figure3.127 (a) Inclined SEM imge after fatigue test; red arrow indicates fatigue crack
location; (b) Top view SEM image of microbeam after fatigue test with location of
vertical FIB cuts. The red dotted line is the neutral axis; (c) Schematic showing the

definition of distance from savall; (d}(i) SEM images showing the shape of the fatigue

crack at the various locations.
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Figure3.137 (a) Location of serial transverse FIB cuts;())SEM images showing the
shape and growth of a siegvoid as it approaches a fatigue crack

3.5.2 FIB Slices and Crack Growth Path

In order to investigate the characteristics of the path of the fatigue cracks in the
microbeams, the 3D FHEBSD procedure (se€gection2.5) was used to obtain crack and

grain information through the entire thickness of the microbeam.

Figure 3.14 shows the top view and sidewall of a microbeam tested in vacuum at
da= 470 aM@.20%)akl cycled for 6 x 1@ycles (same sample tested in vacuum
shown in Figure 3.1). The images also show the selected coordinate system for the
evaluation of the slices. In the 3D FEBSD procedure slices are taken parallel to the top
surface at different heights. The heightr@dhe Zaxis is measured from the bottom of
the microbeam (e.g. Z = 0 um at the bottom and Z = ~20 um at the top of the microbeam).

The locations of selected slices are also shown in Figure 3.14b.
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10 pm

Figure3.14i (a) Top view and (b) sidewaF4700f mi c
MP a a=(0.80%) for 6 x 10cycles

Figure 3.15 shows the SEM images, the Band Contrast and the Inverse Pole Figure
(IPF) in the oubf-plane direction (IPF Z) of the selecteites shown in Figure 3.14b.
Since the microbeam had been tested past the failure threshold, cracks spanned the entire
thickness of the microbeam and at some points also the entire width with cracks growing
across the neutral axis (Figure 3.15c). Some esrack rugged and appear to change
directions as they encounter barriers to their growth, although other cracks are more
straight in nature. The crack path characteristics are easily identifiable using the EBSD
information. Figure 3.15a highlights three dts. The two cracks on the left sidewall are
transgranular cracks, while the one on the right sidewall is intergranular. Figures 3.15b and

c also show cracks with both intergranular and transgranular natures. Overall, analyzing all
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slices, about half of thcracks were intergranular and half were transgranular in the

microbeam tested in vacuum at a relatively high stress/strain amplitude.

(a) (b) (c)
Slice # 3 Slice #6 Slice #8
Z =14.5 um Z =99 um Z=7.3um

Y 5um
x01 401

Figure3.157 (a)(c) SEM, band contrast and IPF Z images of seleslieds of
mi crobeam of microbeam®k sMRRNW) W xdihcuum a
cycles
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Comparatively, the same procedure and analysis were performed on a microbeam
t est ed 4=n 3alibr .MARLa8Y%) faf 1.3 x 1®cycles. Figure 3.16 shaathe
postmortemmages of the microbeam, while Figure 3.17 shows the EBSD information for
selected slices. After analyzing all slices, almost all cracks are transgranular. Voids are also

clearly observed in each of the slices and almost all of them famweithin the grains.

Figure316i(a) Top view and (b) si dew3bMPaof mic

( 43 0.18%) for 1.3 x 1®cycles
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(a)

Slice # 2

A m‘m'pm

(b)
Slice # 4

(c)
Slice # 6

Figure3.177 (a)(c) SEM, band contrast and IPF Z images of selected slices of

mi crobeam of micr ob=a3drl 5 ¢MRRY%( U n

Anal

yzing

anot her

Y 5pum
xO] ‘lﬂl

mi=c r4olb0e aM® 28%(fsli2.4 d

n

10° cycles (see Figures 3.18 and 3,1®ost cracks were transgranular although thinner

and shorter cracks were intergranular.
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Figure3.187 ( a) Top i ew and (b) si d ewdlO MPaof mi c
( 4% 0.25%) for 2.4 x 1Bcycles
The results from the crack path analysis demonstrate that microbeams tested at
relatively lower stress/strain amplitudes have cracks that are transgranular in nature, while
microbeams tested at higher stress/strain amplitudes present mixed craeiting,
increased intergranular cracking. Additionally, voids found in the vicinity of cracks are

observed to nucleate inside the grains.
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(a)
Slice # 1

(b)
Slice # 4

Z =18.8 Hm Z =14.5 uym

()
Slice # 6

Z=11.9 ym

5um

Figure3.197 (a)(c) SEM, band contrast and IPF Z images of seleslieds of
crobeam of microb=adld eMB28%( U n

mi
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3.6 Discussion

These results highlight that fatigue crack nucleation and propagation are controlled
by the formation of voids the HCF/VHCF regimeeither underneath surfacetersions
or ahead of the crack tip, and are associated with ultraslow crack gips@H{m/cycle
in a vacuum, 132 m/cycle in air). The formation of voids at room temperature has already
been documented in the fatigue studies of bulk mpda@lsA1] as well as of metallic thin
ylms on substratdgl2-44] and resilts from the condensation of vacancies that form in the
active slip bands wunder <cyclic | oading. I r
substrate, the voids preferentially form a
that interface des not act as a sink for vacancjdd]. In persistent slip ands (PSBs),
vacancies usually arise from the irreversible plastic deformation either by jog dragging on
screw dislocations moving in the channels or annihilation of edge dislocation dipoles in
the walls[14, 45-47]. Several fatigue crack initimm mechanisms have been proposed
based on the presence of these excess vacancies within the PSBs, invoking either the
formation of criticalradius void448], stress concentration developing at the surface near
the edges of the extrusiof$9], or the formation of intrusions resulting from vacancy
diffusion-related residual stressgs0]. Void-controlled fatigue crack nucleation has also
been observed in ultrayne grained (UFG) Cu
3.20[51, 52]. In that case, the cyclic slip of an individual slip band led to the formation of
voids along that band, especially in the VHCF regime. Our results suggest a fatigue crack
nucleation mechanism similar to that invdker VHCF of UFG Cu, relying on void

formation along individual slip bands underneath the extrusions.
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Pt coating H Ptcoating

slip band ~

Figure3.207 Voids in UFG CU52]

The governing fatigue mechanism in the Ni microbeesmte HCF/VHCF regime
is unlikely to be associalewith large enough cyclic plastic deformation at the crack tip
(associated with irreversible emission of dislocations). In fact, the FIB-sea$i®n SEM
images suggest crack growth controlled by void formation ahead of the crack tip and
linkage of thesevoids with the main crack. This ultraslow crack growth mechanism is a
direct consequence of size effects governing the fatigue behavior of these Ni microbeams.
It is likely that the stress concentration effect at the tip of a growing fatigue cracktlg grea
reduced by the effect of the extreme stre:
cyclic crack tip opening displacement. Hence, it is logical to assume that the driving force
for the fatigue crack extension in the microbeams is drastically rédvitle an increasing
crack size. As a result, the limited amount of cyclic slip ahead of the crack tip may only
allow vacancy formation. Therefore, the ultraslow rates are likely the result of an
incubation time required between crack growth events toeggtg and condensate
vacancies into voids of a critical size. T
effect of normalized stress gradients (i.e., microbeam geometry) on the resuling S

curves[31].
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These results also emphasized the critical effect of air on the fatigue properties,
with 1 order of magnitude longer fatigue crack initiation life, 2 ordemsaginitude slower
crack growth rates and 1 order of magnitude longer life to reach extrusions of the same
height in a vacuum. For stage | crack growth associated with the common crack opening
mode, the reported environmental effects are associated witham&ais involving
chemisorbed oxygen at the surface of the newly exposed slip steps that increase the slip
irreversibility at the crack tip, thereby preventing reweldiig55]. Instead, in this study,
both fatigue crack nucleation and propagation are dominated by void formation, and the
surface of the voids was shown to be oxygen rich for the tests in air. Irradiation studies
(that introduce large concentrations of vacanciédsanetals at large temperatures have
shown that oxygen stabilizes void nucleation compared to the other vacancy cluster defects,
by decreasing the void surface energy through a chemisorption pfo6€is}. Therefore,
a similar scenario is expected during the fatigue damage of the Ni microbeams. In air, the
formation of voids is facilitated by the presence of oxygen (which is consistent with the
observation of large oxygen concetitas at the location of the voids), resulting in faster
extrusion height growth and faster crack growth rates. The void formation is likely to be
limited to the surface regions and near the crack tip due to the small diffusion distance for
oxygen at roontemperature. In a vacuum, oxygen is present at much lower concentrations
(either on the surface of the specimens or as impurities in the electroplated Ni), requiring
longer times or a larger concentration of vacancies to stabilize the voids and resulting i

much lower extrusion height and crack growth rates.

Voids seem to form preferentially inside the grains at regions in the vicinity of

cracks or underneath extrusions and are associated with condensation of vacancies inside
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a grain due the limited cycligasticity. The transgranular cracking present in microbeams
tested in the HCF/VHCF is associated with the void dominated mechanism. In the
microbeams tested at higher stress/strain amplitudes, the dominating mechanism is still the
formation of voids aheh of the crack tip, however, the mixed intergranular and
transgranular cracking suggests that the void controlled mechanism is not the only

mechanism at play in fatigue crack propagation.

3.7 Conclusions

Thein situtechnique allowed for the detailed studytteé HCF/VHCF behavior in

Ni microbeams. Environmental effects were studied highlighting the strong influence of
air on fatigue behavior in comparison with tests ran in vacuum. The air accelerates fatigue
crack nucleation by decreasing fatigue initiatide by at least one order of magnitude and

the SN curve highlights fatigue lives that are three orders of magnitude longer in vacuum
at the same stress/strain amplitudes. Additionally, ultraslow crack propagations rates were
measured (18* m/cycle in a vauum, 102 m/cycle in air) and extrusion heights were
analyzed throughout a fatigue test, with extrusions growing faster in microbeams tested in

air.

The fractography results revealed that the fatigue crack nucleation and propagation
in the HCF/VHCF regneare controlled by the formation of voids underneath extrusions
or ahead of the crack tip, justifying the roontinuous crack growth with ultraslow rates.

In microbeams tested in air, the voids are shown to be rich in oxygen, which facilitates

their formation and accelerates crack nucleation and propagation. The voids seem to
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preferentially form in a transgranular nature and are associated with transgranular cracking

in the microbeams.

This void dominated fatigue process is thought to be a consequetheeaiffects
of extreme stress gradients in the microbeams. The driving force for the fatigue crack
extension in the microbeams is drastically reduced with an increasing crack size. However,
the limited amount of cyclic slip ahead of the crack tip onlkyvedl for vacancy nucleation,
with subsequent formation of voids allowing the nucleation and propagation of fatigue

cracks.
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CHAPTER 4. LOW CYCLE FATIGUE BE HAVIOR

As mentioned in the previous chapter, the void dominated fatigue mechanism found
in Ni microbeams under bding in HCF/VHCEF is considered to be a consequence of the
reduction in driving force for crack growth caused by the effects of extreme stress
gradients. Hence, we hypothesize that the conditions applied in HCF/VHCF are below a
threshold limit for the corantional mechanisms to operate. Consequently, the application
of larger strains amplitudes (larger driving force) to these microbeams is expected to result
in a transition in the governing fatigue mechanisms. Additionally, in the HCF/VHCF
regime, the stram environmental effects and the observation of voids in subsurface areas
and near the crack tip suggest that the diffusion of oxygen or water is essential for the

formation of voids.

In this chapter, the fatigue behavior of the same Ni microbeams arerfurth
investigated under the Low Cycle Fatigue (LCF) regime. The micromechanical external
actuation technigueSéction2.3) was used in order to test microbeams at higher applied
strain amplitudes and lower fatigue lives than what was possible using thameson
method. The propagation rates, fatigue properties and nanoscale mechanisms were
analyzed over a wide range of applied strain amplitudes and comparisons were traced
between the LCF and the HCF/VHCF regimes. In addition, the study of frequency effects
on the fatigue lives of the microbeams was investigated by contrasting results at similar
strain amplitudes from the two techniques which employ significantly different

frequencies.

59



4.1 LCF Test Results

The change in load amplitude throughout a fatiguenastevaluated for a number

of microbeams. Figure 4.1a shows the evolution in load amplitude needed to displace the

mi crobeam

as

functi

on

ofa=cydl5e MpPfa@a8% al

tUe s t

Again, thella a n d valles presented here are the maximum values that the microbeam

experiences at the sidewall when tesfidte load amplitude decreases steadily until ~600

cycles (15% decrease in load amplitude) and then shows a rapid decrease due to the

propagation of creks, reaching the failure threshold at?N680 cycles. Th@ostmortem

images of the microbeam are shown in Figure 4.1b and ¢, where through thickness cracks

and extrusions/intrusions are observed on both sides of the microbeam.
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amplitude and the angle of rotation stay constant suggesting that there is no perceivable
cyclic hardening or softening behavior. This confirms assumptions in past |28yi3i]
that the monotonic and cyclibehavior of these Ni microbeams is similar in the

HCF/VHCF regime.

Z098"
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E 094l
4:094
o
©
5092}

0.9 !
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Cycles
Figure42i Fi rst 150 cycl es .6f 480c ME&WEammdt &st e c

I n the micr able269mthe nradentierdaffaigue dthck is expected
to occur after ~ 2.5xPQ@ycles in air, based on previous observations of crack nucleation
in the HCF/VHCF regime (2% decrease iifQor 4-8% decrease in load amplitud8&p].
However, i n t has0.868nap 8%dedrease in babl araplitude happens at

only ~300 cycles, revealing that cracks nucleate much faster in the LCF regime.

4.2 Stress and StrainLife Curves

The stress and strain life curves were evaluated for both studied regimes and are
shown in kgure 4.3a and b, respectively. The external actuation technique allowed for
fatigue tests to be perf oriandfdom0.25%¢i0.B6F f r om
i ., while previously reported tests with the electrostatic technique range from Z8D to 4

MPa 4andi from 0. 01 %ThereforeQwitR B&otwd tachnigues the
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microbeams were tested over six orders of magnitude in fatigue lives. In Figure 4.3, empty

symbols denote the runout specimens and solid symbols represent fatigue failure.

(a) (b)
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e b ~ -0.078 @
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= E10 i =
E 400 < c~-030 & AT
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Cycles Cycles

Figure4.31 (a) Stress and (b) Strain life curves for the LCF and HCF/VHCF

Both the LCF and HCF/VHCF regimes were fitted with the Basquin equation

(Equation 4.1) and the Coffillanson equation (Equation 4 Relow:

, , c0 Equation4.1

- - ¢qU Equatiord.2

where, is the fatigue strength coefficierhis the Basquin exponen, is the fatigue

ductility coefficient andwis the Coffin Manson coefficient; and show good correlations
with the power fits. The Basquin exponent changes #@®38 in the HCF/VHCF te
0.078 in the LCF regime, while the CoHivlanson coefficient chayes from-0.30 in the
HCF/VHCF t0-0.57 in the LCF regime The LCF regime presents a Basquin coefficient
closer to behavior of Ni under the absence of stress/strain gradients, which-0a&7b~
(also shown in Figure 4.381] and a Coffin Manson coefficient closer to typical values

for bulk metals, which showvalues ranging from0.5 to-0.8[12]. Overal, the fatigue
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curves change from a shallower behavior in the HCF/VHCF to a more conventional
behavior in the LCF regime. The drastic change in fatigue properties and behavior suggest
that there is a change in the physical mechanisms for crack nucleatiger@agation
caused by the increase in applied strain amplitude. Therefore, the dominating fatigue
mechanism may no longer be the void controlled mechanisms reported for the HCF/VHCF

regime[32].

Additionally, there is a small overlap in the curves’(tt01C cycles) where both
techniques were applied and the fregey effects can be studied, as indicated in the next

section.
4.3 Frequency Effects

The frequency effects on fatigue lives were investigated by employing the two

techniques at similar stress and strain amplitudes. Figure 4.4a shows the plot of the

normalizedload amplitude or resonance frequency—— as a function of

cycles, comparing two experiments with the different techniques. One sample was tested
ata=0 415 MRa0.25% dith % = 3.8x16 using the electrostatitechnique
(frequency of ~ 8 kHz) and had a total runtime about 1 minute. The other sample was tested
ata=0430 MP=a.26%mith N 3.4x10 using the external actuation technique
(frequency of 0.5 Hz) and had a total runtime 9 days. Sidé@wadjes of both microbeams
after the fatigue tests are shown in Figur
cracks and similar extrusion/intrusion densities. Both tests ran at frequencies that differ by
four orders of magnitude but at similar sgéstrain amplitude failed at approximately the

same number of cycles, indicating that frequency does not play a significant role in the

fatigue life of these Ni microbeams.
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4.4 Fatigue Crack Propagation Rates

The effect of the applied strain amplitude was further investigated in regards to the
crack propagation rates. The local crack propagation rates were measured for 2D cracks
that spanned the ®re thickness of the microbeam. Therefore, by observing crack
evolution at the top surface of the microbeam through SEM images and by counting the
number cycles in between two stages of a fatigue test, the average crack growth rates can
befound32. Fi gure 4.5 shows the i.mZI5H®@m .60 t he

0.96% and with N= 680 cycles (same microbeam shown in Figure 4.1). The average crack
growth rate in between the beginning and the end of the fatigue test was founré-to be

PG HDOO@D p 1t dand’ Q0 Y u mycles). In additionFigure 4.5b shows a
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transverse FIB crossection exactly through the crack highlighted in Figure 4.5a. The
high-resolution SEM image at the cressction, shown in Figure 4.5c, reveal striations
along the path of the crack towards the neutral axis ohtiteobeam. These fatigue

striations are at an average distaffRe p & Gapart which is equivalent to an average

crack growth rate of— p & O OGO & Q

Figure4.571 (a) Top view of microbearshowing the location of the FIB cut; (b)
Transverse FIB crossection at the crack; (c) Fatigue striations at the fracture surface

Hence, two independent crack growth rate measurements provide crack growth
rates in the 1220 nm/cycle range in the LCFegime. These values are four orders of
magnitude larger than in the HCF/VHCF regime, which exhibits crack growth rates of the
order of 10" m/cycle in air[32]. Additionally, the crack growth rates in the LCF regime
are more comparable among rates expected for the growth of microstructurally small
cracks (stage | acks). Stage | cracks usually have larger crack growth rates than long
cracks (stage Il cracks) in macroscopic metals, which exhibit rates from 1 nm to 1 um/cycle
[12]. These results suggest once more that the dominating mechanism for crack nucleation

and propagation are not equivalent when comparing the two studied regimes.
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4.5 Fractography
45.1 FIB Cuts and Fracture Surfaces

A series of FIB crossections were performexh microbeams tested over a wide
range of fatigue lives in order to evaluate the subsurface fatigue damage and to investigate
the nanoscale fatigue mechanisms for nucleation and propagation of cracks. Figure 4.6a
shows a vertical FIB crossection of theame microbeam shown in Figure 4.1b and Figure
4.5 (tgst7eldd MPOEH andiwith N= 680 cycles), while Figure 4.6b shows
avertical FIBcross ect i on of aa.=s a3n®3 eMfE=d.2@owith N&t 0
3x10 cycles using the electrostatic technique. Both samples present cracks spanning the
thickness of the microbeam that were propagating towards the neutral axis. Figure 4.6a
shows two cracks (one extending from the top and another from the bottom) witly a fair
straight crack path without many deviations, except at the region where the two cracks
meet. In contrast, Figure 4.6b shows a very tortuous crack path and the clear presence of

voids, which are linked through thin crack3d?], highlighting again the difference in

fatigue crack path behavior between the LCF and MNBEF regimes.
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Figure4.6i (a) Vertical FIBcross ect i on of mi g o7bleSasviRae,s tle d
0.96% with the external actuation technique, (b) Vertical FIB esestion of microbeam
t e st gx36a tMPlia »=e0r21% with the electrostatic technique

Figures 4.7a and b show SEM images of the fracture surfaces of two microbeams.
Both microbeams exhibited through thickness cracks that spanned almost the whole width
of the microbeams (both only hadraal remaining ligament around the neutral axis). The
fracture surfaces belong to the part of the microbeams that were still attached to the
substrate after the careful sectioning of the ligament at the crack surface and removal of
the remaining portondaf he mi cr obeam. The sampla€/10i n Fi g
MP a a-n097%lfor N = 1000 cycles using the external actuation technique, while the
sample in Figure 43.575b MPads218tneits Kdeldx1d asing
the electrostat technique. The fracture surface in Figure 4.7a exhibits a very rugged
surface with a zigag pattern followed by the crack that propagated towards the middle
section of the microbeam, showing what appears to be intergranular crack growth. Figure
4.7b slows a less protruded fracture surface with what seems to be some columnar grains
flattened along the crack path. This fracture surface also shows a clear and abundant

presence of voids along the crack path, highlighted in the image. These voids are not
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