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SUMMARY

Thin films technologies continue to play a key role in the development of
stretchable electronicfiexible displays, and a wide range of microelectromechanical
systems (MEMS) applications. Movable components can be exposed to cyclic loading
in these applications, which can result in fatigue failure. Hence the investigation of
fatigue degradation mechiams of thin films is required to address some of these
reliability concerns Particularly, extremestress gradients can occur for notctoed
unnotchedmicro-componentsn bendingmode In this researcha microresonater
based technique is presented teoestigate the effect of extreme stress gradient
(normalized stress gradients of 17 and 3&%") on the fatigue properties of 2fin-
thick electroplatedNi microbeams inboth mild (30°C, 50% RH) and harsh (80°C,
90% RH) environments.The techniquerelies onthe measurd evolution of the
resonance frequendliroughoutthe fatigue testand finite element models to calculate
a fatigue life corresponding to the nucleation and growth of -anicBometerlong
crack. In addition, thegrowth ratesof thesemicrostricturally small crackswere
estimated also based on the measured resonance frequency evohgigrsults of
this dissertation highlight thahé fatigue lifeof nickel microbeams under extreme
stress gradientss dominated by the ultraslow growth of mostructurally small
cracks, which is a strong function of the applied stress gradikatalculatednitial
crack propagation rateare ~10 times larger foan = 17%nmm™ comparedto h =
36%mm™ for s, between 400 and 450 MPahe discrepancy is even d@r with

increasing crack size from 0 ton®n. Forh = 36%nm™, the initial rates decrease with

XVi



increasinga, whereas foh = 17%nmm™, the crack propagation rates do not decrease
with increasinga. Theseeffectsresult in significant difference irfatigue lives by
orders of magnitudeat s, ~ 450 MPa, the fatigue life is 1000 times larger fior
17%mm™ (Ny = 10° cycles) than foh = 36%mm™ (N; = 1& cycles).The stresdife
fatigue curves exhibitow Basquin exponentd, varying from -0.039 to-0.023 for
stress gradients increasing from 17% to 3&%'. Consequently, largezndurance
limits 50% of the tensile strengttare associated with the steeper stress gradients
Little differenceswere observedn the fatigue responsgstresslife fatigue cunres,
crack propagation ratepetween the two investigated environments (30°C, 50% RH
vs 80°C, 90% RIHwith only slightly shorter fatigue lives in the harsher environment.
However, scanning electron microscope images of the fatigued specimens and energy
dispersive spectroscopgsults fromthesidewalls and fracture surfasef the fatigued
microbeams highlighéin environmental componeirt the fatigue process, in the form
of oxide formation at the location of the extrusions and along the crack flanksef the
microstructurallysmall cracks The results of this research bring significant insight

regarding the reliability concerns of metaliiccrobeams
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CHAPTER 1: BACKGROUND AND MOTIVATION

In this research, we will address the effect of extreme stress graalefatisgue
behavior of nickel microbeams. Extreme stress gradients cannot be obtained at the bulk
scale. However, the presence of extreme stress gradients inst@&eocomponents
could result in significantly different fatigue behavior. The backgro@wiew in this
chapter begins by introducing the notch effect and microstructurally small cracks
behavior in the absence of stress gradient and discussing necessity of further
investigations to predict the corresponding behavior for mgoraponents under
extreme stress gradients. Then, we will continue by introducing the fatigue behavior of
Ni microbeam in the absence of an applied stress gradient in termBl @uf/e and
microstructurally small cracks (MSC) propagation rates. Following that, the sigmifica
importance of stress gradient effect on fatigue life of mammponents especially
under bending loading conditions has been highlighted. At the end of this chapter, the

motivation of this research is discussed.

Notch Effects on Fatigue Behavior

For macro scale specimens, microcracks form at stress concentration sites and
lead to fatigue damage and failure. This fatigue mechanism is facilitated by the presence
of any geometric discontinuities, such as holes or grooves. These geometric
discontinuitesae t er med O6notchesd for brevity,
limit, in term of notch root stress, of a notched structure is typically larger than that of a
smooth specimen [7, 116]. The physical explanation is related to the stress gradient

that are present ahead of a notch and the fact that fatigue occurs within a process zone

1
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of a finite volume that is subjected to a lower average stress than the maximum stress at
the notch root [17]. The sharper the notch, the larger the notch roat fttigsie limit

due to the larger stress gradients.

Abrupt decreases in fatigue resistance due to the notch effect highlight the need
to understand the fatigue mechanisms of notched compdiént2]. It is welkknown
that the stress amplitude in the vicinity of stress concentration sites has a key role in
fatigue crackso nulb 1318]tTheoelasticacontent@tion fackog at i o n
"Q has been employed to define the ratid of , the maximum local stress ahead of the
notch tip, toS the nominal stress. However, experimental fatigue results show that
notches produce less effect on fatigue life than is predicte@byo address this issue,
the fatigue notch factorfQ) , has been employed to define the factor by which fatigue
life is reduced as a result of notch presence and stress concentration sites. The degree of
discrepancy betwee and’Q has beemneasured by the notaensitivityindex @) as
follow:

?’Q p

Qb )

n
Which vares from zero to unity, corresponding to no notch effect and full notch effect,
respectively. In other words for the maximum notch effeé&t, Q; consequently =
1. From the experimental point of view, this maximum notch effect for the dualk
fatigue tests happens for highly ductile material and sharp notches. Experimental
measurements illustrate that a stress concentration@ihove a certain value could

result in a nonpropagating fatigue crdtk 2, 10] Indeed, one additional reason for the

increased fatigue limit is the formation of npropagating cracks cracks nucleating at


https://www.google.com/search?biw=1680&bih=906&q=sensitivity&spell=1&sa=X&ei=hB4FU7u9DJPNkQf4kYGYAQ&ved=0CCUQvwUoAA

the notch root but unable to propagate due to the decreasing stress intensity factor range
with increasing crek size which occurs for sharp enough notches (for example, less
than 2.5 mm for circular notcheg)4, 18] Nonpropagating, small cracks (~1 mm at
most) may develop ahead of sharp notches (large stress gradiemst ~12%.m*,

i.e. significantly smaller than the extreme stress gradients in our $iugyas a result

of decreasing driving force for crackgpagation due to the stress gradiddt, 16, 18]

As presented irFigure 1.1, nonpropagating fatigue cracks could increase the fatigue
limit for the bulkscale fatiguedsts to a level beyond that predicted Byand Q
effects.lIt is expected that effect of nonpropagating cracks will be further exacerbated
for the fatigue life of micrecomponentsThis is because micmeotched components
under MEMSrelevant loding conditions, or even unnotched miw@mponent under
bending loading, experience extremely large stress gradientsatinadt be obtained at

the bulk scale for the similar values™@f In other words, a given value d€, applied

for bulk and for micrescale components, could result in significantly different stress
gradients. The normalized stress gradient is related to geometry by the stress
concentration factors( as:

P

Q.
s - T (2

where, , is the maximum stress at the notch root ardis the stress variation

within distance x from the notch rofdi9].
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the fatigue limit for tests performed at bulk sddlg2)].

The notch effect has been reasonably understood for maafe. $6or an
example in a comprehensive study, Lukas and Klesnil developed a model to predict
fatigue limits in notched bodies that relies on the stress intensity factor formulas ahead
of notches (in that case, assuming that linear elastic fracture mexigmalid) and on
the fact that fatigue failure occurs if a crack can grow large enough to reach a critical
size that corresponds to the threshold stress intensity factor Ritagé€or long cracks)

[5]. The results showed that the predicted fatigue limit is a strong function of the critical
crack size (ranging from 10 to 20@n) and of the normalized stress gradieht§p to

1% decrease in stress per micrometer,h.e.1%mm™); seeFigure 1.2. Other models

rely on elastieplastic fracture mechanics to account for the notch plasficsy
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Figurel.2: Influence of stress gradients on Hyek; ratio[5].

It is important to realize that these concepts cannot be applied in the case of
microbeams (whether or not they are notched) subjected to cyclic bending for two main
reasons. First, the normalized stress gradibngse at least one order of magnitude
larger (in our case, 36% decrease in stress per micrometer over the first two
micrometers, i.e.h = 36%nm™') while the maximum values in notched bulk
components do not exceee?%.mm™ [17]. Therefore this range of stress gradients has
not been yet explored. Second, the fatigue cracks propagating from the edges of the
microbeams toward the neutral axis are micrastmally small (their size is
commensurate with the grain size). Therefore the concepts associated with linear elastic
as well as elastiplastic fracture mechanics are not valid, and the mechanical threshold
associated with fatigue of long crackSK¢,) must be replaced with microstructural

thresholds (physical barriers such as grain boundaries).



1.2 Fatigue Growth of Small Cracks

A crackdés size determines its classifice
physically, or chemically small crack8]. Here, a small crack is comparable in size to
the grain size of the material, and it is called a microstructurally small crack. Such
cracks present anomalous fatigue behavior that cannot be interpreted by linear elastic
fracture mechanism (LEFM)Figure 1.3 shows the growth rate behavior of
microstructurally and mechanically small cra¢8s Small cracks exhibit an anomalous
behavior in the crack propagation rate curve evenhen absence of applied stress
gradient[20, 21] This behavior is characterized by much faster crack propagation rates
(compared to long (several mm) cracks) that decrease with increasing crafk2size
27]. This discrepancy between the microstructurally and the mechanically small crack
growth rates could arise as a result of differences in the crack growth characteristics,
crack closure, and crack path tortuosity of shod lmmg crackg1, 10, 20, 2831]. The
difference between the intrinsic threshold of short and long crack has been investigated
[32-34]. As presented in this figure by inaseng crack length, the growth rate of
microstructurally small cracks initially decreases to a certain level; at which point it
increases until it merges with mechanically small crack growth rates. The retardation in
crack growth occurs when the correspiogdcrack tip reaches a grain boundary. This
figure illustrates that the LEFM approach dangerously overestimates the fatigue life of
components with initial short cracks, and demonstrates that experiments developed for
long cracks could not be used to potdhe fatigue life of components with short
cracks. It is also important thiigure 1.3 presents the fatigue behavior of a short crack

for a specimen which is not under a stress gradient.
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Recently, promising approaches have been developed to model the propagation
of microstructurally small cracks in bulk material85-37]. However, the
aforementioned issue of microstructurally small cracks propagating under extreme
stress gradients, highly relevant for mi@@mponentshas yet to be addressed, largely
due to the lack of suitable experimental refiterization techniques. The presence of
an extreme stress gradient could result in a different short crack propagation pattern,
which is the main topic of this thesis. In this dissertation, we present a-scui®
technique dedicated to the fatigue @wderization of metallic mickbeams, including

the microstructurally small crack propagation behavior.
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1.3 Fatigue Properties of Electrodeposited Nickel Thin Films

There is an increasing need to use more dan@gest structural materials, such
as in MEMS applications, considering the ongoing miniaturization of structural
components in MEMS devices. LIGA nickel thin film is one of the most common
components currently used in the MEMS industry. LIGA is an acronym from the
Ger man words ©®bovebécthographywyg, 6 and o6mol d
could implement electrodeposited nickel thin films to fabricate high aspect ratio Ni
structures, which are widely used as a variety of nsemsors and actuators [6, 10; 40
43]. For a large number dfIEMS applications, LIGA Ni parts are experiencing the
cyclic mechanical loading, and consequently the investigation of fatigue behavior of
nickel thin films is a crucial step in developing a reliable MEMS design [44, 45]. In that
regard, thickness and gnasize effects on fatigue life of metallic films have been
extensively studied over the last 20 years$8p Most of these studies are performed
with tensile tests, which do not take into account the effects of extreme stress/strain
gradients that may &t in actual micrecomponents (such as in the cyclic bending of
micro-beams [5468]). Among this researches, Yaagal.[5] have studied the earliest
stages of fatigue crack growth in LIGA Ni MEMS thin films by implementing notched
focused ion beam (FIBmicrobeam. Their developed technique was used to study
submicron and nanoscale fatigue in LIGA Ni thin films with columnar microstructures
(average grain size of 25 £ 5 nm). They reported that fatigue crack growth in LIGA Ni
MEMS thin films occurs by th@nzipping of cracks into intersecting slip bands. This
study also highlights the significant importance of grain size on fatigue behavior of

nickel thin films. Figure 1.4 (a) shows the predicted fatigue endurance limit (see



Grain Width (pm)

equation 11 irf3]) as a function of grain size which is in a reasonable agreement with
corresponding experimental data presd in Figure 1.4 (b). Results suggest that

thinner thin films which have finer grain size tends to have a larger fatigue endurance

limits.
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Figure 1.4: (a) Prediotd endurance limit as a function of grain size. (b) Experime
Measured SN curve for 70 and 270m thick LIGA Ni film [3, 4].

Hanlon et al. [6, 9] also report beneficiaeffects of grain size reduction on
fatigue resistance of pure Ni under streestrolled loading condition (sédgure 1.5).
As shown in this figurenc (nanocrystalline) structure has a slightly higher fatigue limit
comparedd ufc (ultrafine crystalline). This trend is valid for both endurance limit and
the stress range associated to number of cycles to failure. Accordingly, the fatigue limit
of mc (microcrystalline) Ni is significantly lower than those é¢ and ufc pure Ni.

Figurel.5 highlights the dominant effect of grain size on fatigue behavior of pure Ni.
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In another effort to study the fatigue behavior of LIGA nickel films, Bogical.
[4] presented a new method to characterize the-tygle fatigue behavior of nickel
micro specimens. In this research, they used cantilever microbeams with-aextiss
of 26 250 nm under 20 Hz fully reversed bending load. Although, the used specimens
were unnotched, implementing the bending mode of loading results im@%stress
gradient. The reporte8N curve appears to be consistent with typical ductile metal
behavior Figure 1.6). This figure shows that for applied stresses at the order of the
yield strength, the corresponding lifetimes is at the order of several tens of thousands of
cycles. The arrows show two specimens with nloirfa after 3.5 10 cycles (exhibited
60 6 fowrnt 66) . These 66runoutsdd occurred at

37% of the ultimate tensile strength and consistent with typical values reported for bulk

10



nickel [38]. In this research, larger stress gradients (0.17 and @36 pand will be

investigated.
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In a similar research, Soat al. [7] reported that when the characteristic
dimensions of materials become small the corresponding mechanical properties can
deviate from those of ltki material. They conducted the tensile and fatigue tests to
investigate the effects of stress concentration and surface roughness of LIGA Ni
microbeams by performing the same fatigue tests on epatehned (withk; =1.4) and
unnotched specimens to obtahe associated notch sensitivity (degure 1.8). The

notchsensitivity factor was computed to loe 0.65 which is higher than the value

11



reported for bulk metal§7] and highlights the fatigue strength sensitivity of LIGA

nickel to stress concentration (d&gurel.7).
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Figurel.7: Notch effect on SN curve of LIGA Ni[7].

The fatigue crack growth rates associated with microstructurallyl snaeks

also have been extensively studied in bulk md@#s27], with computational models
starting to capture the main tren@%-37]. However, none of these studiesdised on

the growth of microstructurally small cracks under extreme stress gradients, which is
the topic of this study. Among these researches, Hagtl@h. [6, 9] characterized the
crack growth behavior of pufdi as a function of grain size for a wide range (tens of
nanometer to tens of micrometer). They compared the fatigue response of
electrodeposited nanocrystalline pure Ni (with average range of grain sizes well below

100 nm) with corresponding ultrafine stglline pure Ni (with an average grain size of
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about 300 nm) and conventional microcrystalline (Ni with an average grain size more
than 10mm). In this research, they compared the crack growth rate for different grain
size and showed that grain refinement from microcrystalline to the nanocrystalline size
could significantly increase the corresponding crack growth rate for the fatigue tests
perfformed under stressontrolled condition.Figure 1.8 (a) shows the crack growth
rates as a function &K at load ratioR = 0.3. As shown in this figure, rates are about
four times faster fonc Ni compared taifc Ni and lowestcrack growth rates belong to

mc Ni. Considering theDK range, the crack growth rates are in the Paris regime.
According the LEFM assumption, only the data points correspond to an uncracked
ligament with length of 20 times or more of the plastic zone $iaes been considered

[6, 9]. The predicted and experimentally measured fatigue threshold for long crack is
reported to be 1 and 2 MPHI respectively[3, 39, 40] The lmg and short crack
growth rates and associatBl range are compared kigure 1.8 (b), reported by Yang

et al[3]. It is important to mention that the majority of researches for investigating the
crack gowth trend of Ni microbeams have studied the long cracks fatigue behavior and
any subcritical growth within the scale of microstructural length is ignf8e@é, 9]
However, none of these studies focused on thesttp of microstructurally small cracks
under extreme stress gradients, which is the topic of this study. The geometry and the
presence of extreme stress gradient for MEMS devices dictates the necessity of
characterizing of the effect of extreme stresslignat on microstructurally small crack
growth behavior to address some of the major reliability concern for MEMS

application.
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Figure 1.8: (a) Crack growth rates as a function K, for different grain size

reported by Hanloet al[9]. (b) Comparison of long and short fatigue crack gr:
rates.
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1.4 Fatigue Behavior of Ni Microbeams with Extreme Stress Gradients

Fatigue tests for micrecale components under extresteess gradients could
introduce a new fatigue mechanism that is not applicable for bulk material. For fatigue
of nonpropagating short crack under an extreme stress gradient, external factors such
environmental effects could play a dominant role in thiggda mechanism. Baumert
et al.investigated the fatigue crack initiation mechanism inug8thick electroplated
Ni films by using a microresonator, consisting of two comb drives and a notched
cantilever beam / mass assembly (Berire 1.9) [41]. The comb drives are designed
for electrostatic actuation (to drive the beam/mass assembly at resdigan8ekHz))
and capacitive sensing of the motion (to meadyrey performing frequency sweeps

throughout a fatigue test).

(@) (b)

Figure 1.9: Inclined SEM images of (a) entire microresonator, and (b) nc

microbeam. Toglown SEM image athe notched microbeam.

In this study, irplane fatigue bending tests were performed in both mild and
harsh environments leading to nonpropagating fatigue rei@ds. Figure 1.10

illustrates the frequency evolution, SEM and TEM images of two specimens in mild
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and harsh environment as presented by Baueteat [41]. Figure 1.10 (a) presents

the frequency evolution in mild and harsh environments. As shown in this figure, the
blue line represents the frequency evolution for the fatigue test performed in a mild
envronment. The figure shows that the blue line reaches a plateau region after about
U p Ttcycles and that the corresponding specimen had not failed @ftgy 1
cycles. At the notch root of this resonator, the styess389 MPa, which s 44% of

the corresponding ultimate stress () [42].. The increase in resonance frequency for
the test performed in a harsh environment (red line) is interpreted as taofegery

thick local oxides at the location of extrusions at notch root. Figs. 3 (b, ¢) show that
for sufficiently large stress amplitudes, rpropagating micraracks form in both
environments. The extrusions associated with these slip bands oxiding the
cyclic loading. The localized thick oxides Ium) were reported after several billions

of cycles[42]. Figure 1.10 (d) presents the TEM images of highly localized surface
oxide at notch root for the test performed in mild environnéhit This figure shows

that after about one billion cycles the fatigue micracks form within previously

formed thick oxides.
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Figure1.10: (a) Frequency evolution during performed fatigue tests in mild (Z
50% RH,=at390 MPa) and har sh =@3%0MMPa
environments. Arrows indicate sdeh drops irfo. (b, ) resulting fatigue damage
the notch in mild and harsh environments, respectively. (d) TEM images sl

highly localized surface oxides, corresponding to the extrusions in (b).

1.5 Motivation

Smallscale fatigue is an active research area due to the widespread application of
metallic films and micrometescak structures in flexible/stretchable electronics,
micro/nano electromechanical systems (MEMS/NEMS), and microelectrhiet3

61]. The majority of previous studies have employed the rtemsile fatigue testing
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technique (or similar techniques) on freestanding or polysupported thin films.
These investigations have not considered the effect of the stress gradient on fatigue
behavior which could be significant for notched components ruNEMS-relevant
loading conditions even in the case of unnotched mruoroponents under bending
loading. Recently, several techniques have been developed to study the bending fatigue
properties of microbeams, in an effort to study more complex loadingguoations

that are pertinent to a growing number of applications (such as metallic micromachines
and metallic layers on stretchable/flexible electronigs) 4348, 52, 53, 55, 56]
Notably, Pierron and eworkers developed a microresonator technique to measure the
high / very high cycle fatigue properties (HCF/VHCF) of electroplated Ni notched
microbeams under fullyeversed bending modé3-45, 52] They investigated fague

crack initiation mechanism in the VHCF regime (see sedidn[45]. In this research,

we demonstrate that the propagation of microstructurally small cracks under extreme
stress gradients is the dominant factor which mainly determines the number of cycles
required for fatigue failure. Therefore, the necessity of predictioN:dbr micro-
components in order to compute their corresponding fatigue life highlights the
importarce of developing a technique to accurately characterize the small crack growth
rates. The unique technique presented in this dissertation, for the first time enables us to
guantify the extreme stress gradient effects on the fatigue behavior of LIGA Ni
microbeams in different environments, specifically propagation of microstructurally
small cracks. To do this, fatigue tests were performed on microresonators with stress
gradients of 0.17 and 0.3 to investigate the stress gradient and environmental

effects on the fatigue life. Specifically, larger electrostatic moments (up to 4 times in
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magnitude) were applied onto the mieesonators, allowing the fatigue cracks to

propagate (unlike the gvious investigations in which only ngmopagating cracks

were observed). As such, these experiments allowed the investigation of the
combination of the following size effects on smsdhle fatigue: physical (with the

presence of extreme stress gradiemsh e a d of t he mi cr obeamo :

microstructural (for which the critical cracks are commensurate with the grain size).
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CHAPTER 2: EXPERIMENTAL AND NUM ERICAL PROCEDURES

2.1 Microresonators

A free standing 2um-thick LIGA nickel microresonator is shownn i
Figure2.1. This microresonator is used to characterize the fatigue properties of nickel
microbeams in the High / Very High Cycle Fatigue (VHCF) regime. As illustrated in
Figure2.1, design #1, condis of two comb drives, a cantilever beam, and a mass. The
comb drives are designed for electrostatic actuation and capacitance sensing. In this
particular design, the small holes on the-$tlaped mass are used to facilitate the
etching process of the treim under the mass to provide a fully free standing fan
attached to the base with a free standing microbeam as shé&iguie2.1 (b). Due to
t he small di mension of the combsdé fingers,
sufficient force and motion to the resonator mass under monotonic loading;
consequently the resonator is driven at its natural frequency, which is dlibtathe

dimensions of the device.

This microresonator can be used to investigate fatigue damage at the notch root
(seeFigure 2.1 (b)) of the nickel beam under cyclic-ptane bending [10]. As a stress
raiser, the notch is dgmed to increase the local stress at the notch root to a desired
level. The large stress gradients are induced by thmcrbnroot-radius sharp notch
and the small width of the beam as shownFigure 2.1 (b). The objective igo
characterize the fatigue properties of-|2@-thick LIGA nickel microbeams under
extreme stress gradients. To study the specific effects of stress gradients, different notch

shapes are designed, fabricated and tested. In the next section, the fabpicaiEss
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and technical limitations which have been considered for microresonator final design

are discussed.

Sensing/ Actuating Combs

Notched Bean
Mass
Design # 1,

=0.36 |i

10 pum I N

Figure2.1: (a) Resonator with the highest normalized stress gradient (36 mm™>).

$10 00

(b) Zoomed view of the beam notch.

2.2 Fabrication Process

The netal multtuser MEMS process (MetalMUMPs) is a commercially
developed process, inhich 26um-thick electroplated nickel is used as the structural
layer with 0.5 um thick Cu base layer at the bottom and 0.5 pum thick Au layer at the top
[62]. Severallithography levelsare needed tocreatethe above mentioned physical
layers. More details about the fabrication process are availablaser guide,
MetaIMUMPs DesignHandbook which is designed for general purpaasectroplated

nickel micromachining of MEM$63]. For MEMS devicesfabricatedwith this process,
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thenickel layerhas columar grains which are typicallyi30 pum in height and roughly

1-2 um in width along directions orthogonal to the deposition dire¢4pa3].

The experimental data of monotonic tensile loading of MetalMUMPSs nickel
beam has been reported by Baumettal. [64]. In this study, dogbneshaped
specimens (20 um thick, 8 pum wide, and 320 um long) were used for monotonic tensile

tess, the extracted experimental data are summaiiz&dble 1.

Table 1. Material properties of 20-um-thick electroplated nickel fabricated with
MetalMUMPs process[64].

Material Youngo6s |0.2% Yield Tensile Strength | Elongation[%]
Properties Modulus [GPa] | Strength [MPa] a4 {MPa]
20-um-thick Nickel 16619 656170 873126 73

film

These material propertigmve been implemented afinite elementmodel to optimize

the microresonatorslesignand to reacla desired range of parameters for fatigue test.
The resolution provided by this process is about 8 um which dictates the minimum
possible clearance of fingers at the sensing and actuating §6&jbEhe upper limit to

the size ofthe microresonatois largely determined byesuted residual stress during

the fabrication proced$3].The residual stress in the electroplated nickel film has an
average of4.72 MPaim [65]. For very large MEMS devices rpcessinducedresidual
stressebend the fee standing mass downwankcrease¢he overlapped ardaetween

the sensing andctuationfingers and cause the malfunction of devidéese process
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parameters and their direct and indirect effect on fabricated device have been precisely

considered andnplemented, and details at next secion

2.3 Governing Equations

The dynamic behavior of resonators has been modeled as-@egre=of-
freedom, harmonic oscillator with rotational motif@#]. The governing secondrder

equations:

0— & Q— 0 OEJ "ab (3)
where[ is the angle of rotationp is the mass moment of inertih,is the constant
damping coefficienfQ is the torsional stiffnessihe maximum amplitude of applied

moment,Mo, is presented beloyé4]:

-Q — 17 @ h 4

whereVj, is the amplitude of actuatiovoltage, és the electrical permittivity (here for
air) hiis the film thickness (2ém), r;; are the outer and inner iiad of i capacitor (for
two adjacent fingerspi s number of microresonatordds sen
for 0.36 and 0.17m™ respectively). This formula considers the aoéawo adjacent
fingers which see each other (overlapped) to calculate the corresponding capatity.
finally f is the frequency of applied moment. Accordin@lys defined as:
Q Cﬁ Togﬁ (5)
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At resonance, the notched beam is cycled under-fallgrsed sinusoidal 4plane
bending, with an amplitude of rotation at resonaficegiven by the following equation

[64]:

c
Cn

_ 09y )

with Mo, the amplitude of the applied momeky{the torsional stiffness of the specimen,
and Q the quality factor. This formulation and FEM analysis will be used to interpret

the frequency evolution as a result of crack initiation and propagation at the notch root.
2.4 Design Giteria

The MEMS resonatorsare designedo study the short fatigue crack initiation
and propagation under a wide range of stress gradients. A fully parameteifbad
(ANSYS Parametric Design Language) code was developed to finalize the
microresonator desig(section2.6). As illustrated inFigure 2.2 (a), an elastic finite
element model was used to calculate the stress distribution throughout the notch root
thickness (designated as Thickness Path), the ligament of the(8eadace Path), and
along the notch length (Arcl and 2 Paths). The latter was used to compute the size of
the fatigueexposed zondrigure 2.2 (b) shows a schematic of stress distribution along
the ligament ofthe beam (solidblue line). To investigate the crack initiation and
propagation under constant stress gradient, stress distribution along the beam ligament
must be linear, i.e. the dashed red line instead of the solid blue one. By assuming linear
stress distbution along the beam ligamenhe normalizedstress gradiens rewritten

as:
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where s is normalized stress gradienf, is the maximum stress at the notch root and
» IS the mininum stress (here zero) at the middle of bleam Figure2.2 (b). To study
short fatigue crack initiation and propagatiomtially values ofg were selected as 0.06,

0.13, 0.17, and 0.364u

(b) Stress Distribution Along the Ligament
ANSYS Width

R14.5 20 »
Academic
s \\ /
\
\
10 N
\ /

\
S \

v
0

30

=
(¢}

von Mises Stress[NIPa)

20
Width'(mm)

Figure 2.2: (a) FEM Model and different paths for esds distribution at the bea

section (b) A schematic of stress distribution along the ligament (solid blue line).

Figure 2.3 presents the shape for the notched heahich consists of three
parametersWmin, Wma, and Length). Using equatio)(and the defined range for
stress gradientorrespondindirst parameter of beam geometiy i) was computed
and listed in Table.2Based on the FEM model results, to have the same size of fatigue
exposed zonghe Wnax/ Whin ratio must be constant for all different designs. This ratio
is set to 1.28as ahigher ratio could result in nonlinear stress distribution along the
ligament. The final level of the beam design section is to define the length of beam.

Again consieéring the FEM model results, beam length was set to 60aushorter
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length could result in nonlinear stress distribution af@hger one could result in more

out-of-plane bending of the resonator mass and the device malfunction.

Wmax
€ >
A
Wmin Length
X Y

Figure2.3: Design parameters for the beasction

Table 2 shows the different parameters corresponding to different designs of the
microresonator. In this tabf® and-, respectivelyarethe stiffness of bearandratio
of stress level at notch root over corresponding angle of rotation which is constant for
each individual microresonatodsing the 3D FEM modeind assuming linear elastic
behavior model - and 'Q were computed for different designslong wih
correspondingtress gradiestandare presented ifable2. Figure2.4 shows the newly
designed microresonators (designs # 2, 3, and 4 frable 2) with different stress
gradients All designed microresonators have been characterized (see haptarore
details) and design# 1, 2 have been selected to perform the fatigue tesstidnthe
effects of stress gradient on short fatigue crack initiation angbgedion. Design # is

presented ifrigure2.1.
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Table 2: Different designs of microresonator and their corresponding parameters.

Design | Wiax Whnin a/q Kq t

4 [rmm] [nm] [MPa/mrad] | [N.m/rad] HO ]
1 - - 62.64 1.730E05 0.36
2 10.66 8.33 21.9 9.443E06 0.17
3 16 12.5 25.% 2.030E05 0.13
4 32 25 42.87 1.274E04 0.064
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Design # 2,

=0.17 |
Design # 3,
=0.13 0
)
Design # 4,
=0. 06

Figure 2.4: Designed microresonators to characterize the fatigue properties of
nickel thin film under different stress gradient.§ & 0.17mm™, design#2(c, d) k
0.13mm™, design#3(e, f)h=0.06mm™, design#4.

28



2.5 Experimental Setup

2.5.1 Fatigue Test Setup in Controlled Environment

The quality factor for designed resonatorsfishe order of several hundred and
makes it pogble to rotate the resonator mass by keeping it running at resona8ce
kHz. Figure2.5 illustrates the different features of the setup for perforril@dg/VHCF
tests. The resonator behaves as a rotational dscikxcited by applying sinusoidal
voltage using a waveform generator (voltage is generated with Agilent33220A 20MHz
and then amplified by 100x with AVTECGHO0G). The periodic rotational motion
under resonance results in periodic changes in the capacabtite sensing combs. An
Agilent E3612A applies DC bias to the sensing combs to measure their capacitance
changes. The capacitance changes create a cwrreA) that is proportional to the
mechanical response of device (angle of rotation of the respngle induced current
is converted to voltage using a custom made cukeltage amplifier. Then the
amplified voltage is measured with a leickamplifier (SR830100kHz DSP). The

output signal atesonancelepends on angle of rotation agproximateds

) 1] 8

whereUis a constanandfunction ofthe gain of theurrentto-voltage amplifier circuit

and the geometry of treensing comb structufé4, 66].

By tracking the resoma frequency changes, the development of fatigue damage
is followed and interpreted as crack initiation and propagation at the notch root. Fatigue
tests are performed in both mild and harsh environments using a temperature and
humidity chamber (ESPEC SB¥1 Benchtop Type). This chamber controls the

environment by resolution of 0.1 °C, 1 % relative humidity (RH).
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Figure 2.5: HCF Fatigue test setupsed for tracking the changes in reson

frequencyduring the test

2.5.2 Optical Calibration/ Stress and Strain Calculations
As mentioned earlier, during thean fabric

vary slightly; such small changes can <cre

amplitude and its resonant frequency. To addit@ssconcernthe stress and strawwere

computedat the notch roos of the resonatorsisinga combination of FEM analysiand

optical calibration for each individual device. This approach helpsaguceconsistent

results and consequently, aorrect interpretation of fatigue damage behavior. For

optical calibration, a digital camera (JRULNiX RM-1402CL) was used. Becsel of

the significant differences in the dimenssarf the designed resonators, objective lenses

30



with different magnification (20X, 50X Mitutoyo Plan Apo SL Series) were used to
compute the angle of rotation of each resonafde have computel the angle of
rotation of eachresonatorto characterize the response amplitudettwdt individual

resonator

Figure2.6 is an image of the last few fingers of the resonator combs during the
fatigue test. By measuring the blur area and knowing the geometry of the device, the
angle of rotation can be computed. In the previously developed method to measure the
resonatad s angl e of rotation, the motion of 't he
motion blur of the root of comblsetween the last two fingers of the resonator mass
(designated as red arrdvigure2.6 (a)) [67]. In thismethod restand motiorimages of
the device are obtained and matched to capture the pixel intensity distribution in
motion-blur. This approach results in reasonably precise measurement of the angle of
rotation for Si microresonatof62, 68]This technique does not appear to yield accurate
results for largego valuesof the Ni microresonatoysprobably due to poor contrast
between the fingers and the background (Begure 2.6(a)) [67]. Hence a new
calibration scheme was used, relying on measuring the distance between a finger at rest

and the edge of the adjacent blurred area.

In this new method, instead of measuring blur motion, which is the direct
motion of the comb root, the motion of the moving comb root is measured with respect
to the fixed comb. In other words, the distance between the fixed comb and the moving
comb root is computed and subtracted to obtain the angle of rotation (difference in the

size of designated red arrowshkigure2.6 (b, c)).
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Figure 2.6: Resonator images during the fatigue test used to measure the motic

area and compute the daa@f rotation of microresonator.

To characterize the resonaiogesponse amplitud@ matlab code was written to
compute the designated length and consequently the comb motion. Since one extent of
this length is fixed (se€igure 2.6 (c), the blur is only seen at one extent (the moving
comb root). Therefore, computing this length instead of the blur motion results in
smaller error and thus higher precision. This characteristic of the new approach enables
the specified length toebmeasured even at higher stresses. This is a significant

improvement over the previous method, which was unable to capture the blur length
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due to the aforementioned difficulty. To fully obtain the precision offered by this
method, theesonatad angle ofrotationwas calculated using the new method for three
devices and for each of five intervals (amplitudes). The precision values from the
different devices were calculated and averaged to compute the overall precision. The

new met hodds oeakulaedds0.p6meadi si on i

In the following paragraph we discuss the step by step procedure to calculate the
strain and stress at the notch root of the resonator, which corresponds to its measured
angle of rotation by optical calibratiott.is worth mentioning that theatigue damage
that occurduring the HCF test could change #@plitude response of thesonator
and its correspondingngle of rotation; consequently, optical calibration was performed
prior to the testGiven the dimensios of the resonatorand its measured bhlmotion
area, a simple mathematical calculation was used to compute dhevi c e 0 s
corresponding angle of rotation. Subsequently, a FEM model was implemented to

calculate thetsain amplitude athe notch roof64].

Forthe stress calculatigrthe computed angle of rotatidimat correspond® the
maximum strain amplitude was used to estimate the stress levie¢ abtch root.
Because of lasticity effects, the response amplitudetloé nickel resonators is not
linear, especially for higher levels of stress. Therefore, it is not realistic to use a linear
relation betweerthe stressamplitudeandt h e r e sangle @ft ratatian.sinstead
Linearelastic plastic model was used to compute the strestheanotch root.
Considering Tablel, the Rambergsgood fit was used tmbtain the material

nonlinearity for the FEM modelccording to théollowing equation:
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. PT VPG B (9)
By implementing the above mentioned linedastic plastic behavior in the model, the
FEM model was used to extract thiieesgsat the notch roots,, as a function of rgle
of rotation qo (in rad), for different levels of aplied static loadingfor the
microresonator witld.36u&  stress gradienfinally, a seconébrder polynomial was

fitted to present the stre@a MPa) versusangle of rotatior{in rad)as follows:

~

0 X® pr— pdY prn—h Al40 ond# (10

C:
C

D@ X @ pre— pRop prm—h A40 ymnd# (11

C:
CA

Youngd6s modu lefiosn 172 &GPaute 66 GPa,rcgrespondin@@éC and
80°Crespectrely. The formula foiT = 80°C (eq.L0)) has been extracted by replacing

the corresponding Ymg module in the FEM model.

For each individual resonator, the stress at the notch root was calculated by
substituting the corresponding angle of rotation inatiprs (10, 11). It is worth noting
that the above mentioned formula igaihed for the resonator with a 0.36 p stress
gradient. For other designs (corresponding to a different stress gradient) a different
formula should be used instead of equati¢hO, 11). These formulas have been
extracted by implementing the material properties in the corresponding F&tdl,m
and they have been used to compute the stress amplitude at the notch root. For a
microresonator with h = n0 Strésg gradient, a secondber polynomial was

fitted to present the stress (in MPa) versus angle of rotation (in rad) as follows:

, D0® ¢c®T pm— c&oprn—h /Fl40 onl# (12

, V0O c&opm— c8twprn—h AFl40 yml# (13
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The above mention fitted polynomial (equatidis13) has been used to estimate the
stress level at notch root during the fatigue tEgjure 2.7 shows the predicted stress
(sa from equationsX0-13)) versus angle of rotationp, for the microresonators with

h 3-Gnf0.17mm* stress gradierdt both environments.
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Figure2.7: Predicted stress (in MPa) versus angle of rotation (in

2.6 FEM Analysis

FEM models havebeen developed for designing tmeicro-resonator (see
section 2.4) as well asfor further understading thermal and micre mechanical
behavior of these devices during the fatigue teBecause many parameters were
involved in the resonator design, a fully parameterized Ansys model (APDL wade)
developedo model the different resonatarerresponuhg to different stress gradients.

To model a particular resonator, the APDL code asks for the resonator design
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parametersincluding thenumber of comb fingerghe beam and its notch dimensgn

the resonator shape and dimension, material properties, etc. Saimesefparameters
areillustrated inFigure 2.8 (a). The material propertiewereimplemented using data
from Table1l andthe RambergOsgood fit (equatio9)). After implementingthe above
mentioned parametersrfeach individual desigrthe APDL code uses PLANE82 and
SOLID186 elementso generat€D and 3D models respectivelyigure 2.8 (b) shows

the 3D model of the designed resonator witHifiger combs and witlg equal to 0.17

pua . All the models were constrained by setting the displacements to zero at the base
of the beamFigure 2.8 (c) gives an example diie stress distribution through the beam
ligament andnotch rod thickness; thisvas used to computide size ofthe fatigue
exposed zonek-or modal analysis the resonant frequency is computed using a block
Lanczos method. Mesh convergence wasistludor both static and modal analysis,

Figure2.8 (d).
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Figure2.8: (a) Schematic oflesigned microresonator withlly parameterized APDL
code. (b) 3D model for the designed resonator gigguals to 0.1Am™. (c) Stress

distribution through théeam ligament. (d) Image of notched beam and its meshit

2.6.1 Crack Propagation Model
From the performed fatigue test, thesonantfrequency decrease versus the

number of cyclesvas extractedin this sectiona FEM model to correlate crack growth
at the nech root to frequency decrease at the micro resomatoresentedThe crack
growth relation with frequency changes from the FEM modeks used to calculate
crack growth rate in sectidh9. To model the crack propagation for the micro resonator
with  h 3=6mb 'stress gradient, it has been assumed that a 2D thickness crack
throughout the beam initisgat the notch root and propagatewards the neutral axis

of the beam (as seenkigure2.9).
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Figure2.9: Finite-Element model focrack propagation at notch romft

the micro resonator with b 0.36 nm™.

Another FEM model has been developed to study the crack propagation for
micro resonatowith h = 0.17mm™. Similarly, the results fronfFEM modelof micro
resonatorwith h = 0.17 p@  were used to calculate crack propagation rates in
section2.9, to be compared with ti@36ul  stress gradienf\s seen irFigure2.10
, for micro resonatowith h = 0.17 pad , it is assumed that two throughout (2D)
cracks initiate and ppagate simultaneoustyn both sidesf beamtowards the neutral
axis. Based on the observed cradks micro resonatar with 0.36 and 0.17 Lo
stress gradientghe crack openinglisplacements assumedo be 300 nnfor FEM

modelindsee SEM images ahapter 4 and 5)
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Figure 2.10: Finite-Element model focrackpropagation at notch roaff the micro

resonatorwith 0.17 mm™ stress gradient

2.6.2 Temperature Evaluation Model

The microresmators, are sensitive to temperature variati@aféecting their
resonant frequendp4]. On the other hand, in this study the frequency response of the
microresonator is used as a basis for fatigue analysis afitmeresonator. That means
to investigate the fatigue behavior of these resonators, it is necessary to distinguish a
frequencydecrease induced by fatigue damage from one induced by a temperature
increase(and resulting in a decrease in elastic modupagsiblydue to dislocation
damping. To exclude temperature effects from frequency evolution, we first need to
further studythe temperature distribution along the ligament during the fatigud@ dest.
do so, we implementedEM model to study theteady sdte temperature distribution
across themicro-resonatorgor a given localized increase in temperature (at the notch
root). In this model, expermentallymeasured stressrain datalRambergOsgoodfit,

equation(9)) has been used as the structural progerdf the micreresonator. Also
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Youngos
and 30°C respectively. Table 3 representshe other material properties that have been

used in the FEI Model. For micreelectromechanical symns (MEMS), it is best to set

up

probl ems

mo d u |

us

n mor e

conveni

ent

u

n

val ued72GRa) goiresppndihgrt@w3@0 1 4 2

ts

GP

(€ MKS

size of the devices. For convenience, the following table list the conversion factors from

standard MKS units to pMKSV units (micrometer, kilograsecond, volt, pico

ampere).

Table 3: Material properties used in the FEM Model.

Material | Ni Air(20 °C)
Systems of MKS e MKSV MKS € MKSV
Unit
Wi(m)(°C) pPW/(um)(°C) WI(m)(°C) PW/(um)(°C)
Thermal
Conductivity 90.9 9.09E+ 0.0257 2.57E+4
kg/m® kg/(pm)® kg/m® kg/(um)®
Density 8910 8.91E15 1.2 1.21E18
JI(kg)(°C) pJi(kg)(°C) JI(kg)(°C) pJ/(kg)(°C)
Specific Heat
Capacity 440 4.40E+14 1.005 1005
m-m LK nm-mm' 1K' w/(m?)(°C) pW/(UmY(°C)
Thermal
Expansion 1.34E5 1.34E5 50 50
m-m*.K* mn-am' K
Convective ) )
Heat Transfer
coefficient 3.43E3 3.43E3
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As shown inFigure 2.11, the micro resonator is anchored at a silicon substrate
andstands 20 microns above the substrage therench below the micro e sonat or 0 s
mass. To model the heat exchange boundary condition, it was assumed that the micro
resonator is thermally isolated at the ba$ere it isanchoredo thesubstrateAlso the
bottom surface of the fan is onlkmosed to heat conduction through air, which is
ratioralized by the large dominance of heat conduction over convection through the thin
air layer (see the trench ligure2.11). The substrate under the trench is assumed to be
at room temperature. All other surfaces were exposed to heat convection through free
air at room temperature. It was determined that changes of heat convection coefficient
in a very large range, 800 pw/mm®>. C (ai rdés maxi mum convectior
lead to noticeable changes in the temperature distribution of the -ragwoator,
meaning the effect of the resonatordéds mot
sufficiently simplify the therral modeling of the micreesonator, a constant, local, high
temperature has been considered at notch root as the initial condition to model heat

generation due to dislocation damping.
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Figure2.11: SEM image of tilted microresonator.

High order 2D and 3D thermal elements (PLANE77 and I®3J0 respectively)
have been used to run a linear steatdye thermal analysis with constant material
properties (see Table 3) to determine stestdje temperature conis along the beam
ligament. A mesh convergence study has been performed for the developed FEM
model. Based on IR camera observations presenteexinsectionwe know that local
temperature at the notch root of the mioesonator will not exceed 280during the
fatigue test. To simulate the temperature increase due to dislocation damping, the

temperature at thecally heatedzonehas been set to 28Q

2.7 Local Temperature Measuremens

An IR camera was used to evaluate the temperature increaseratt¢heroot
during the fatigue testThe Quantum Focus Infrascope llimplementsresistance
thermometry to take IR thermal images from mhiero- resonator befie and during the

fatigue testFigure2.12 presents picture of the Quantum Focus Infrascope Il infrared
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microscope (QFI). Liquid nitrogen is used to keep the temperatutigeafetectoras

low as-196 °C to decrease the effeot thermal noiseThe maximum spatial resolution
provided by this microscope spproximately 2.8mim, using the 15x objective lens
which is not precise enough to estimate the siz¢he locally heated zoned due to
dislocation damping; still it can be uséal validate and track the heat generation at
notch root and its resulting tem@ture gradient along the mieresonator.The
microscope haa temperature sensitivity of 0.1 °CHigher temperaturen the sample
could result in more precise measurement of temperature by IR microbecpaséts
sensitivity is proportional to theumber of photons received by the detector. Generally
the emissivities of metals are low, and to compenbatetheir surfaces are coated with
graphite foam to increase the emissivity. This approach is not applicable for our
microresonator because of thp®ssibility of malfunction.Instead, @ improve the
sensitivity of the IR measurementbe microresonator temperature was set teC80
before the testvas run To evaluate the temperature by IR camera, the setup needs to be
calibrated to do this,an indegndent temperature sensortype thermocouple) was
used on the top dheceramic packagerery close tahe microresonatqrto confirm the

pre-set temperature.
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Figure2.12: Quantum Focus Instruments' Infrascope Il infrared microscope with

guantum InSb detector which could detect radiation in thenh wavelength range.

Figure2.13 (a, b showsthe initial thermal maprém the micreresonators with
stress gradient d#.36and0.17 u& , respectively. The fatigue teatasthen run for
two separate series of experimer@s36 and0.17 u& stress gradientspnd thermal
mapswere captured ontinuously during the tests (sevareasurements were made for
each devicg Figure2.13 (c, d) show thehermal mapst the end of the fatigue tesir

micro-resonators witl).36 and 0.17u&  stress gradientrespectively.
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Figure 2.13: Quantum Focudnstruments' Infrascope Il infrared microscope tempera
mapping.(a, b) Thermal map of the device before the temtmicroresonatorsith 0.36 and

0.17 nm* stressgradient respectively an@, d) during the fatigue tesfipr microresonator:

with 0.36 and 0.17m™ stress gradierespectively.
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2.8 Fatigue Damage Observatios

2.8.1 SEM Images

In scanning electron microscog$EM), when an electron beanstrikes the
sample, theexondary electrons are emitted from suefaceatoms Emitted secondary
electronsdetected and post processedgeneratenterpretableimage of the surface
High resolution imageobtainedby Zeiss Ultra60 FESEM used to study and track the
changes om o t ¢ h surfacemorph®logyduring the fatigue tesfio do this,fatigue
test has been interrupted to take sequential SEM imagéiseafotch root andto
investigate the fatigue damage evolutidrhese imagegsee Figure 2.14) provide
valuable information regarding the location of crack initiation also their propagation

trendswhich will be discussed at chapgdrand5.

Figure 2.14: (a) The SEM image of top side of beawith highlighted propagat:

crack (Dfp=563 Hz). b) The SEM image of the side wall of notch regth measure
crack at notch side and highlighted propagated crack at back side of(DiagD3<
Hz).
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2.8.2 Crack Growth Measurement and FIB Sample Prepéan

In an effort to validate the accuracy of the 2D crack propagation assumption in
section2.6.], the focused ion beam (FIB) milling (Nova Nanolab 200 FIB/SEM) was
used to track and measure the formed cracks along the lggemeht during the fatigue
test. The Nova Nanolab 200 FIB system uses focused electrons beam and ion beam to
take images of the objective. FIB uses a liquid ion metal source (LIMS) to produce a
focused beam of gallium (Ga) ions as the emission gun. Dtieetbigh energy and
destructive nature of the Ga ions, the FIB is also used for milling processes. When the
high energy Ga ions strike the surface of an object, they will sputter atoms off the
surface. By adjusting the beam current and voltage we canoktdh& milling
parameters. To avoid FIB milling artifacts on the morphology of the formed cracks, this
procedure was performed in two steps (rough and fine)u¥éd30nA and50Kv for

the rough milling process amthA and30Kv for the fine milling process.

2.8.3 EDS Measuremens
Energy dispersive Xay spectroscopy (EDS) measurements were performed on

micro-resonators using an EDS analyzer attached to the Zeiss UlraSEME The
interaction of the SEM primary electron beam with surface atoms of the specimen
reallts in shell transitions and consequently leads to -@ayXemission. The emitted-X

ray carries the characteristic energy of the surface elements and is usedctoral

and chemical characterization. The size of the interaction volume increases with
accelerating voltage. For this case, 5keV accelerating voliageised. Energy

Dispersive Xray Spectroscopy or EDS provided qualitatieeygerinickel ratio) and
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guantitative (oxygen map) analysis of the elemental composition of the-&reti¢rons
ofthe s ampl e deperfoumrafjualiateve analysis, the elementabmposition
have been normalized bmplementing theadequate standagredefined byhe EDS

analyzer
2.9 Microstructural Short Crack (MSC) Growth Rate Calculation

The procedure for calcation the crack growth rater microresonator witl®.36
and0.17 nm™ is presented in this sectioRigure2.15 (a) shows three representatiye
evolution curves for k= 0.17 nm* at s, = 305, 355, and 400 MPa. Using tRE&M,
these curves were transformed intorrespondingcrack sizea vs N plots (see
Figure2.15 (b)). The crack siza should be understood as an equivalent 2D crack size
that leads to the same decreasdpias in the actual fatigued miecbh®am in which

several crackacross the thickness may nucleate separately in adjacent grains.

48



1 T E by 4 ey rerery!
@) A o_=305MPa ® o, =400MPa,
a 2 | :
n = 17%.um’ 1 °
Failure Threshold 3| Failure Threshold -
0.9 ! 2 3
1
\ i i1
= 09 E
=" 08 § - = 2 5 ; .
) @ 7 7
| 08l 0 1x10 2x10
’ - ® o, =400 MPa o, = 305 MPa
0.7 | ' i 1 -
E 06 { . i
| 0 5x10° 1x1071.5x1072x10"
i N n = 17%.pm-’
06 O I R T S (O < S T 0 &—— '15""|3""
0 5x10° 1x10° 1.5x10° 0 5x10 1x10 1.5

N N

Figure 2.15. (a) Normalizedf, evolution, fo/fp;, as a function of cycles for
representative specimens £ 17%nm™) tested at 30 °C, 50% RHy(~ 8600 Hz)

(b) corresponding crack sizevs N plots obtained from 2D FEM.

Initially, the crack propagation rates were calculated by using the secant method,
whereby the sl ope between twavsdd] awuevte
constitutes the growttate. The typical interval between two measugddnd therefore
2 cal cal amaédeB) i BigukRl6 @d0showstlyecctask propagation
rate curves as a function of calculatefbr 3 specimengresented ifrigure 2.16 using
secanimethod For a given curve, the rates are scattered within an order of magnitu
which is likely the result of the secant method amplifying the effect of noise in the
measurements (typical precisionfinis < 1 Hz). To address this conceas, a second
approachusing polynomial fits of successive segmenta v§ N curves (froma = 0 to

0.5mm, 0.5 to 1mm, etc.) these plots are then transformed into crack growth rates,
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da/dN, as a function of (seeFigure 2.16 (b)) to compute the rate§&igure 2.16 (b)

shows that the crack growth tendencies are a strong functiepatfnotch root.
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Figure 2.16: Crack propagation rate curves as a function of calculatéor 3
specimens (corresponding to the 3 specimens showkigure 2.15): (a) Using
secantMethod; (b) Usingpolynomial fits of sucessive segments afvs N curve:

(froma=0 to 0.5mm, 0.5 to Imm, etc.)
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CHAPTER 3: MICRORESONATOR CHARA CTERIZATION

In this chapter, the dynamic behavior and electrical response of the
microresonators was characterized, from which two designs sedeeted for fatigue
testing. The thermal behavior of the two selected microresonators was also

characterized

3.1 Dynamic Behavior Characterization

3.1.1 Resonancd-requency

In this section, the dynamic behavior of the microresonators is characterized.

Table4 lists the dynamic behavior parameters of the designed microresonators.

Table 4: Predicted resonance frequencies from designed microresonators.

Design | Wiax | Whin Q d mm{ | In-plane Out of Plane Torsion
# [rm] | [mm] | [N.m/rad] | & Bending bending [Hz] | [Hz]

1 - - 1.730E05 | 0.36 [7H§]20 15,321 14,210
2 10.6 | 8.3 3.59E06 | 0.24 6,242 14,388 13,757
3 16 12.5 | 1.14E05 | 0.16 6,252 9,142 11,498
4 32 25 7.78E05 | 0.08 7,279 4,889 7,618

All these data have been extracted by implementing a fully parameterized APDL
code; more details regarding the design criteria and the implementation of the Ansys
code are presented in chap?eiThe microresonatawith 0.36 i stress gradient has

been investigatechnd its resonance frequenciesre in excellent agreementvith
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corresponding FE modélithin 5%), which validates the accuracy of the -clegree
of-freedom modal analysis. Subsequently the modeled resonance friegueh the

next series of microresonators (Design # 2, 3, 4) are compared with the corresponding
experimentally measured values in this section. Due to the patterning of the photoresist
used for the electroplated Ni layer, the actual dimensions differ fine asdrawn ones,

and are observed to be slightly larger (for example, the sensing and actuation comb
fingers are rm wider) in the MetalMUMPs fabrication. Using corresponding SEM
images,Figure 3.1 (a, b, and c) illustrates the measured dimensions of the microbeam

(Wmax Whin, and length) for designs, #2, 3, and 4 respegtivel
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Wmin=15.24m

Figure3.1: Measured dimensions of microresonators by implementing corresponc
SEM images. (& =17 rbn?, design#2. (p  10.13mm™, design#3. (ch = 0.065
mm*, design#4.
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As shown in this figure, the measured dimensions of the beam do not exactly
match with the designed parameters. When thexahd W, values fromFigure 3.1
are compared witkheir corresponding values in the second and third colummalué
4, a difference of about 3mm is found between designed and fabricated
microresonators. As a result, all the dynamic behaviors of the designed microresonators
could differ significantly from those of their fabricated versions. To address this
concern, the beam dimensions fréfigure 3.1 have been extracted and implemented
into the Ansys model to compute the correspondiygamic behavior. The new
parameters are listed ihable 5. For design #1, there is no M or Whn, and the
fabricated microresonator is about 3 (0.5 %) shorter in length and about inf
(12%) shorter in beam ligament thdre designed version. To compute the resonance
frequency, the effect of the top 0.5 um thick Au layer and the bottom 0.5 pm thick Cu

layer has been considered by implementing a 2% reduction in resonance frgGdéncy

Table 5: Predicted resonance frequencies of the microresonators by considering the actt

dimensions

Design | Wpax W nin § d mmf] In-plane Bending | Out of Plgne Torsion

# [mm] [mm] | [N.m/rad] a Bending 'H[Hz] [Hz]
0l Hz]

1 - - 1.73E05 0.36 7820 15015 14160
2 13.89 | 11.26 | 9.44E06 0.17 9125 15478 18957
3 18.42 | 15.24 | 2.03E05 0.13 8083 11424 12587
4 35.42 | 28.97 | 1.27e04 0.06 6843 4898 7985
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The parameters of dynamic behavior showiable5 are used in combination
with the experimentally measured resonance frequency of the microresonator in order to
investigate the fague behavior of a Nickel microbeam under extreme stress gradient.
To do this, only the resonance frequency of the firgtlame bending mode was used. It
is worth to mention that the modeled resonance frequency listabie5 is the natural
resonance frequency of microresonators. But the developed experimental setup provides
the resonance frequency measurement for the forced vibration (resulted from electrical
actuation) of the microresonatorkigure 3.2 shows that the measured resonance
frequency for different microresonators is a function of actuation voltage, due to the
effect of damping. To exclude this effect on the experimentally measured resonance
frequency, a second order polynomial is fitteml each series of experimentally
measured values to predict the resonance frequency of microresonator for zero actuation

voltage (seéigure3.2).
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Figure 3.2: Resonance frequenasariationfor different microresonators as a functiol

actuatiornvoltage
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The estimated resonance frequency corresponding to zeratiant voltage is

considered as the experimentally measured natural resonance frequency for each

individual design. As illustrated ifable 6, the modeled resonance frequency (copied

from Tableb) is different from the corresponding experimentally measured resonance

(extracted fromFigure 3.2). The percentage of this difference is listedTable 6 for

different designs. These values illustrate a reasonable agreement between the averaged

measured resonance frequency and the corresponding modstetamce frequency;

especially by considering the difference between the maximum and minimum values of

the experimentally measured resonance frequency for each series of microresonators

with same stress gradient (i.e. about 5% discrepancy for design #2).

Table 6: Modeledand experimentally measured first inplane bending frequency mode of

microresonators.

Design d mmf Modeled Measured|] Difference Between
Number [N.m/rad] a H [Hz] Measured and Modeled
I [Hz] Resonance Frequency
[ %] &
1 1.73E05 0.36 7820 8181 +4.6
2 9.443E06 0.17 9125 8730 -4.3
3 2.030E05 0.13 8083 7795 -3.6
4 1.274E04 0.06 6843 6470 5.4
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3.1.2 Quality Factor

In this section, the electrical response of the microresonators is characterized to
evaluate their potential for studying the fatigue behavior of microbeams under extreme
stress gradientsigure 3.3 represents a typical frequency response of all the designed
microresonators for a constant actuation voltage amplitiide=( 200 V) at room
temperature. The first three designs show similar results for response amplitude and
response sharpness, whisuggests a similar quality factor for these three devices.
Nevertheless, for design #4, the corresponding frequency response is very wide, which
leads to a low quality factor. Based on optical microscope observation, the motion of
the last fingers for ik design (blur area) is not large in comparison to the other three
designs. But the larger number of fingers for this particular design (40) results in the
detection of a significantly higher voltage in the laokamplifier. The wide frequency
response fodesign #4 makes it impossible to precisely fit a polynomial to the frequency
response in order to keep track of the frequency decrease during a fatigue test. In
addition, this wide range of frequency response covers all three vibration modes (in
plane, ait-of-plane, and torsion modes, séable 5), and makes it quite challenging
first to use the optical microscope to distinguish thplane bending from other modes,
and second to measur e t he thedasignetestimarders an gl ¢
to estimate corresponding stress level at notch root. As a result, this series of
microresonators was not selected to perform the fatigue tests and will not be

characterized further in this chapter.
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Figure 3.3: A typical frequency response of all the designed microresmaf h

amplitude ofactuation voltage is 200@olt.

Figure 3.4 (a) shows the quality factor of the first three designs (just one
specimen has been tested for each design) as a function of the square of the actuation
voltageds ampl it ud & =fi/Df wherebfis th&foll wlitGathaf 0 % RH) .
power, ie. the width of the range of frequencies for which the energy is at least half its
peak value.ln a good agreement witkigure 3.3 observation,Figure 3.4 (a) also
suggests a similar qlity values factor for these designs during the fatigue test. The
significant decrease iQ by increasing the actuation voltage is interpreted as resulting
from larger plastic deformations at the notch root. As a consequence, the effect of air
shear dampig is negligible compared to dislocatibased damping64]. For this
reason, the effect of air temperature (different test environment temperature) on quality
factor and consequently on the calculation of cornedpm stress level at notch root of

microresonator has been ignored.
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Figure 3.4 (b) presents the nonlinear behavior\gf;; (corresponds to the three
specimens presented kiigure 3.4(a)), which is interpreted as a manifestation of plastic
deformation at the notch root during the fatigue test; this is reasdé&@bleonsidering

the corresponding behavior of the quality factor Sgeare3.4(a)).

The corresponding rati®&/,,/Q for the above mentioned microresonators is
presented ifrigure3.5 as a function o¥,%. The linear trend confirms th@tis the only
parameter responsible for the obsehnonlinearities irFigure 3.4 (b), and it confirns
that the change in stiffnesX, is negligible for the fatigue tests performed on
microresonators. Considering the characterized dynamic behavior ihréees recent
figures, and since designs # 2 and # 3 provide similar values for the stress gradient (0.17
and 0.13mm §, designs #1 and # 2 have been selected for performing the tests to study
the stress gradient effect on the fatigue behavior of nickelobeams. In the next
sections, the dynamic behavior of designs #1 and 2 is characterized and discussed in

more detail.
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Figure 3.6 shows Quality factoryV,y, and their corresponding ratio as a function
of actuation voltge (ranging from 0 to 20®) for a microresonator with 0.17m *
stress gradients. This figure highlights that Whg/Q ratio is still linear without the
significant change in beam stiffness. This observation is reasonable because these data
are based osweep test for defining the resonance frequency and there is no significant

fatigue damage or crack propagation which could potentially changes the beam

stiffness.
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3.1.3 Amplitude Response antResonancd-requencyEvolutionsDuring Fatigue Testing

Figure 3.7 shows the amplitude response development duvigfatigue tests
of microresonators with0.36 and 0.17m’ ‘stress gradient in a mild environment (30
°C, 50% RH). These microresonators experienced a different number of cycles before
failure, mainly because of the effect of stress gradients (see Cha&pteFor
microresonatowith 0.36 mm’ 'stress gradient, the fatigue lif8dl) is about 10 times
larger than that of thenicroresonatowith 0.17 mm™ stress gradient, despite the fact
that the stresamplitude is about 20% higher. The amplitude response development
trend is similar for both microresonatoeout a 20 % increase in amplitude response

during the fatigue test.
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Figure3.7: Development of amplitude response for microreson

with 0.36 and 0.17m™ stress gradient during the fatigue test.

Figure 3.8 presents the normalized frequen@sponse versus the number of
cycles, corresponding to the fatigue tests presenteligare 3.7. Considering the
failure threshold (10% decrease in resonance frequency; see rationale below) the
microresonators wht 0.36 i stress gradient and 470 MPa stress amplitude at notch
root failed afteMN; =t p mand the test stopped aftéh £ ® p 1) With more than
13% decrease in resonance frequency (about 1029 Hz). Instead, the microresonator with
0.17 4  stress gradient and 15% lower stress at the notch root failed afterhbout
=1 p mcycles and shortly after that ( p Ttcycleg it stopped with 12% decrease in

resonance frequency (about 1083 Hz).

63



—@— 1 =17%.um" (30 °C, 50%RH), c = 400 MP4]
—@— 1 = 36%.um"' (30 °C, 50%RH), c =470 MPa

0.98

0.96

0.94

.ﬁl {/I".I

0.92

TN PN RN N TR R ER L

Failure
Threshold

0.9

0.88

0 1.625x10 7 3.25x10 7  4.875x10 7 6.5x10 "
N

Figure 3.8: Frequency development for microresonators with 0.3¢

0.17mm" ’stress gradient during fatigue test.

For these microresonators, a 10% dase in resonance frequency (failure
criterion) corresponds t@ 2 mm-long crack at the notch side (for 0.36m *
microresonators) and 2r@m-long cracks at both sides of the microbeam (for 0.17
mm” * microresonator). This 10% decrease fincorrespondsat a 20% decrease in
stiffness, Q, which subsequently leads to a 20% increase in measured angle of rotation
andcorrespondind/ou: (see equation8)). This predicted trend is in excellent agreement
with the resultsshown inFigure 3.7 (about a 20 % increase in amplitude response

during the fatigue test).

The increase ratios i,y have been calculated for the tests performed in both
harsh and mild environments for microresonators with 0.36 and i7" stress

gradient. These rates are listedTiable 7 and are similar for these two environments
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(with an average oR0 % increase). This average has been calculated for failed
specimensn different environmerstwhich ae distinguished from runout specimens by

a segregation line iMTable 7. These results highlight the fact that the fatigue tests
performed with these microresonators are not foargrolled nor displacement
controled. Instead, the constant driving forb® (see eq4)) applied throughout the
fatigue test results in a gradual increase in stress amplitude (at the microbeam edges) of
20% over the fatigue life. Hereafter, the stress amplitudes associated with egof fati
test correspond to the initial stress amplitude at the beginning of the test (during the

optical calibration).
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Table 7: Responseamplitude increase rate during fatigue tesd for the microresonators with 0.36
and 0.17 mm 'stress gradient in both harsh and mild enironments. In this table, Inc. Rate is the

ratio of Vo at N; cycles over its value at beginning of the fatigue test

h H.36m h H17mm *
30 °C, 50% RH 80 °C, 90% RH 30 °C, 50% RH 80 °C, 90% RH
Vin N; Inc. Vin N; Inc. Vin N; Inc. | Vi, N; Inc.
Rate Rate Rate Rate

400 | 1.91E+06 | 1.25 | 430 | 6.27E+05 | 1.15 | 560 | 3.77E+05 | 1.08 | 560 | 2.08E+05 | 1.06
380 | 4.46E+06 | 1.94 | 400 | 5.95E+05 | 1.2 | 500 | 3.74E+06 | 1.25 | 500 | 9.24E+04 | 1

- ™ 360 |56l1E+06 | 1.2 | 350 |7.35E+06 | 1.19 | 450 | 1.98E+06 | 1.09 | 450 | 7.24E+06 | 1.12
340 | 8.21E+06 | 1.23 | 330 | 5.98E+07 | 1.13 | 400 | 1.44E+07 | 1.08 | 400 | 1.21E+07 | 1.2
320 | 3.58E+07 | 1.23 | 320 | 1.84E+07 | 1 350 | 1.54E+07 | 1.03 | 350 | 1.23E+08 | 1.55
300 | 6.33E+07 | 1.11 | 300 | 5.47E+07 | 1.17 | 330 | 1.77E+08 | 1.15 | 292 | 1.05E+09 | 1.45
290 | 4.33E+08 | 1.17 | 290 | 8.32E+07 | 1.18 | 300 | 2.38E+08 | 1.45 §250 | 1.66E+08
280 | 2.08E+08 | 1.07 1.08E+09 | 1.19 1.45E+09 | 1.43 §225 | 9.91E+08 | 1.25
6.26E+08 | 0.88 § 250 | 1.11E+08 280 | 9.04E+08 200 | 1.71E+09 | 1.07
250 | 1.49E+09 | 1.01 | 225 | 1.14E+09 | 1.22 | 250 | 3.29E+09 | 1.3 | 175 | 1.23E+09 | 1.35
225 | 1.00E+09 | 1.14 | Average 1.15 | 200 | 2.72E+09 | 1.13 | Average 1.23
Average 1.14 Average 1.2

Failed

‘ nouny

3.2 Optical Calibration Results

In the previous chapter the procedure to calculate the angle of rotation (using the
optical calibration) and corrpending stress level at notch root was described.
Figure 3.9 (a) showsqp vs Vi, for a series of fatigue tests, comparing both techniques,
along with the calibration results from our previous investigations. The accuracy of the
old and the new methods have been comparedFigure 3.9 (b), where the

corresponding distance between the last fixed finger and the blur area boundary is
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measured using both methods. The blue arrow represents meassaneseenly the

new method and the red arrow correspotalsneasurements obtained using the old
method. This figure shows that new measurement method for such a large displacement
(blur area) is more accurate than the previously developed technique (old method). The
stress values previously repor{é@, 64, 70]should therefore be decreased by-2056

to be consistent with the stress values reported here.
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Figure 3.9: (a) Measured angle of rotation at resonargge,as a function of input volta
amplitude,V;,. (b) Optical image used for measurements, comparing results from two call

schemes.

Figure 3.10 shows the experimentally measured angle of rotation as a function
of Vi, for fatigue tests performed for microresonators with 0.36 and i 7'stress

gradient (20 and 16 tests of each respectively).
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Figure3.10: Measured angle of rotatiogg, as a function o¥/j,”.

The experirentally measured values for angle of rotation friéigure 3.10
and the predicted values (using equatid®)) (have been compared for both
microresonators. IrFigure 3.11 (a), the angle of rotation has been experimentally
obtained for 12 specimens fatigued in air (30C, 50% RH). For the specimen with
highest actuation voltage (280, the corresponding angles of rotatigg, is measured
to be 9 mrad. The experimentally meagl quality factor is used in combination of
equation §) to compute the predicted angle of rotation and to compare them with the
experimentally measured valuesHigure3.11 (a). To do this, the quality factof one
specimen has been measured for 18 sequential increasing voltages (from 20/jo 100
and following that for higher voltages, 7 different specimens have been used to extract
the corresponding quality factor and to measure the modeled angle of rotation.
Figure 3.11 (a) shows excellent agreement between measured and calculated angle of

rotation for the microresonator with 0.3@n" ’stress gradient. For the microresonator
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with 0.17 mm™ !stress gradientFigure 3.11 (b) also shows an agreement between 22
experimentally measured angle of rotation (corresponds to the tests performed on one
microresonator under sequentially increasing actuation voltages) and , 20 corresponding

modeled angle of rotations.
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Figure 3.11: Experimentally measured armbrresponding modeled values of angl

rotation for nicroresonators witlia) h =0.36nm™ ‘and(b) h =0.17mm !

3.3 Temperature Increase During Fatigue Testing

3.3.1 IR Camera Measurements

As shown in ChapteR, an IR camera was used to evaluate the temperature
increase at the notch root duriagatigue test. In this section, the temperature increase
amplitude and its correspondingcrease rate are characterized for microresonators with
0.36 and 0.17m" ’stress gradient. The results of this section in combination with FEM
results from next section will be used to evaluate and discus the strong dependency of

temperature increase tbet corresponding stress level at notch root for both series of
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microresonators (0.36 and 0.t stress gradients). These results confirm that the
temperature increase effect due to dislocatiamping effect can be ignored for the
lower range of stregs, < 380 MPa) which was assumed at previous investigations by

Baumertet al.[64].

Figure 3.12 shows the temperature increase, and its corresponding increase rate
is sigrificantly higher for the microresonator with36 nm’ ‘stress gradient at, = 470
MPa in comparison to that of theicroresonatorvith 0.17 mm’ ‘stressgradient test at
Sa = 370 MPa.Figure 3.12 shows the IR camera images of lmegection for both
microresonators apeginning andend of fatigue test attached to corresponding data

point atDT versus time plot.
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Figure 3.122 Tempeature increase during the fatigue $esbf twc
microresonatorperformed inaboratory air on a hot plate at 80°C.
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3.3.2 Finite Element Analysis Results

In this section, the result of steady state thermal model is presented tohghow
temperature distribution along the beam ligament assuming a local heat zone. Based on
IR camera observations presentegiavioussection, we know that local temperature
at the notch root of the mict@sonator will not exceed 280during a fatiguedst. To
simulate the temperature increase due to dislocation damping, the temperature at the
local heat zone has been set to 200Figure 3.13 illustrates the modeled micro
resonator temperature map ranging frad@® at the notch root (red contour) to B04
(green contour) at the other side of the ligament. The temperature gradient map shows
that more than 90% of beam ligament around the notch root (highlighted in a red box in
figure below) experiences the sameperature (123 10°C).This result is consistent
with the IR images (se€igure 3.12) showing a fairly uniform temperature distribution
across the microbeam during fatigue testing. From these results, we can assume
uniform temperature distribution to predict the reversible decreadgslule to heating

(see next section).
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Figure 3.13. Temperature map results form a steathte thermal analysis

simulating the dislocation damping effect.

3.3.3 Prediction of Local Temperature Increase and Associated Resonant Frequency
Decrease

The reversible portion of the decreasefinduring a fatigue test is small
compaed to the irreversible portiofseeFigure 3.14). But since it is strongly depends
and varies with corresponding stress level at notch root, we need to exclude the
temperaturencrease effect from frequency evolution to have a consistent comparison
of fatigue life of different microresonators adifferent levels of applied stress at notch
root. This section shows how the decrease in resonance frequency due to temperature
increase at the notch root during a fatigue test is evalubigdre 3.14 shows thefy
evolution cuve for a fatigue test of microresonator witt86 pm' stress gradiensg =
440 MPa,gy, = 4x10% that was interrupted at 1.95816ycles for SEM inspection (end

of Test ) and resumed after ~48 hours (beginning of Test 2). Upon interruption of the
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test a sudden increase fnis observed (~120 Hz iRigure 3.14), and upon resuming

the fatigue testfp returns quickly to the value seen prior to interruption of the test. This
reversible portion of the decreasefims interpréed as heating of the microbeam, most
likely due to dislocation damping (cyclic plastic deformation at high frequency), which

is consistent with the temperature increase observed with the IR camera (see
Figure3.12). For microrsonator with 0.17 pih stress gradient, there is no significant
increase in resonance frequency upon interrupting the fatigue test. This observation is
also consistent with corresponding IR camera imagésgare 3.12. Low increase in

notch temperaturg, 20 °C, of microresonator with.17 pm’ suggests that temperature
induced decrease in resonance frequency is negligible for this series of microresonators.
In the next sectionmore details will be provided to support the argutressociated

with this assumption.
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Figure 3.14: Measured, evolutionof microresonator with 0.36 pimstress gradiel

for a test interrupted at 1.9x%1€ycles and resumed after ~48 hours.
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In order to quantify only the amount of fatigue degradation (associated with the
irreversible portion) of microresonators with 0.361 p stress gradient, the
temperaturenducedfrequencydecrease needs to be excluded from the frequency
evolution. To do this, the increase in resonance frequency after fatigue test interruption
has been recorded for 12 specimens with a wide range of ket at notch root (390
to 520 MPa). These experimentally measureiy has been used to estimate
correspondindT at notch root using/E (dE/dT) = -208 ppm/°C. This equation was
reported by Baumeret al [64] after characterizing the temperature effect on
microresonators responsdiich is consistent with reportet effect on young modulus
based of bulk properties of NiThe estimaté DT corresponds to experimentally
measuredfy upon interruption of fatigue test has been plotted as a functicy iof
Figure3.15 which are rangingrom 0 (negligible heating) at, = 370 MPa to 120 °C at
Sa = 500 MPa. The lirr fit of estimatedDT values in this figure has been used to
predict the temperature increase due to dislocation damping for all fatigued
microresonator with0.36 pni' stress gradient. The predicted trend by this line is in a
reasonable agreement with eximentally measured value by IR camera (see

Figure3.15).

Although Figure 3.15 is used to predict the temperature increase for
microresonators with 0.36 |ifrstress gradient, but considering the feéutt the notch
temperature directly depends on stress level at notch ttestfigure could be used
sufficiently to predict the local temperature increase for microresonators 0ffom

For example, this figure predic®T=15 3 for a specimen withD.17 um™ stress
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gradient at 370 MPa which is consistent with corresponding IR camera measutement,

203 (seeFigure3.12).
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Figure3.15: Localized temperatunacreasepPT, as a function of ..

The predictedT as a function of, trend inFigure3.15, has been transifred
into the predictedfy as a function ofs, and presented as the predicted temperature
trend inFigure 3.16 (the green line). This trend has been used to distinguish between
the temperaturenduced (reversile) and fatiguelamagenduced (irreversible)
decrease in resonance frequertégure 3.16 shows the normalized maximum decrease
in "Qas a function of stress for the performed tests in both mild and harsbrenents.
Il n t hi SQisfaifatjguedaanagginduced decrease i it excludes the values of
PQthat are estimated to be due to temperature effects at the notch root. Indeed, the
experimentally measured decrease in resonance frequenayespmnds tothe

summationof thefatiguei nduc ed ‘@3 ma §xbe@yse of the temperature
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increase at the notch root. Circular andngulardata points are representative of

experimental data for fatigue tests in mild and harsh enments, respectively.
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Figure 3.16: Normalized maximum decrease fin Dfy/ fo, as a function of stress
mild (3CPC, 50% RH) and harsh (8G, 90% RH) environments. The green line is
predicted temperatureeffect and the yellow square markers represent €

interrupted tests.

This figure suggests that for a stress level below 400 MPa there is no decrease in
resonance frequency because of the temperature increase at the notConsidering
the maximum stress level at notch root (abdd@ #MPa) for microresonator with 0.17
ul  stress gradient, the temperaiuneluced frequency decrease should beigi.
This prediction is in goodagreement with frequency development of microresonators
with 0.17 i stress gradient in which there is no significant increase in resena

frequency upon instructing the test.
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CHAPTER 4: FATIGUE BEHAVIOR OF NI MICROBEAMS WITH h =

4.1

36%.m "1

Resonance Frequency Evolution

In this section, the results of fatigue tests performed for the microresowétor
s=0.36 | at 30°C, 50% RHand &°C, 90% RH environments are presented.
Figure4.1 (a, b) show representativgevolution curves for 4 specimens tested at 30°C,
50% RH and 80°C, 90% RH, respectively, in the form of the normalized decrdase in
as a Ginction of cycles. Unlike previous investigations at low stress amplitsdes (
380 MPa,epa < 104), where the total decreasefinwas less than 1% after billions of
cycles[41, 42, 71] much larger decreases finare observed (up to 40%), which are
indicative of larger amounts of fatigue damage at the notch root (see se&ionhe
amounts and rates of decreasdimre clearly correlated te,: for example, a slow
decrease tating 2% over 19cycles was observed fer, = 390 MPa, while it took only
~6x10 cycles to lose 40% of the initifj ats, = 500 MPa ¢eeFigure4.1 (a)). At 80°C,
90% RH,fy is observed to increase for mosttsegerformed as$ , between 400 and 450
MPa, after an initial decrease over the first ~Fxdyles. The increase is much larger
than those found in the previous study at lowgrwith as much as a 150 Hz increase
(~2% of fg) for s, = 440 MPa (seéigure4.1 (b)). This increase was attributed to a
larger amount of oxidation at the notch root at 80°C, 90% RH compared to that found at
30°C, 50% RH, suggesting that here as well there is a significant amount ofayxatati

the notch root.
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Figure4.1: Normalizedf, evolution,fo/foj, as a function of cycles for three representative
specimens tested at (a) 30°C, 50% RH and (b) 80°C, 90% RH.

Figure 4.2 (a, b) shovws the total irreversible normalized decreasefjnas
afunction ofs, andN;, respectively, for all fatigue tests (11 at 30°C, 50% RH and 10 at
80°C, 90% RH). No significant difference can be observed between the two
environments. It should be noted that none of the microbeams are fractured in 2 pieces
at the end of the tests; therefotbe total decrease depends on when the test was
interrupted. The fatigue lifel\;, was defined as the number of cycles to reach an
irreversible decrease fpof 10% of the initial value. This number was chobegause
it corresponds to a 2D crack ofr@n at the notch roofsee sectior2.6.1). Hence, all
specimens shown iRigure4.2 (a, b) with a total decrease less than 10% are considered

asrunouts.
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SEM Observations and EDS Results

Figure 4.3 and Figure 4.5 show representative SEM images of the fatigue
damage at the notch root for vari@aisvalues (ranging from 435 to 500 MPa), nunsber
of applied cycles, and the corresponding normalized decreadgsfan fatigue tests

performed at 30°C, 30 RH and 80°C, 90% RH, respectively.

In contrast to our previous investigation at lowgrvalues (< 380 MPa, using
the new calibration technique discussedection2.5.2 where, in most cases, only a
few extrusions formedfter billions of cycles, with arrested microcracks along their
edges[41, 42, 71] these SEM images show more widespread fatigue damage at the
notch root as well as at the back side. Specifically, extrusions eserracross the
entire thickness of the Ni microbeams at the notch root, along with cracks meandering
of the cracks

through these extrusions. Thezga g patt ern

thickness suggests that these are 3D stage | cracks (crystallognaohs) dorming at
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the edges of each extrusion (see high magnification SEM imadegure4.3 (b or j)

for exampl e), t hat event ukgure43 (figiank(h)up t o f
show SEM images of the notch root sidewall and top surface (consisting ofren0.5

thick Au layer on top of the 26m-thick Ni films) of a specimen tested s = 480

MPa, for two different numbers of cycles (and corresponioh), respectively. After

N = 5.4x16 cycles Dfg/fo = 6. 5 %) , a NA2D0 crack 1is prese
(Figure4.3 (g)), and can be also observed at the top surface in the Au Fagarg4.3

(). No surface damageasobserved on the back side of the beam, at the top surface
(seeFigure 4.3 (f)). Instead, afteN = 1.2x10 cycles Dfo/fo = 13%), a large crack is

present on thedzk side, while only a small amount of crack extension was observed at

the notch side (from the top surface SEM imdgigure4.3 (i)). Hence, the larg®fy/fy

values (>10%) result from fatigue damage at bothssmfethe beams. Here, we only

focus on the growth of the fatigue cracks on the notch side, which form first due to the

larger stresses. We estimate that the first 10% decred3fg/fnis mainly associated

with the growth of the notch fatigue cracks, lthea the observation of fatigue damage

at the back side. For example, very little damage is present on the back side in

Figure4.3 (e) Ofo/fo = 4%).
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No fatigue damage
' B o e

Figure 4.3: SEM images of the notched microbeams sidewalls and top surface
fatigue testing at 30°C, 50% RH. (a) lemagnification image. (b) and (c) hic
maghnification images of the sidewall after 6.4 X &fcles ats, = 435 MPa. (d) and (e
sidewall (notch sle and badlside, respectively) after 2 x 46ycles ats, = 440 MPa. (f)
and (g) top surface and sidewall, respectively, after 5.4°xydes ats, = 435 MPa. (h)
and (i) top surface and sidewall, respectively, after 1.2xy6les ats, = 435 MPa
(same specimen as (f) and (g) images). (j) hngagnification image of crack alor

sidewall.

To confirm this,Figure4.4 showsSEM images othetop surface (with blue line
border) and notch root (with red line berdof four additional fatigue testat 30°C,

50% RHwith stress level ranging from B30 500 MPain the mild environmentThese
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tests werdnterrupted at differentiming (from 3 x10 to 6.47 x106cycles) during the
fatigue test (for SEM imaging) and resed after about 72 hours.This interruption is
highlighted asTest 1and 2in Figure4.4. Upon resuming the fatigue testing at the same
Vin, the decrease in resonance frequency continuasesult offurtherfatigue damage
accumulation at notch root. Depaémgl on theappliedstress levelthe corresponding
fatigue life ranges from 6.5x10° to 6.5 x18cycles. Comparing these four sets of
sequential SEM images shows that the first fatigue crack initiated at the notch root and
propagated until a certain length (abounf, seeFigure4.4 (a, e, i,and m)). Then a
secondary crack initiated and propagated at the backside of the Eigamne4.4 (g, k,

and o).
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Figure4.4: Sequential SEM images td#tiguedmicroresonata: All scales are Trm.
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The specimens fatigued in the harsh environment (80°C, 90% RH) exhibit
similar features (shown ifrigure4.5), although the height of the extrusions appears to
be larger (~Imm compared to <500 nm at 30°C, 50% RH). In our previous study, local
thick oxideswere observed at the location of thextrusions thanks to TEM of thin
samples extracted at the nofdi]. A larger, thicker oxide area was also present for a
specimen fagued in the harsh environment, which was consistent with the increase in
fo observed only in that environment. This increase in extrusion height at 80°C, 90% RH
is therefore likely to be also the result of more oxide formation at the location of the

extrusions.

Figure4.5: SEM images of the notched microbeams sidewalls after fatigue testing at
90% RH. (a) lowmagnification image. High magnification SEM images at notch root .
(b) 1.1x10° cyclesat s, = 440 MPa; (c) 5.5 10’ cycles ats, = 455 MPa; (d) 1.3 10
cycles as,= 470 MPa; and (e) 8 10° cycles ais,= 500 MPa.
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EDS measurements were performed tbhree specimens and confirmed the
presence of higher oxygen concentration at the lmeaif the extrusions (see elemental
maps and concentration calculationFigure4.6). In a qualitative approaclnoxygen
map ofthe beam has been presentéaiplying higher oxygen concentration dhe
notch root, (see thedaelemental map, O K series kigure4.6). Following that,in a
guantitativeapproach, this figure compares the elemental composition of twcsjpmint
the area with higher extrusion concentration (spectrum 2 and 3) and a peirdffr
extrusion (spectrum 1) and illustrates higher oxygen percentage on the area with highly

localized extrusion
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[C]=4%
[0] =1.5%

Spectrum 2
[Nil=72%
[C]1=9.7%
[O]=15%
Spectrum 3

[Ni]=80%

[C1=8.7% C K series O K series
[O] = 9%

Figure 4.6: EDS layered elemental map of the notch wiale of a fatigue
microbeam at 80°C, 90% RH (1.1 x®1ycles ais, = 410 MPa, corresponding t
decrease irfy of 2%). The large crack observed throughout the thicknes:

introduced after the fatigue test, during sample removal.
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In anotherqualitative approachFigure 4.7 shows the elemental compositio
distribution along an 1im length line (line mapyhich is crossing the notch root
microbeam presented Figure4.6. As shown inFigure 4.7, by moving along the line
from left to right, initiallythe nickelis the highestdetected element with about 9000
countsper second (CPS)The detected nickel amount starts to decrease near the notch
root at the location of the extrusions. At the edge of the notch root, highlighted with a
blue circle, the mected X-ray emission is deviated and accumulated CPS for all
materials decrease to 7000 (about 22 % reduction in detectag ¥mission).The
sharp decrease in the detected nickel amount, highlighted with a red ellipse in
Figure4.7, is interpreted as a result of presence of the crack opening at thiglaeea.
interaction of the SEM primary electron beam wiie edges of crack openingsults in
shell X-ray emission which gets trapped inside the crack opening and resuld§sin 8
reduction inthe detectedCPS. Aong the line on notch root, starting from 4.5 tom,
the detected oxygen percentage is increasing while the other detected elements
percentages do not change a lot. This trend is a good indication of nickel oxide
formation at the location of the extrusion€omparing the line magFigure 4.7) or
elemental map (se€&igure 4.6) with corresponding high resolution SEM images

validates this pattern.
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All Elements

Figure 4.7: line map confirms the formation of localiz
oxides at extrusion and intrusion sites
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4.3 S-N Curve under Extreme Stress Gradient

Figure 4.8 (a) shows the stredfe (s, - N;) fatigue curve for the notched
microbeams tests in both environments, wiiiigure 4.8(b) shows thecorresponding

plastic straidife (e)ai Ny) fatigue curve.
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Figure4.8: s, 7 N; curves for tests performed in both environments. The red arrow indi

approximated local increase in temperat€, (see Fig. 5(c)). (b) Correspondingai N

curves.

As a reminder,s, corresponds to the local stress value at the notch root,
calculated at the beginning of a fatigue test. The plastic strain amplitudes were
approximated using the Ramberg Osgoodskiesection 2.2 for more details). Foeach

environment, thes(; - Nf) curve was fitted with the Basquin equation:

. ,0 ¢U ¢,00 00 (14)

and the €a1 Nr) curve was fitted with the CoffiiManson equation:
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- -0 ¢0 c-0 0 00 (15)

All the coefficients are summarized ihable 8. Figure 4.8 (a) also shows the
approximated increase in temperati€, due to setheating (see sectidh3), ranging

from DT = 0 ats,= 400 MPa tdDT = 120 °C at, =500 MPa.

Table 8: Basquin and Coffin-Manson parameters.

Environment | sq (MPa)|b(-) [ed(-)|c(-)
30°C, 50% RH 700 -0.023| 0.016| -0.17
80°C, 90% RH 680 -0.023| 0.014| -0.17

The fatigue limit,s, of these notched Ni microbears about 44@50 MPa for
both environments, corresponding to ~50% of the ultimate tensile strength. This limit is
significantly larger than the previously observed 30% for bulk Ni, or even previous
electroplated Ni films studies (30 £ 1094) 72-74]. In addition to a large fatigue limit,
thes, - Nr ande,a T Nr curves exhibit unusual Basquin and Cofflanson coefficients,
respectively. The Basquin coefficiebt,is-0.023 at both 30°C, 50% RH and 80°C, 90%
RH. Typicalb values for bulk metals range frod.05 for hardened metals 10.12 fa
soft metals, with an average value ot -0.085[19]. Similarly, the CoffiRsManson
coefficient,c, is-0.18 at both 30°C, 50% RH and 80°C, 90% RH, while tygicalues
for bulk metals are0.6 (rangingrom -0.5 t0-0.8)[19]. The modest (~60°C) increase in
temperature folN; = 10° compared to 10cycles is unlikely to account for these low
absolute values df andc. Instead, the explanation is more likelssociated with the
extreme stress gradients ahead of the notch, leading to unusual fatigue crack

propagation rates curves.
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4.4 Finite Element Analysis Results

In this section, a FEM model is presented to correlate crack growth at the notch
root to frequeng decrease at the micro resonatéigure 4.9 shows the main results of
the FEMmodel and SEM image of FIB etched notch root to experimentally measure the
crack length and tevaluate the accuracy of the 2D crack propagation assumpton
model the crack propagation for the micro resonator Q86 |i  stress gradient, it
has been assumed that a 2D thickness crack throughout the beans iittage notch
root and propagasd¢owards the neutral axis of the beam (as seéiigare4.9 (a)). As
shown in section4.2, the fatigue damage along the thickness of these microbeams
consist of 3D cracks that link up to form a-#ke crack. Hence, the model predicts the
size of an equivalent 2D crack, whose corresponBigng the same as that of the actual
crack. Similarly, the model predicts an average crack growth rate for that equivalent 2D
crack, whereas the actual configuration most likely consists of nearby 3D
crystallographic cracks that may not grow simultaneoushes also been assumed that
the above mentioned crack propagates to a certain length before it stops and a secondary
crack starts to form and propagafesm the back side of the bearmhere the SEM
images from the notch ro¢ection4.2) show thatwhenDfy exceeds 800 Hz (~10% of
the initial fo) or when thecrack at the notch reaches a certain length (about 2 microns), a
secondarycrack forms and starts growing on the back side of the beam. This
observation can be explained biget stress distribution along the beam ligament
extracted by FEM model arsthown inFigure4.9 (b). It is seen in the figure that, as the
crack at the notch reaches a certain length (shown by the arrow), tiseasty@gude at

the crack tip decreases to the corresponding level of stress at the back of the beam
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(indicated by the dashed line igure 4.9 (b)). That could cause the initiation of the
secondary crack at theatk side of beam, flowed by simultaneous propagation of
these two cracksyn both sides of the beam, towards the neutral axis. For this reason,
the crack growth rate calculation for the resonator WiB6 |  stress gradient is
based on theorrespading FEM mode] which is valid only for the propagation of the

first crack along its first two microns of length. Also, foisthesonatqr2-micron crack
growth at the notch is considered to be the failure criterion, which corresponds to a 10%
decreasen resonant frequency. Considering that the average grain size is about 2
microns, this FEM model enables us to investigate crack propagation on the order of a

grain size.

Considering the SEM images of microbeam (Biggire4.4, in sectiord.2), the
cracks were not edgi observed at the top surfac&herefore, the crack size was
measured in one instance by cutting a tren
ion beam, from whichhe crack tip could be observéskeFigure4.9 (c)). This figure
shows the etched windows along the notch root, which enables us to track the tips of
formed cracks. Zoomed window in this figure used to measwrecthck size g

=1.9 mm) at the notch root for a fatigued specimen wifp = 850 Hz, which is in

reasonable agreement with the predieted2.0nm (seeFigure4.9(d)).
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Figure4.9: (a) FiniteElement model for a crack propagation at notch r@mtStres
distribution along the ligament. (c) SEM image of notch root has been used to r
the propagated crack length. (d) Comparing the modeled crack langtha functio

of decrease ify, Dfy with experimentally measured value.
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45 Crack Growth Rate Calculation and Results

The crack growth rates are evaluated based ofy involution plots which are
transf orawmseNd p h b tasréck size at the notch root) through a 2D FEM
(presented in sectioB.6.] predictinga as a function of the measured decreask,in
Dfp. As mentioned earlier, cracks also nucleate and propagate from the back side of the
microbeam wherfy exceeds 800 Hz (~10% of the initig). Hence, the crack size at
the notch roota, canonly be approximated over the first 2 microns (corresponding to
Dfp = 800 Hz), as it is not possible to decouple the contributions of the cracks from the
notch side and backside @fy. As shown in sectiod.2, the fatigue daage along the
thickness of these microbeams corssat 3D cracks that link up to form a 2like
crack. Hence, the model predicts the size of an equivalent 2D crack, whose
correspondindf, is the same as that of the actual crack. Similarly, the modeicse
an average crack growth rate for that equivalent 2D crack, whereas the actual
configuration most likely consisiof nearby 3D crystallographic cracks that may not
grow simultaneouslyFigure 4.10 (a) showsh e cal @awd NOt ecdurives f or
specimens tested at 30°C, 50% RH, wilkilgure 4.10 (b) shows the corresponding
AddNvsad curves. The @adNaerkobtgimed fromn polymomial fits d
of segment® f fBVs8l0O ficur ves, reducing considerably
secant method used previouflp]. Unlike typical crack growth ratesirves measured
for long cracks in bulk materials (showing increasing rates with increasing cracks),
these curves exhibit decreasing rates with increasing crack size from @nio This
trend can be explained in part by the fact that these are micrassilycsmall cracks
(on the same order of grain size), which are known to decelerate due to the presence of
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microstructural obstacles (such as grain boundaf&f) However, microstructurally

small cracks usually exhibit larger growth rates (although decelerating) than long
crack 6. Here, we observe extremely small cr ac
da/dN ~ 10 m/cycle, corresponding to the smallest range of rates measured for long

cracks in air. It is therefore likely that the presence of extreme stress gradientsfahead

the micronotch also plays a significant role in the fatigue crack kinetics, contributing to

these slow, decelerating microstructurally small fatigue cracks.
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Figure4.10: (a) Calculated crack siza, as a function of cycles for three representative t

performed at 30°C, 50% RH. (b) Corresponding crack propagation rate curves.

4.6 Discussion

The previous section highlighted the singular fatigue behavior of these Ni
notched microbeams. Typically, tfetigue life N; for bulk specimens, or even thin film
specimens under uniaxial loading, can be decomposed as the sum of the initiation

fatigue life, N;, corresponding to the nucleation and growth of a crack to an arbitrary
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crack size (typically a fractioof 1 mm) and propagation fatigue lif&g) up to the
critical crack sizg76]. N; encompasses the number of cycles to nucleate a d¥ael (
and to grow microstructurally small cracK€kc), i.e. crack sizes up to 3 to 10 times
the grain size, and physically small cracksdg, while N, is mainly associated with the
growth of long cracks Nic) for which linear elastic fracture mechanics (LEFM)

framework is valid:
0 0 0 0 0 0 0 (16)

In contrast, the fatigue degradation properties of these notched microbeams only relates
to the nucleation and early growth of microstructural small cracks (up to ~1 to 2 times

the grain size (R nm)) under extreme stress gradients:

0y 0 0 a7

Despite the smaller amount of crack propagation required to teadhtigue life of the
microbeams, thesg - Ni) and €,a 1 Nr) fatigue curves show the behavior of fatigue
resistant components, with high endurance limit (50%gf corresponding, ~ 5x10

% and unusually low (in absolute valuds)and c coefficients for the Basquin and
Coffin-Manson equations (se€kBable 8). For the larges, values investigated in this
study, the extrusions form relatively quickly and are likely to constitute only a small
portion of N;. Hence the unusudhtigue curves are likely the direct consequence of
havingN; governed by the propagation of microstructurally small cracks under extreme
stress gradients present at the notch root (average stress grad&g%oqgfernm over

the first 2nm, ahead of theatch). The prediction of; for these notched microbeams
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would therefore require an accurate characterization of the crack growth rates under

these loading conditions.

Fracture mechanics (whether linear elastic or elastic plastic) is not valid for
describng the early growth of these stage | cracks characterized by lower thresholds,
larger crack growth rates compared to long cracks, and decelerating crack growth when
approaching microstructural barriers such as grain boundaries. Instead, Miller

introduced amicrostructural fracture mechanics equation, of the @@

—— 8 5 QO (18)

TheadlNdsad cur v e s Figark4l@ (b) exhibit decreasing crack growth
rates with increasma, in qualitative agreement with edL8]. Figure 4.11 shows the
initial crack growth rates, éddN); (for a = 0) asa function ofs, (Figure4.11 (a)) and

&a (Figure4.11 (b)), for all the specimens for which a 2D crack was observed at the end
of the tests. The initial rates increase from*10 10™ m/cycle fore,aincreasing from

4x10*to 2x10° corresponding ta = 3 (from eq.(18)).
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Figure4.11: Initial crack propagation rates,gfdiN); as a function of (8., and (b)ea
4.7 Conclusiors

In conclusion, this study revealed the critical role of extreme stress gradients,
often encountered in micrtomponents, on their fatigue behavior. The notched
microbeams, characterized by a normalized sgesgdient of-36%/Am, required from
10° to 1@ cycles (under fully reversed loading) to grow-ar@-long microstructurally
small crack through the entire beam thicknessr®1), for stress amplitudes ranging
from 500 to 440 MPa (60 to 50% of the ultimatesiée strength). The crack growth rate
curves inferred from thé evolution curves reveal ultraslow growth of these cracks
(initial rates ranging from I8 to 10 m/s), with decreasing rates as the cracks grow.
This ultraslow growth is unlike that ofianostructurally small cracks in the absence of
extreme stress gradients, and is responsible for the shallow stress anlifestcanves

and high endurance limits. This study highlights the need to further characterize the
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effects of different stress aglients values on crack growth rates and fatigue lives in

order to accurately predict the smsdiale fatigue damage in metallic microbeams.
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CHAPTER 5: COMPARING THE FATIGU E BEHAVIOR OF NI

MICROBEAMS UNDER DIF FERENT STRESS GRADIENTS: 17 VS 36

%.m

5.1 Resonance Frequency Evolution

In this section, the results of fatigue tests performed for the microresonator with
s=0.17 in both mild and harsh environments (at 30°C, 50% RH and 80°C, 90%
RH, respectively) are presented and compared wéhrésults shown in the previous
chapter§ =0.36 i ). Figure5.1 (a) shows thé evolution during the fatigue tests of
3 representative specimers £ 17%nmm) tested at 30 °C, 50% RH, in the form of
normalizedfy with respect to the initial valuef; ~ 8600 Hz),fo/fo;, as a function of
cycles (out of a total of 22 fatigued specimens wWith 17%nm™). The horizontal line
at fo/fo; = 90% constitutes our failure criterion (corresponding to a crack size of ~2.2
mm on each side of the beams foh & 17%mm™), see finite element modeit
section2.6.]). Fors, = 305 MPaf, slowly decreases and levels off at 95% of the initial
value after 1.5x10cycles. Fos, = 355 MPaf, decreases aneéaches 90% of the value
atN = N¢= 1.5x10 cycles, after whicliy decreases at a much faster rate until it reaches
60% of the initial value. Fag, = 400 MPaf, reaches 90% of the initial valuet= N¢
= 3.7x16 cycles, which also corresponds to thesetnof faster decrease rates. The test
was interrupted shortly aftefonal/foi = 87%). Figure 5.1 (b) show representativig
evolution curves for four specimens wigh0.36 i tested at 30°C, 50% RH with,
= 330, 450,40, and 500 MP&lere also a total decrease of 40% can be reached, in that

case after 1.5x I@ycle for the specimen with, = 500 MPa.
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Figure5.1: Normalizedfy evolution,fy/fp;, as a functio of cyclesfor microresonators
with (@) k& 0.17mm*and (b) & 0.36mm™.

The general trend of frequency development for both series of microresonators
with s =0.17and 036 i is similar in term oflecreases ify (up to 40%)which are
indicative of accumulation offatigue damagen the form of cracking for both of
™ QAT R17 |  (see sectiond.2and5.2). But the amounts and rates of decrease in
fo are clearlydifferent. For example, a slow decrease totaling 2% overcy@les was
observed for0.36 i at s, = 330 MPa (see Figure 5.1 (b)), while for a
microresonator witt.17 pi (over same number of cycle&0), it loses more than
5% of the initial fy at slightly lowerstresss, = 305MPa SeeFigure 5.1 (a)). Unlike
the frequency development for microresonator vgite 0.36 i, there is not any

pronouncedsuddenincrease irfo upon interruption of a test.hef, evolution curve for
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