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ABSTRACT

Kate Gleason College of Engineering
Rochester Institute of Technology

Degree Doctor of Philosophy Program: Microsystems Engineering
Candidates  Shpend Demiri

Title: Geometric Effects on the Wear of Microfabricated Silicon Journal Bgsari

This dissertation presents an investigation of geometric eftectthe wear of
large aspect ratio silicon journal microbearings. The consideraif geometric
conformality of rotor and hub as a critical design parameterfessifrom the inherent
properties of deep reactive ion etching as part of the current $/taldrication process
employed in this dissertation. The investigation is conducted in tweephaach
characterized by novel microbearing designs, fabrication pregesxperimental test
methodologies, and characterization techniques. The intent of Prase fb¢us on the
effects of conformality of wear, while the intent of Phass Bifocus on the effects of
clearance on wear. Manual assembly of rotors and hubs allowsadebrange of
custom bearing clearances than would otherwise be availabldifrmgraphic, pattern
transfer, and etching capabilities of current in situ MEMS ¢&altion technologies.
Novel wear indicators, intended to facilitate the rapid quamntgaand qualitative
determination of wear, are incorporated in the Phase 2 rotor deSigns particular
enabling features of the novel fabrication processes, namely theapiutat etching
methods, are developed in this dissertation. The sprues, patterngdhesiDRIE mask,
hold the rotors in place during the KOH etching process. The dlching technique
entails floating the device wafer on top of the KOH etchant batie résults obtained
from using the first apparatus indicate that microbearing pedoce, as measured by
rotor rotational speed and rotor cumulative wear, is stronglgrment on conformality.
The results obtained using the second apparatus indicate that micrgbeaor
rotational velocity is strongly dependent on radial clearance gaea. A dynamic
impact model of the bearing system based on classical impulsesmam relations is
formulated in order to assess the effect of clearance on rowior@ speed. A
coefficient of restitution is obtained for silicon-on-silicon sueg@ver the range of
kinematically allowable radial clearance specifications.

Advisor: Dr. Stephen Boedo



ACKNOWLEDGMENTS

Taking my first look back since embarking on this journey, | am fotéuttahave
made it without a contingency plan to speak of. WOW! | amefirhto all the people
that made this achievement possible.

| would like to thank Dr. Stephen Boedo for his expertise, funding, and foirhel
arranging for fabrication to be performed at Cornell.

| thank Dr. William Grande and Dr. Sean Rommel for their tation insights
and memorable conversations.

| am grateful to Professors Mustafa Abushagur and Hany Ghofwirtheir
academic, financial, and emotional support. Thank you for alwaysrigegpur doors
open for me.

Last, but certainly not least, | am grateful to my wife Dondaghter Shkenca,
and son Endon for their love and patience.

This work was performed in part at the Cornell NanoScale Sciemck
Technology Facility, a member of the National Nanotechnologwstructure Network,
which is supported by the National Science Foundation (Grant ECS-033576#s.
work was supported by grants through the Department of Energy, OffiB@logical
and Environmental Research (DE-FG02-02ER63393) and the National Science

Foundation, Materials Design and Surface Engineering Program (CMMI-0409557).



CONTENTS

LIST OF FIGURES ...ttt e e e e et e e e e e e e e e e e ennnnnns 8
LIST OF TABLES ... et e e e e e e e e e e e nnnnans 15
NOMENCLATURE ... et e e e e e e e e e e e e e e ennes 16
1 INTRODUGCTION ...ttt e et e e e e e e er e e e e e e eenan e eeas 19
1.1 MOBIVALION ...ceeiieiiiite ettt e e e e e e e e e 20
1.2  Overview of Common Bearing Technologies ..........cccccccvvviiiiiiiiieeeeeeen, 23
1.3 Review of Previous ReSearch ...........ccccccoiiiiiiiiii e 27
1.4  Dissertation Goals and ODJECHVES ..........ccevviviviiiiiiii e 33
1.5  Dissertation OULINE .........coooiiiiiiiiiiii e 34
2 MICROBEARING SYSTEM DESIGN AND FABRICATION.......ccoceeviiiiinenn. 35
21 Overview of MEMS-Based Fabrication Technologies.............ccccceevvnnnne 35
2.1.1 Thermal OXidation ...........uuuviiiiiieiiiiiiiiiee e 36
2.1.2  Photolithography ... 37
2.1.3 Deep Reactive 1on EtChING ......ccovvviiiiiiiiiiiieein 38
2.1.4 Potassium Hydroxide EtChiNg..........ccoouvuiiiiiiiiiiniieeeeeeeceiiiiis 39
2.0 LG A e 40
2.2 Phase 1 Microbearing SYSteM.........cccoiiiiiiiiiiiiiiciesse e e e e 41
2.2.1 Phase 1 Rotor FabriCation............ccueeveeiiiiiiiiiee e 43
2.2.2 Phase 1 Hub FabriCation .............cccuvvieieiiiiiiiiiiee e 53
2.3 Phase 2 Microbearing SYSteM.........cccoviiiiiiiiiiiiiciiisee e ee e 56
2.3.1 Phase 2 Rotor FabriCation............ccveveeeiiiiiiieice e 66
2.3.2 Phase 2 Hub FabriCation .............cccuveiiieiiiiiiiiiiee e 74



EXPERIMENTAL TESTING ...ooiiiiiiiiiii e 78

3.1 PRASE 1 TeSHNG ..uuiiiiee ettt e e e e e e e e 78
3.1.1 PhaSE 1 TeSE SELUP ..uuveuuiiiieei et 78
3.1.2 Phase 1 TeSt ProCedure ...........ccoooiiiiiiiiiiiiiiiiieeee e 83
3.1.3 Phase 1 Experimental ReSUItS..............ooviiiiiiiiiiiiiiii e 87
3.2 PRASE 2 TSHING ... e e e e e e e 95
3.2.1 PhaSE 2 TESE SELUP ..vvuvuiiiiiieie et 95
3.2.2 Phase 2 TesSt ProCedure ...........oooooiiiiiiiiiiiiiiiieeeeeeeeeee e 99
3.2.3 Phase 2 Experimental ReSUItS..............ooovviiiiiiiiiiieeis 103
DISCUSSION ..t e e e e e e e e e e nnnnaas 111
4.1 Bearing Load ASSESSMENT...........ccvviiiiiiiiiiiiiiiee e e e e e e e e e s 111
4.2  Wear Rate Determination ..........ccccocuiriiieeiiiiiiieie e 120
4.3 Bearing Speed Simulation................ooouuiiiiiiiiiie e 128
CONCLUSIONS . ..ttt e e e et e e e e e rae e e e e e eneaaaeaaeeeees 142
5.1 SUMIMITY ettt e et e e e et e et et e et et e e e et e e e et e e e eanneeenans 142
5.2  RECOMMENTALIONS ......oeiiiiiiiiiiiiiee et e e e 145
FABRICATION PROCESSES...... .. e 147
Al RCA CIEAN ... 147
A.2 BRUCE Furnace Oxidation Recipe #168 ............cceeeeeiiiiiieiiiiiiiiiiieeeenn 148
CAD DRAWINGS. ... et e e e e e e e e e e ennes 151
B.1 Phase 2 ROtOr CAD DIaWiNgS ....ccooeeeeeeeeiiiiiieiiiiiiiiiiiaanasa e e e e e eeeeeeeeeeennnnens 151
B.2 Phase 2 Polycarbonate Plate CAD Drawing.......ccccoeeeeeeeeieeeeeeeivninnnnnnns 156
B.3 Phase 2 Steel Top Plate CAD Drawing ........cccoevviiiiieiiiiiiiiiiiinnaneeee e 157
REFERENGCES ...t e e e e e e e e e ennaas 158



LIST OF FIGURES

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure 7:

Figure 8:

Sandia microengine driving a micromirror (left) akdg

and enlarged view of its microgear train (right). ........cccceeviieieiiiiiiiieiennnn, 21
MIT micromotor-compressor rig (left) alongside a

magnified view of its 4 mm diameter radial inflow turbine

(oTo ] g g oY LT o1 (£ | o] ) TS 21
Sandia microengine failure after 600,000 rotations. Boxed

area from the image on the left is magnified on the right

depicting wear particles. Note the severe wear in the gap..........cccceevveeee 22
Micrograph of crashed MIT silicon rotor (after only & fe

seconds of operation). Cleavage along the crystallographic

planes of the 4 mm diameter rotor is clearly visible. ...............cccvevinnnns 22
Common bearing categories; (a) Dry rubbing (i.e. jburna

rotating within sleeve), b) Rolling element, (c)

Hydrodynamic, and (d) HydroStatiC. ............cceeeeiiieiiiieeiieeeeeeeeein 24
Operating regimes within EHL. The roughness seale

23 = 10 [0 [T = L= o RSP PRRS 26
Pneumatically driven 5-axis milled (left) and EDigt)

turbine sub-assemblies employing conventional air and ball

bearings, reSPECHIVEIY. ........oooiiiii 28
3-D schematic of a rotary micromotor (left) alodgsa

corresponding radial cross-section (right) of the mechanical



Figure 9:

Figure 10:
Figure 11:
Figure 12:
Figure 13:
Figure 14:

Figure 15:

Figure 16:

Figure 17:

Figure 18:

Figure 19:

Figure 20:

Figure 21:

and electrical components. It should be noted that the SiC
coating required for operation is not depicted here. ...........ccccceeeeieeiinnnnnnn. 29

Bearing cross-sectional profiles. Rotor rotates about

SEAtIONAIY NUD. .. 32
Schematic depicts the oxidation of Silicon.............cooeviiiiiiiiiiiie, 36
Schematic of the photolithographiC process. ........ccccoeiiiiiiiiiiiiiiiiiccieeenn 37
Schematic of DRIE sequence profile ...........ccceeiiiiiiiiiiiiiiiiein 38
Schematic of KOH etch profile..........oooeviiiiiiiiii 39
Representation of the LIGA ProCess []. ....cooovvviiiiieeiiiiiiiiiieeee e 40

SEM micrograph of a manually assembled microbearing

system (NUD and FOtOr). ....ooooiiiiee e 42
Microbearing assembly schematic depicts single dhanne

nitrogen gas flow in order to rotate the rotor. .............oeuvviiiiiiiiieeneeeeeee, 42
Phase 1 rotor fabrication sequence: (a) steps 1-€efs)

3 PP 46
Wafer after release of the rotorS. ... 48
Magnified image of single rotor's KOH etched pitted

S0 2= o =PRSS RRPPPPP 49
Optical microscope image of sprues used to hold rotor in

place during KOH etChiNg. ........uuuuuiiiiiiiiieiee e 50
Schematic of the “float” etching technique depictgalaer

and cross-sectional views of a wafer and Teflon O-ring

circumferentially wrapped with Teflon tape.........ccccooiiiiiiiicc, 51



Figure 22:

Figure 23:

Figure 24:

Figure 25:

Figure 26:

Figure 27:

Figure 28:

Figure 29:

Figure 30:

Figure 31:

Figure 32:

Diced Phase 1 hubs (pre-drilled (left) and post-drilled

(o 011 ) PR TURURRPPPPPPRRPPPIN 55
SEM micrograph of Phase 1 hub. ..., 55
Exploded view of Phase 2 microbearing design depicts

hydrodynamic sectorial, step thrust bearing pads. ........ccccccooeevviiiiiiiennnnns 57
Axial (left) and cross-sectional (right) viewsacdectorial,

step thrust bearing. The moving rotor shown in Section S-

S is omitted in the axial view for clarity. ... 58
Hub wafer design layout. Detail A depicts a sihgleto

which a rotor will be assembled to. Detail B (not shown)

contains custom wafer alignment features. All dimensions

are in pm unless otherwise denoted. ... 60
Rotor mask design layout. All dimensions are in pmsinles

Otherwise denoted. ... 62

Process monitoring metrology blocks containing 1 pum

MINIMUM FEALUIES. ... i e 62
Phase 2 rotOr gEOMELIIES. ......uuuieiiiieie e e e eeaeaeees 63
Rotor schematic depicts nowesitu wear indicators. ...........cccceeeeveeennnnn. 65

Phase 2 rotor fabrication sequence: (a) steps 1-€e(ls)
3 PP 70

Photograph of rotor wafer after DRIE. .........cccoooiiiiiiiiiiiiie e 72

10



Figure 33:

Figure 34:

Figure 35:

Figure 36:

Figure 37:

Figure 38:

Figure 39:

Figure 40:

Figure 41:

Figure 42:

Figure 43:

Figure 44:

Figure 45:

SEM micrograph depicts the geometry of a Phase 2 rotor

after DRIE (left). Magnified image depicts an axialwie

of the rotor wear indicator features (fight). .........ccceeiiiiiiiiiiiiiiiiiinnn.

Phase 2 fabrication sequence for hubs with thrust pads: (a)

Steps 1-6; (D) STEPS B-11. ...cceeeiieiiiiiiiiee et
Photograph of Phase 2 hub wafer. ..........cccooooiiiiiiiiin
Optical image of Phase 2 hub depicts thrust pads............cccceuuneees

Photograph of Phase 1 experimental test setup.............cccevvvvvvnnnnns

Top view schematic depicting Phase 1 optical speed

measurement methodology. ...

Exploded-view of Phase 1 microbearing test fixture. ...........ccccccee....

Photograph of Phase 1 microbearing test fixture.

Connections on the tops and left are capped off. ...

Conformal (top) and non-conformal (bottom) bearing

(o0] 0110 (U1 =1 1 o] o 1S PP

Phase 1 optical microscope image sequences comparison

for non-conformal test case NC1 (left column) and

conformal test case C3 (right column). ...........ciiiiiiiiiiiiieeis

Aluminum SEM fixture used to hold hubs and rotors. .....................

Phase 1 SEM micrographs of non-conformal hubs and

COITESPONAING FOTOIS .ttt e e e e ettt e e e e e e e e e e e eeeeeeeennnnes

Phase 1 SEM micrographs of conformal hubs and

COITESPONAING FOTOIS. Leviiiiiiiiie e ee ettt e e e e e e e e e e eeeeeeeeennnnes

11

......... 75

.......... 77

......... 80

........ 82

......... 82

........ 83

........ 88

........ 89

........ 91



Figure 46:

Figure 47:

Figure 48:

Figure 49:

Figure 50:

Figure 51:

Figure 52:

Figure 53:

Figure 54:

Figure 55:

Figure 56:

Figure 57:

Wear morphology of rotor edge surface. ..........ccoooeevvviiiiiieeciiiiee e, 93
Phase 1 rotor speed waveforms at 13.76 kPa (2) Ib/in
10 o] o1 NV 0] (=TT U (=SSP 94
Photograph of Phase 2 experimental test setup...........cccccceeiiiiiiiiiiiiieeeeen, 95

Top view schematic depicting optical speed measurement

methodology for Phase 2 microbearings..........cviiiiiiiiiiiiiiieeecceiei e 96
Exploded-view of Phase 2 microbearing test fixture. ... 98
Photograph of Phase 2 microbearing test fixture. ...........cccccceeieiieiiiiiinnn. 98

Radial clearandg, defined for conformal (top) and non-

conformal (bottom) bearing configurations with rotor at

maximum axial displacement. ..o 100
Phase 2 optical microscope image sequences comparison

for non-conformal bearing test cases NC4 (left column) and

NCS5 (right ColUMN). ..o 104
Phase 2 optical microscope image sequences comparison

for conformal bearing test cases C4 (left column) and C5

(Mgt COIUMINY. e e e e e e e e eeeeeees 105
Phase 2 SEM micrographs of non-conformal hubs and
corresponding rotors for test cases NC4 and NC5. .........ccccoeeveeiiiiiinnnn, 106
Phase 2 SEM micrographs of conformal hubs and

corresponding rotors for test cases C4 and C5.........ccccovveeiiiiiiiiiiiiieeeennn, 107
Phase 2 rotor speed waveforms at 68.80 kPa (1%) s

SUPPIY (QAUQGE) PrESSUIE. .vuuiiieeieeiiiie e e ee ettt e e e e et e e e e e et e e e e e eaara e e eaaenes 109

12



Figure 58:

Figure 59:

Figure 60:

Figure 61:

Figure 62:

Figure 63:

Figure 64:

Figure 65:

Figure 66:

Wear morphology of rotor edge surface. .........ccccooeeeviiiiiiiieiiiiiee e, 110
Phase 1 CFD model geometry (not to scale, dimensions in

g1 (ol o] 0 a1 (T £ TR TSRS 112
Velocity magnitude and pressure distributions: Phass 1 te

case C3 with 7981 RPM rotor speed and 13.76 kPa supply

PIrESSUIE. ..ttt e e e 114
Phase 2 CFD model geometry (not to scale, dimensions in

g1 (ol o] 0 g1 (T £ TR RS RRRPPP 116
Velocity magnitude and pressure distributions: Phass 2 te

case NC4 with 9882 RPM rotor speed and 68.80 kPa

S 0 o] o1 NV 0] (21T U (=SSP 118
Phase 1 volumetric rotor wear assessment method: (a)

regression fit of wear circle with diametdy; (b) conical

€0gE WEAI JEOMEIIY. ..uuuii i iiiieiiie e e e et e e e e 121
Phase 1 Comparison of measured and predicted volumetric

wear due t0 a0NESION. .....uuuiiiiiie e 123
Phase 2 volumetric rotor wear assessment method.

Schematic depicts aerial (top) and cross-sectional (bottom)

views of silicon wear debris accumulated on rotor’s top

S0 2= o =TS OURPRPPPTPPRRPRTPIN 124
Phase 2 Comparison of measured and predicted volumetric

WAl AUC t0 AUNESION. ... 125

13



Figure 67: Schematic of impact model geometry (not to scalegtdepi

relative kinematic parameters during impact at ppint...................... 129
Figure 68: Variation of simulated average rotor rotational spétdsw

fOr Phase 1 Cas@ C3. ... 137
Figure 69: Variation of simulated average rotor rotational spédsw

for Phase 1 case NC3. . ...t 137
Figure 70: Variation of simulated average rotor rotational spédsw

for Phase 2 cases C4 and Cb5. ......vuuieiiiiiieeeeeeeeeee e 140
Figure 71: Variation of simulated average rotor rotational spédsw

for Phase 2 cases NC4 and NCB5. ... 140
Figure 72: Plot ofp vs. Cp obtained for each Phase 2 test case (NC4,

NC5, C4, QN0 C5)..eviiiiiiiiiiiiiiie e 141

14



LIST OF TABLES

Table 1:

Table 2:

Table 3:

Table 4:

Table 5:

Table 6:

Table 7:

Table 8:

Table 9:

Table 10:

Table 11:

Table 12:

Table 13:

Bearing type strengths and weaknesses. ..........ccoovvvvvvviviiiiiiciiiiiee e, 25
Phase 1 bearing Specifications. ...........ccooviiiiiiiiiiiiiiieie e 85
Phase 1 durability test proCedure. ...........ooovvveeiiiiiiiiiiiee e 86

Phase 1 average rotational speeds (RPM) at specified

SUPPIY PrESSUIES. . .ceieeieeeeeeeeititee e e s e e e e e e e e e e et e e e e et s s e e e e e aeeeeeeeeeeeeennnnens 92
Phase 2 bearing specifications. ..........cccoovvviiiiiiiiiiiiieie e 101
Phase 2 durability test procedure. ...........ooovvvvieeiiiiiiiiieee e 102

Phase 2 rotational speeds (RPM) at specified cumulative

(0] (o g0 Vo3 1= 3SR 108
Phase 1 CFD model parameters. ..........uuuuueiiiiiinieeeeeeeeeeeeeeeeeeinnnnn s 115
Phase 2 CFD model parameters. ..........uuuuueiiiiieeieeeeeeeeeeeeeeeseviinnn e 119
Model parameters for Phase 1 test cases NC3 and C3.........cccceeeveeeeeennn. 135

Simulated average rotor rotational speeds (RPM) for Phase
1 cases NC3 and C3. ..ot 136
Model parameters for Phase 2 test cases NC4, NC5, C4,
AN CO. i e a e 138
Simulated average rotor rotational speeds (RPM) for Phase

2 CaseS NC4, NC5, C4, and Cb. .. 139

15



NOMENCLATURE

dmax
dmi n
Chy

do

€

€xin

Vx

Vxin

diameter

maximum rotor inner diameter
minimum rotor inner diameter
worn rotor diameter

unworn rotor diameter

rotor eccentricity

rotor eccentricitik-component

rotor eccentricityc-component initial
y-component rotor eccentricity
rotor eccentricityy-component initial
gas film thickness

gas film thickness over thrust pad
rotor mass

rotor radius

rotor radius

time

wear particle thickness

velocity x-component

velocity x-component initial

velocity y-component

16

(m)
(m)
(m)
(m)
(m)

(m)

(m)

(m)
(m)

(m)
(m)

(m)

(kg)

(m)

(m)

(s)
(m)
(m/s)

(m/s)

(m/s)



Wyin

XC

yC

F

Fx

velocity y-component initial
x-coordinate axis
x-coordinate axis contact frame
y-coordinate axis contact frame
x-coordinate axis
z-coordinate axis

wear debris area

hub length

radial clearance

radial clearance

bearing diameter

radial force

tangential force

bearing load

mass moment of inertia
adhesion wear coefficient
bearing length

length of the wear path

F« moment arm

inner radius

outer radius

hub radius

rotor wear volume

17

(m/s)
(m)
(m)
(m)
(m)
(m)

(m)
(m)
(m)
(m)

(N)

(N)
(N)
(kg?m

(m)
(m)
(m)
(m)
(m)
(m)
(P



Vadh

Vx

Gh

Or

01

0>

volumetric rotor wear (adhesion)
fin linear velocity

DRIE axial taper angle

DRIE axial taper angle hub
DRIE axial taper angle rotor
coefficient of restitution

rotor axial translation

dynamic coefficient of viscosity
sectorial boundary angle

thrust pad sectorial boundary angle
dynamic coefficient of friction
yield stress

angular frequency

angular frequency initial

18

(m/s)
(deg)
(deg)
(deg)

Q)

(m)
(Pa-s)
(rad)
(rad)

Q)
(Pa)
(rad/sec)

(rad/sec)



CHAPTER 1

1 INTRODUCTION

In the past half century, new uses of silicon were broughghd lishering in the
Integrated Circuit (IC) revolution. Advancements in IC procegsduring the past
couple of decades, led to the introduction of silicon-based MieohElMechanical
Systems (MEMS). Silicon’s prominence within MEMS is attrilbute its strength,
electrical and oxidation characteristics [1].

Microsystems comprise small components with sub-millimeterticati
dimensional parameters which can sense or manipulate their engmbrimatter or
energy). A key incentive fueling the development of microsysientise low unit cost
resulting from mass-fabrication of complex, integrated, silicaseld components by
borrowing many established precision IC processing techniquesqu@ significance
are the fast response, low weight, and low power consumption aréstcs intrinsic to
microsystems. Examples of microsystems that have been coialimect over the past
decades include inkjet printer components, pressure sensors, aceedespnoptical
switches and microfluidic lab-on-chip devices.

On the macroscale, some of the most important systems arectimossting of
component surfaces that operate in close relative motion to eaath sulch as rotating
machinery. Examples include turbines, engines, pumps, and compresdoesetha

ubiquitous in power generation, transportation, heating, ventilation, acdralitioning.
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Researchers, such as Feynman [2], Kovacs [3] and Madou [4], tepieed efforts to
develop micro-sized embodiments of such macrosystems. PosgipleEatons
employing microbearings (the integral components of rotatingomiachinery) involve
microturbines for Power-MEMS [5] (propulsion and distributed, portable power
generation), micropumps for labs-on-chips [6] (chemical testingtomixing, fluidic
metering, biomedical engineering, heating and cooling), microendoresptics [7]
(optical encoding), and microgears [8] for transmission or actugnechanical arming

systems and micromirror adjustments).

1.1 Motivation

In response to increasing demand for mobility and multifunctionafitgw cost,
the range of MEMS applications has been rapidly expanding. Ambprojects such as
the Sandia National Laboratories (SNL) microengine [9] (Figlir and Massachusetts
Institute of Technology (MIT) Power-MEMS microturbine [10, 11] (g 2) have been
undertaken over the past two decades. The results of such endeaverpected to
revolutionize sensing and actuation in biomedical, transportation, militadustrial,

environmental, industrial technology and recreational activities.

20



Figure 1: Sandia microengine driving a micromirror (left) alongside and enlarged view of its
microgear train (right).

Figure 2: MIT micromotor-compressor rig (left) alongside a magnified view of its 4 mm
diameter radial inflow turbine component (right).

In the quest to commercialize microsystems associated otéting machinery,
the primary inhibitor to date has been bearing reliability. This is péatlg true for high

speed operation (on the order of tens of thousands to millions of revolpgomsinute

21



(RPM)) where seizure, high wear rates (Figure 3) [12], ancpsdendestruction (Figure

4) [13] have been observed.

Figure 3: Sandia microengine failure after 600,0000tations. Boxed area from the image on
the left is magnified on the right depicting wear @rticles. Note the severe wear in
the gap.

Figure 4: Micrograph of crashed MIT silicon rotor (after only a few seconds of operation).
Cleavage along the crystallographic planes of the#m diameter rotor is clearly
visible.
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In order for any system, regardless of size, to come tboinyithere must be a
fundamental understanding of its individual components and the interaatiised
between them and the surrounding environment. A fundamental disciplinergogce
systems involving rotating machinery is known as tribology. Tribologlye study of
wear, lubrication, and friction of interacting surfaces in relatmetion - becomes
increasingly important as systems scale down due to an iedreasface to mass ratio
[14]. In this regime, rapid bearing wear has indeed proven to beradable factor to
overcome and relatively little is known about its characteristithis challenge along
with the immense potential for rotary microsystems to changeves; serve to motivate

this investigation of geometric effects on the wear of silicon journabiméarings.

1.2 Overview of Common Bearing Technologies

This section presents a brief overview of bearing operational ipiescto
familiarize the reader with the terminology and concepts contamede subsequent
literature review.

Bearings can generally be classified as dry rubbing, rollingmet,
hydrodynamic, and hydrostatic, as shown in Figure 5. Dry rubbingngeaconsist of
two component surfaces, conventionally made from polymer- or carbod-bwsderials
(e.g. nylon, polytetrafluoroethylene (PTFE), or graphite) rublaigginst each other in
rolling or sliding motion. Rolling element bearings are chareetd by the rolling

motion of spherical, cylindrical or conical components (typicallyamleased) between
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surfaces. Hydrodynamic bearings are characterized bysaysized wedge of gas or

liquid film that develops as surfaces move at a slight inclireatd other. Hydrostatic

bearings maintain a gas or liquid film by a continuous supply déreat pressure

between non-moving surfaces.

Tapered Spherical

(b)

(@)

Pressure Pressure

L— L
Slider Velocity

4% % 4

o4 < ENENE]
- :-:-:-:-:-:-:-:-:-:-:- - EES
[ < NN
- L EES
e O g D < NN
- :- EES
N NN <<< NN
:-:-:-:-:-:-:-:-:-:- - i EES
NN I NN N << NN
SRS EES
NN I NN N NN
ERERE RN EES
NN NN NN
EREREREN) EES
RN L]
L b . t

Common bearing categories; (a) Dry rubbig (i.e. journal rotating within sleeve),

Figure 5:
b) Rolling element, (c) Hydrodynamic, and (d) Hydratatic.
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The strengths and weaknesses of common bearing technologiesoare ish
Table 1. It is evident from this comparison that gas bearingsh® most attractive

alternative for development of micromachinery.

Table 1: Bearing type strengths and weaknesses.
Bearing Strengths Weaknesses
High friction

Manufacturability
Dry rubbing High Load Capacity
Contamination avoidance

High wear

Low speed

Lowest temperature range
Require cooling
Oil/grease lubrication
Largest form factor
Assembly
Manufacturability

MEMS fabrication incompatibility
Higher friction than gas bearings|

Good stability
Rolling element | High load capacity
Wide temperature range

Liquid Compac_t . . .| Require periodic liquid change
Lower friction than rolling element bearing SLikelihood of contamination
Can use working fluid
Contamination avoidance
High speed operation
Lowest friction

Gas Lowest heat generation Poor stability

Manufacturability Small load capacity

Minimal wear

Most Compact

Quiet

Widest temperature range

For bearings operating in hydrostatic or hydrodynamic modespfrjcdhesion,
stiction (static-friction), stability and thereby wear aruenced by the relative motion
of component surfaces through intermediate lubricant films. Adslaae transmitted
between these bearing surfaces, the film is wedged or sgubetzeeen the surfaces in

motion creating a film pressure which tends to separate tfeces. This film pressure
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can in turn induce deformation of the interacting surfaces. Theastion between this
film and structural deformation is known as elastohydrodynamidchitoon (EHL).
Figure 6 depicts the three regimes within EHL. It should tecdhthat the bearing

surface roughness scale in this figure is exaggerated for clarity.

oLy
AT Y

AR A

Surfaces
(a) Boundary Lubricated (b) Mixed Film (c) Full Film
Figure 6: Operating regimes within EHL. The roughress scale is exaggerated.

Under EHL conditions, bearings are considered to be operating in a bpundar
lubricated regime if the film thickness is on the order of théasarroughness (Figure
6a). In this regime it is the surface asperities, not theclarifilm, that bear the brunt of
the applied load. Therefore, in order to mitigate wear or the pligsibi seizure,
reliance has historically been placed primarily on surfacatrtrents (coatings). In
contrast, when the bearing film thickness is roughly greater thaa thmes the surface
roughness (Figure 6c¢), the load is carried by an essenftidlllifjubricant film and the
potential for wear is reduced significantly. On the macroscalest fluid bearings
operate in a mixed to full-film regime, and the asperitiecwimfluence long term wear
carry only a small percentage of the applied load compared withcéinaed by the

lubricant film.
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Wear results from a conglomeration of complex parameter iti@madancluding
bearing load, pressure, surface temperature, operational speseriamproperties,
surface roughness, component geometry, and environmental factors swechidisy and
cleanliness. It is reasonable to assume therefore, thatigasbearings would be ideal
candidates for applications requiring minimal wear and maintenance.

The optimization of gas microbearings will entail the supportcoékeration, gas,
gravity, and fabrication related imbalance forces. Directionallyf these forces, acting
on the rotor, will contribute to axial and/or radial bearing load giesequirements.
Satisfying these requirements remains a challenge. émpting to do so, thrust and

journal bearings are generally designed to support axial and radis) teapectively.

1.3 Review of Previous Research

Ever since the first papers on lubrication experimentation (Beaugs Tower,
1883) and theory (Osborne Reynolds, 1886) were published, the determinatiomalf jour
bearing performance and thereby wear characteristics amgeconceivable geometric
variation has proven to be extremely difficult.

In the past decade, metal-based, pneumatically driven, mmiatunbine
prototypes manufactured using traditional 5-axis milling [15] arectit Discharge
Machining (EDM) [16] techniques have been reported (Figure 7). Irdefaalepower
generation, these prototypes employ conventional air and ball bearaspectively.

Wear characteristics of these meso-scaled (~ 0.5-1.0 cmnredig bearings were not
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reported. Associated low power densities, large size, and highcests, however,

render these designs commercially unattractive.

Bearing

Turbine rotor

Stationary
nozzles

Figure 7: Pneumatically driven 5-axis milled (leftjand EDM (right) turbine sub-assemblies
employing conventional air and ball bearings, respaively.

More recently, the first rotary micromotor employing steétroiball bearings
has been reported [17] (Figure 8). One of the key issues with thigmeavas that its 14
mm diameter, manually aligned, silicon-based rotor would not erotathout the
deposition of a silicon carbide (SiC) coating. While this variable-capaeitarmcromotor
briefly attained (upon being coated) a maximum rotation ra&l 6fRPM, operation for
any extended period of time (greater than a few seconds) wasdae by collisions and
jamming between of the 10 manually assembled steel micro-balhggaeach ~ 285 um
in diameter. Upon applying a minimum of 150 V, operation on the ordeefe# hours
was possible at a low rotation rate of 17 RPM. Based on ttwsaderations, the
inherent complexities associated with the application of rollilgment bearing

technologies appear to be exacerbated at the micro-scale.
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Microball Microball housing

Rotor

Contact pads

Fae\
O

Electrode

(b)

Passivation BCB
Via

Microball

_+— Insulation BCB

BCB island Stator trench Interconnection

Figure 8: 3-D schematic of a rotary micromotor (lef) alongside a corresponding radial cross-
section (right) of the mechanical and electrical anponents. It should be noted that
the SiC coating required for operation is not depited here.

Henceforth this literature review focuses predominantly on jourearings that
have been fabricated using lithographic- or MEMS-based technslsgiee they offer
optimal form factor (small size and a minimal number of bgacomponents) and the
possibility of mass fabrication at low unit cost. Further, paldir attention is devoted to
silicon-based journal microbearings since they are most cdigaith conventional IC
as well as more contemporary MEMS processing technologies.

Silicon-based rotating micromachine elements, such as gehfsrajoints, were
introduced as early as 1987 [18], followed by the introduction of thé dusgface
micromachined electrostatic motor in 1988 operating at 500 RPM [19he
demonstration of an air-driven turbine measuring 40 um thick and 900 draneter,
operating at 24,000 RPM followed in the same year [20]. Since tbssanchers have

worked primarily on surface micromachined polysilicon electrigedr rotating
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machinery [21, 22, and 23]. The design space available for employsméabrication
methodology has resulted in bearings with length-to-diametB) @ slenderness ratios
on the order of approximately 0.05. This ultra small L/D ratialtegrom limitations of
the surface micromachining planar fabrication technology [24]is generally agreed
upon that the inability of these ultra low aspect ratio bearingsadintain sufficient
hydrodynamic lubrication between the post and the rotor is what sauzged
wear/seizure to occur [25]. It is not entirely surprisingefae, that wear mitigation via
bearing surface treatment has been the primary are@usd {@6], as silicon is generally
thought to be a poor tribological material [27, 28]. Unfortunately, sarteeatments
alone have failed to markedly improve rotating micromachinery weavisgha

In addition to surface micromachining technologies, researchersusagebulk
micromachining [29] technologies such as deep reactive ion etdiRJE) for
microengines [30]. Though still considered a planar fabricatichntdogy, bulk
micromachining enables larger aspect ratio structures.

To date, analytical and experimental investigations of both créand bulk
microfabricated bearings have focused primarily on plain cyliatigeometries and rigid
bearing components.

The hydrodynamic performances of gas lubricated stepped and pliaidrical
journal microbearings (L=500 um; D=500 um) were predicted in 2004 Bij.a given
eccentricity, the load carrying capacity of the plain rical journal bearing was

calculated to be significantly greater than the gas lubricated sté&gaeing.
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Wear characteristics of similarly large aspect ratio0(6), plain cylindrical
journal bearings with and without tungsten alloy coatings, dated using X-ray
lithography and Ni electroplating were reported in 2005 [32]. FResntlicated that
coated microbearings had lower wear rates than uncoated bearings.

While experimental investigations of wave/lobed (non-cylindyi¢aB8] journal
microbearing designs have not been reported, similar load bearingtg@mdancements
using lobed microbearings for high speed applications have been predicted [34, 35].

Macroscale foil bearings used in high speed applications @respace) offer
enhanced stability and accommodate vibration suppression, elastic amdalthe
distortions [36]. Currently, there is no published literature on miaie foil bearing
development. Motivated by the foil bearing compliance charattsj a numerical
analysis of novel flexible, large-aspect ratio, high-speed joumalobearing designs
was recently claimed to improve load capacity and enhance stability [37].

An experimental investigation of the influence of taper on gas ahaaring
(rotating tapered shaft within a plain cylindrical bearing) @enince was conducted in
1966 [38]. It was determined that the cocking (misalignment) oflhé& would increase
due to either increased shaft taper or increased bearinmgratea It was also observed
that the half frequency whirl, threshold speed of the taperedwshafapproximately the
same as that of an unmodified shaft. It should be noted that theh&dsiand bearing
lengths were approximately 2.5 and 1.125 inches, respectively wbile/D ratio was
approximately 1.0. More recently a numerical study was conducteialty varying
microbearing clearance [39], a sighature characteristith@fDRIE process. It was

determined that tapered and bowed bearing clearance profilesletgmental to bearing
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load capacities when compared to plain bearing clearanceschématic illustrating
these three bearing profiles is shown in Figure 9. Taper cl@imed to be more
detrimental than bow. Results also indicated that a lower miniloadwas required for

stability in the axially varying case.

Hub Hub Hub

Taper Bow Plain

Figure 9: Bearing cross-sectional profiles. Rotorotates about stationary hub.
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1.4 Dissertation Goals and Objectives

To date, relatively little is understood about the wear behavioarge laspect
ratio microbearings. The main goals of this dissertatioricanevestigate the effects of
conformality and clearance on wear of microfabricated journaligsar In addition, the
work herein establishes a foundation for future microbearing desighsassociated
performance characterization techniques.

The specific objectives of this work are to

¢ design and fabricate large aspect ratio silicon journal microbearings
e develop experimental apparatus necessary to test them
¢ develop methodologies to measure or characterize

o load

0 rotor rotational speed

0 clearance

0 wear

By obtaining a more thorough understanding of how these parameteenodl

bearing reliability, this fundamental hindrance to the developmennhaiy MEMS

applications can be substantially mitigated.
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1.5 Dissertation Outline

Chapter 2 presents microbearing design and fabrication aspetiss ofvork
including the technologies and procedures used. Challenges faced am$ llessned
from both successful fabrication techniques as well as unsucces&ipts are also
documented.

Chapter 3 covers the experimental test methodology associatid theé
microbearings. Included here are metrology and wear charzati@n techniques as well
as experimental apparatus development.

A discussion of the experimental test results is contained ipt&hd. Included
here are modeling simulations.

Chapter 5 will conclude with the summary and contributions of thisk wor
followed by fabrication and test lessons learned, and recommendations foréstaech

and development.
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CHAPTER 2

2 MICROBEARING SYSTEM DESIGN AND FABRICATION

This chapter will discuss microbearing system design and célmn
considerations, including technologies and procedures used to developothend hub
microbearing components. The work herein was conducted in two sedjysrdses:
Phase 1 initiated by researchers at the Rochester Institdecbhology (RIT) [40, 41]
and Phase 2 differentiated by design parameters and fabricatioespes. Challenges
faced and lessons learned from successful fabrication techniquedl @ unsuccessful
attempts are documented throughout. Detailed fabrication recipgsemented in the

appendix.

2.1 Overview of MEMS-Based Fabrication Technologies

This section contains an overview of relevant MEMS-based faloicati

technologies. For comparison, a brief contextual overview of LIGAq@mpeting

microfabrication technology not used for this work), is presentedheatehd of this

section.
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2.1.1 Thermal Oxidation

Silicon dioxide (SiQ) can be used as a mask during etch processes. The thermal
oxidation of silicon is typically accomplished in an atmosphere auntaioxygen (dry
oxidation) or water vapor (wet oxidation) at elevated temperatypéesally ranging from
900 to 1000 °C. Wet oxidation is characterized by a higher grow¢hthain dry
oxidation and is preferred when growing a thick oxide. On the othek, kday oxidation
yields a higher-density oxide. An elevated temperature isregfjin order to enhance
oxygen'’s diffusion rate through the growing Si@yer.

The oxide layer depicted in Figure 10 grows thicker as silisaronsumed from

the Si-SiQ interface. The amount of the silicon consumed is 44 percent of total

thickness of the oxide grown.

Figure 10: Schematic depicts the oxidation of silan.
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2.1.2 Photolithography

Photolithography is used to transfer patterned device designs ontoagubs
wafers (Figure 11). During the photolithographic process wafersc@ated with a
polymer (photoresist) that is sensitive to light. Once the etksegions of the coated
wafers are exposed to light through patterned masks, the exposed p@tythercase of
positive photoresist) becomes soluble and can be removed using devefopentrast,
if negative photoresist is used, its polymer chains are crdg=dliny the light, rendering
the exposed areas insoluble. In either case, the remaininghesiserves to protect the

silicon wafer from future etching or material deposition.

Ultra Violet (UV) Illumination

\AAAAAAAAAAAAA/

Chrome on Glass Photomagk

Latent Imagein
Photoresist

/ Devetp ment\A

Positive Photoresist Negative Photoresist

Figure 11: Schematic of the photolithographic procss.
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2.1.3 Deep Reactive lon Etching

DRIE can be categorized as an anisotropic bulk micromachining teclyramag
can be used to etch features completely through silicon svéigrically 500 - 600 um
thick). The DRIE technique (Figure 12), invented by Bosch [42], is ctearzed by the
cyclic repetition of an isotropic etch step using sulfur hexatftieo(SFk) followed by a
passivation step which deposits a Teflon-like layer using octoftystobutane (¢Fs).
The purpose of the passivation layer is to protect the sidewattsthe next iteration of

isotropic etching. Nearly vertical walls can be obtained using this technique.

1224 1224

Etch (SK)

Passivation (¢Fs)

VYVVY 1224/

Repeat Etch (Sf Scalloping

Figure 12: Schematic of DRIE sequence profile
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2.1.4 Potassium Hydroxide Etching

Potassium hydroxide (KOH) etching is another bulk micromachimicigniology
that can be used to etch non-cylindrical features completely thrsilighn wafers.
KOH, however, is a wet etchant and is selective as it etaiessly stopping upon
encountering silicon {111} crystal planes (Figure 13). This plangeni@ency limits
through-wafer feature aspect ratios. The KOH etch procegnerally carried out at an

elevated temperature in order to increase the etch rate of silicon.

Figure 13: Schematic of KOH etch profile.

39



215 LIGA

While not used here, LIGAithographie galvanoformungund abformung is a
competing process for fabricating high aspect ratio microstrest(Figure 14). In the
first step, high energy X-rays generated by a synchrotrerused to expose an X-ray
sensitive resist such as polymethylmethacrylate (PMMA) througask.mOnce a pattern
in the resist is developed, metallic microstructures and/or rmaids are electroformed.
In the next step, secondary microstructures made from polymetalsnor ceramics can
be molded using the electroplated metallic micro-molds. Theseondary
microstructures can now be utilized in a secondary electroforprimgess step to make
additional metallic molds. Though relatively straight walle attainable, one of the
challenges in using LIGA is shrinkage during the PMMA polynaian process leading

to strain in the resist layer. The major prohibitive considmras the requirement of a

synchrotron.
i II 3|w‘——x-nays {c) Molding Process Mold Insert
(a) Lithography l“' — (Mtﬂal;1se
T
,, —— Absorber (Au) _ Injection Hole
o 3 ~— -
Irradiation ~~Mask Membrane Mold _. Molding

T~ Resist Filling . Mass

\ . =
Development  Metallic
of the Resist Substrate
—— .. Demolding
~~ Microstructure Process: <

Made of Plastic
(b) Electroforming =
Metal M
Deposition -""'--..,_.

Stripping of ___ Microstructure
the Unirradiated ‘ ’ Made of Metal )  Gate Plate

Resist Electrode
S?  Plastic

== Metal

Figure 14: Representation of the LIGA process [43].
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2.2 Phase 1 Microbearing System

Figure 15 depicts an SEM micrograph of a rotor that has been nyanual
assembled to a stationary hub to form the microbearing systerhe rdtor is
pneumatically driven by nitrogen gas (Figure 16) which enterdleddaccess hole from
the backside of the hub and flows through one of the rectangular microchannels.

The rotor bearing length and diameter for this phase are apm@mtety 165 um
and 400 um, respectively, resulting in an L/D ratio of approximétdly The rotors and
hubs used in this phase are created on separate silicon wafexg.afé subsequently
assembled manually to form the microbearing systems. One tietiedits of manual
assembly is that rotors and hubs can be mixed and matched to obtaadadnge of
custom radial bearing clearances and configurations. Achieathgl bearing clearances
on the order of 1-10 um (the range of interest for the work hereimydans ofn situ
fabrication of rotors and hubs is not feasible using current MEMSicédion

technologies.
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Figure 15: SEM micrograph of a manually assembled mrobearing system (hub and rotor).

& 3,000 um >
125 pm 250 ym —>» = <«
\
A Ein:
© 1,500 pm\ width 50 pm
1,950 un ~, length 200 pum

Hub Rotor

NOT TO SCALE

Figure 16: Microbearing assembly schematic depictsingle channel nitrogen gas flow in order
to rotate the rotor.
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2.2.1 Phase 1 Rotor Fabrication

Figure 17 shows the fabrication sequence for Phase 1 rotors. The sequence begins
with the RCA cleaning (Appendix A.1) of a double-side-polished (DSP), 160 m
diameter (100), single crystal silicon wafer. The wafen undergoes a dehydration
bake at 200 °C for 2 minutes just prior to being spin-coated with hetkgldisilizane
(HMDS) in order to promote photoresist adhesion.

Next, the wafer is spin-coated with a 4.7 um thick layer of AZ4620opbsist at
a rotational speed of 3,000 RPM for 45 seconds. It is then placed 6at6Gahotplate
for 2 minutes to evaporate the photoresist solvent as well aspi@ve photoresist
uniformity, adhesion, and etch resistance.

Once photoresist coated, a portion of the wafer is exposed for 20 séwanah
a reticle using a 5X projection photolithography system (GCA 670@egstepper). This
process is repeated 8 more times as the wafer is steppedd(inpspecific increments),
under the system’s series of optical pattern reduction elementsneixposed areas,
resulting in a 3X3 matrix of rotor pattern designs.

Rendered soluble, the irradiated regions of the positive photoresigigcaat
dissolved away upon a 7 minute immersion into MF-CD-26 (tettayteshmonium
hydroxide (TMAH)) developer.

A deionized (DI) water rinse is then performed for 60 seconds @i@RIE.
After DRIE, the photoresist is stripped away in a BRANSON 328HER using Q

plasma for 4.5 minutes. The wafer now undergoes a second RCA cleaning.
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In order to reduce the inherent sidewall roughness, resulting fronkt,Dél
techniqgue known as “oxide polishing” is employed. A 2.5 um thick, 3&9er is
thermally grown on the wafer using a BRUCE horizontal diffusiondoe, rendering the
resulting Si-SiQ interface smoother than the initial DRIE-formed sidewallpok) the
subsequent removal of this oxide layer, an averaged sidewall rougir&®3 nm Ra is
obtained using a WYKO optical profilometer. This roughness valuanias to that
obtained by researchers [44] for DRIE-formed silicon microchastnettures of similar
aspect ratio.

In preparation for another photolithography step, the wafer is first clestte®|
water and then with isopropyl alcohol before being air dried. thésn baked on a
hotplate at 140 °C for 3 minutes before being spin-coated with HE3000 RPM for
60 seconds.

A 1.5 um thick layer of Shipley 1813 (g-line photoresist) is now spun 81080
RPM for 60 seconds. This is followed by a pre-exposure bake on a B6tglate for
120 seconds.

In this second photolithography step, the wafer's backside is nearlpletely
exposed for 30 seconds, in hard contact mode, using a 1X photolithograpém sys
(KARL SUSS MA150 contact aligner). No special mask is redufog this step. A
simple ring of construction paper is taped to a blank reticlerder to mask an 8 mm
annular region starting from the edge of the wafer. This is ttbeasure the rigidity of

the wafer for handling purposes upon subsequent KOH etching.
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Once exposed, the wafer is hand developed for 120 seconds in a PY®BEX tr
using MF-CD-26. It is manually agitated during development andegulestly
inspected for clarity under an optical microscope.

The SiQ on the exposed backside of the wafer is then removed usingeadouff
oxide etch (BOE) solution containing a 10 to 1 ratio of ammoniumifladiNH:F) to
hydrofluoric acid (HF). The wafer is then placed in DI water for 5 minutddaed.

The wafer’'s backside is then KOH etched until the ,.Sa®the bottom of the
DRIE-formed trenches is reached (~ 4 hours in this cadag. 40 percent KOH solution
utilized is maintained at 90 °C to achieve an etch rate of approximately lruminoge.

In a final rotor release sequence, the wafer is first suboh@nge a 10:1 mixture
of BOE with surfactant and then into DI water for periods of 60 m#atel 15 minutes,
respectively, before being air dried. The intent of the swafcis to assist in the

complete removal of SiDespecially from the rotor bearing surfaces.
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Starting Silicon Wafer

xey: Wl 777 WA

Si0, Resist Si

1- Spin on Resist Coat

2- Photolithography (DRIE Pattern)

3- Develop

4- DRIE

5- Strip Resist

6- Grow Thermal SiO,.

(a) Steps 1-6

Figure 17: Phase 1 rotor fabrication sequence: (ateps 1-6; (b) steps 7-12.
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7- Spin on Resist Coat

8- Photolithography (KOH opcning)

9- Develop

10- HF Etch Backside

11- KOH Backside

12- HF Release Rotor

31144

(b) Steps 7-12

Figure 17: (Continued)
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A photograph of the KOH etched rotor wafer surface is shownguré& 18 while a
magnified optical image of a single rotor's KOH etched surfachown in (Figure 19).
The pitting seen in these photographs is indicative of non-uniformngtcimost likely
due to

e micro-masking by pre-existing contaminants in the KOH etch bath
¢ non-uniform temperature distribution of the KOH bath

e micro-masking due to hydrogen bubble accumulation

The pitting does not appear to affect rotor performance for thedess studied in this

work.

Figure 18: Wafer after release of the rotors.
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Figure 19: Magnified image of single rotor's KOH ethed pitted surface.

Novel “sprue” features and a “float” etching technique enabled¢helopment of
these rotors. The sprues, patterned using the DRIE maskcéfadomi process step 4),
hold the rotors in place during the KOH etching process. Theydtaas thin silicon
fasteners, located on the outer diameter of the rotors betwesstdhéns and on the fin
tips, connecting the rotors to the rest of the wafer frame I(Eigd). The sprues are then
fully oxidized during the oxide growth step and finally dissolved adayng the rotor

release etch step.
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Wafer Frame

Rotor

Figure 20: Optical microscope image of sprues used hold rotor in place during KOH etching.

The float etching technique, depicted in Figure 21, entails floahagdevice
wafer on top of the KOH etchant bath (fabrication process ki@¢p The rotors are
oriented upward (away from the KOH bath) during this backside €tths is done in

order to prevent the rotors’ top and critical vertical bearing surfaces frag étehed.
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Teflon Tape
Teflon O-ring

Section A - A

Figure 21: Schematic of the “float” etching techniagie depicts aerial and cross-sectional views of
a wafer and Teflon O-ring circumferentially wrapped with Teflon tape.
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The sprue features and the float etching technique provide the following
advantages

e cumbersome and costly protective wafer rigging that is standardtioyger
procedure when KOH etching is eliminated

e general process visualization is enhanced

e a visual etch end-point-detection scheme is introduced, thereby
eliminating the need for multiple inspection withdrawals of waferm
the hot KOH bath

e process safety is enhanced and the possibility of cross-contamingti
reduced as a direct result of the minimization of inspection vathals as
well as associated logistical handling throughout the fabrication fesilit

e induced thermo-mechanical stresses are minimized as a disedt of
minimizing the frequency of insertions and withdrawals of theicage
wafers into the heated etch bath

e messy “black” waxes that are typically used for device magslare
eliminated, thereby reducing cleaning and maintenance costs poresi

as well as to the actual device wafers

It should be noted that a small amount of KOH vapor condenses ontd tbfe li
the KOH bath and drips onto the device side of the wafer. This wwmakensate at a
relatively lower temperature does not affect the device sidhe wafer due to the thick

conformal SiQ coating.
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2.2.2 Phase 1 Hub Fabrication

To optimize material cost, the (100) single crystal stanrader used for hub
fabrication is only single side polished (SSP). In contrast toake for rotor fabrication,
a DSP wafer is no longer required as hub wafer backside etishimay employed. The
fabrication sequence for the Phase 1 hub is identical to that &hse 1 rotor and is
completed at step 5 of Figure 17.

Upon completion of step 5, the wafer is diced using a diamond wafer sa
resulting in approximately 20 mm by 20 mm bearing hub assendolids which the
rotors are manually assembled. The hub DRIE depth must, thefedogegater than the
rotor thickness in order to seal the assembled microbearing wgflasa cover slide
during testing.

Once diced, an identification number is diamond scribed onto the bk béib.
The four nitrogen access holes on each hub are then manually dsiltegda high-speed
diamond coated tool bit. To accomplish this, the hubs are place oma gairticle
board laminated in smooth veneer in order to minimize flexure of the tpbs
application of drill bit pressure while allowing for possible penetration of thierdd the
veneer upon nitrogen access hole breakthrough. During this delicaatiaperesulting
debris are continuously blown off the hub’s top surface while the lordd is lightly
tapped aiding in drilling end-point-visualization. In addition, the sound Wihdris used

to detect completion as minimal tactile feed back is presennhgluhe operation.
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Cleavage along the microchannels, during drilling, results in a helol yate of
approximately 60 percent
In a final cleaning sequence, the hub is
e immersed in acetone for 45 minutes
e immersed in isopropyl alcohol for 15 seconds
e sprayed thoroughly with DI water

e dried using an air gun

Upon completion, the hubs are stored with their DRIE-formed surfaces) down in a
corrugated container to minimize debris accumulation inside the test gavitie

Figure 22 shows a diced hub prior to and after nitrogen access hidileydri
respectively, while Figure 23 shows a magnified SEM microgragheohub geometry.
It is evident from this image that the bottoms of the accessshae not perfectly
circular. This is due to the abrupt cleavage of these thin sitt@mbranes along their
crystal planes upon drill breakthrough. Any remnants not rigidpclagd to the hub
should be removed as they may inadvertently dislodge upon the applichtidrogen
pressure during testing, resulting in flow blockage or rotor detsdtn. Care must be
taken, however, in any attempt to break off remnants of concemrdan to prevent the
entire die from cleaving. A diamond wafer scribing pen was usexkveral cases to

accomplish this task.
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Figure 22: Diced Phase 1 hubs (pre-drilled (left) ad post-drilled (right)).

Figure 23: SEM micrograph of Phase 1 hub.
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2.3 Phase 2 Microbearing System

Figure 24 shows an exploded view schematic of a representatiase P2
microbearing characterized by a rotor-hub (analogous to Phagst&jn. In accordance
with the system design intent of achieving custom beariragaihees and configurations,
Phase 2 microbearings are also designed for manual agseRtlr significant changes,
however, are made in the development of the Phase 2 microbearemsysth the aid
of lessons learned from Phase 1. Changes related to the hub desfgst arovered,
followed by changes related to the rotor.

First, as illustrated in Figure 24, compressed nitrogen gasevil be supplied to
the rectangular microchannel from the hub’s top surface via a 3nmdrameter feed
hole, thereby eliminating the need for drilling access holes coahpldtrough the brittle
silicon as was done is Phase 1. Several significant beagfitssfrom the elimination of

the drilling procedure including

a device yield increase via the elimination of drilling induced cleavage

e the elimination of the possibility of destruction by way of Baslicon
drilling remnants dislodging and striking the rotor upon system
pressurization

e areduction in possibility of nitrogen leakage, since only the topcaudfa
the hub now requires sealing

e the elimination of post-drilling cleaning procedures, thereby iaduihe

possibilities of handling damage and residual contamination
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Figure 24: Exploded view of Phase 2 microbearing @g&gn depicts hydrodynamic sectorial, step
thrust bearing pads.

Second, two types of hubs, one with sectorial, step thrust bearing ghexen
schematically in Figure 24, and one without (not shown), are dekigriee fabricated on
separate wafers, respectively. The thrust bearing padsparated at the bottom of the
hub’s base, are defined using a separate photolithographic mask .pafieendesign
intent of these pads is to promote gas lubrication between the bafttbwn rotor and the
base of the hub, thereby reducing contact friction and in turn, imtgeador rotational

speed.
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Due to current MEMS-based technology fabrication constraintsntst feasibly
implementable self-acting thrust bearings are stepped thrasinge The theory of
these bearings (also referred to as Rayleigh stepped ¢@anmm@s first discussed by
Rayleigh in 1918, when he determined the optimum geometry foimuax load
capacity for 1-dimensional stepped bearings. Later, Archibalddésussed the load
carrying capacity of the stepped sectorial thrust bearing depicteglureR25, where radii
R andR, and angle®; andéd, represent the sectorial boundaries. A representation of the
moving rotor (included on the top of the cross-sectional view) is rednioge the axial
view (left) in this figure for clarity. The film thickness above each sector are
represented bl; andh; (i.e., h, represents the film thickness between the bottom of the

rotor and the bottom surface of the thrust pad).

Section S-S

Figure 25: Axial (left) and cross-sectional (right)views of a sectorial, step thrust bearing. The
moving rotor shown in Section S-S is omitted in thaxial view for clarity.
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Third, as depicted in Figure 26, all Phase 2 hubs incorporate strsigbie,
nitrogen flow microchannels that are shorter in length than thosd’hase 1.
Consequently, the device yield per wafer is increases by 400 peroaemt9 hubs to 36,
in turn, resulting in a reduction of unit fabrication cost. Additionathgnufacturing
concerns pertaining to inter-wafer process uniformity are notigated. As a final
benefit, attributable to the straight and shortened microchannehdesigwer nitrogen
supply pressure is required to achieve Phase 1 rotor operational speeds.

In the fourth and final significant hub design change, the needdfarwlicing is
eliminated as the test apparatus and methodology, to be discosSédpter 3, is re-
engineered to incorporate the entire wafer. The eliminatiothisfwafer dicing step
minimizes cost while maximizing yield, by eliminating the gibgity of wafer damage
during dicing as well as associated intermittent handling and dposty cleaning
procedures.

As is illustrated in Figure 26 (Detail A), a maximum of 10 huéntiters (two
middle columns), ranging vertically on the wafer, from 401-392 purnmarements of 1
pm, are designed on the mask. This mask design layout mitigatesrrcomelated to
intra-wafer device uniformity by taking into consideration radidiypendent fabrication
processing such as DRIE. In this work, since the hub diameteecinrow are equal,
radially equidistant hubs in each row will be nearly identicalcessed. In a final
note pertaining to the wafer hub design, the spacing between suecésbs is

constrained by the size of the experimental fixture gas connectors déscribieapter 3.
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Figure 26: Hub wafer design layout. Detail A depits a single hub to which a rotor will be
assembled to. Detail B (not shown) contains customafer alignment features. All
dimensions are in pm unless otherwise denoted.

60



The Phase 2 rotor mask design layout, shown in Figure 27, incorporatés eig
identical metrology blocks (enlarged in Figure 28) which incltidem sized minimal
features that are used for both intra- and inter-wafer falmrc@grocess monitoring and
device comparison. A maximum of ten rotors (shown together in Fig@rdor
comparison and depicted at higher magnification in Appendix B.1 &oityg|, designed
to be distinguishable by the unaided eye for rapid sorting andetestisn, are patterned
radially on this mask. Since achieving an ample rotor sampée ferztesting is of
concern, this radial configuration is then patterned circumfaigntin 15 degree
increments, resulting in a maximum of 24 identical rotors of easlgmlend thereby
mitigating concerns related to radial dependent processing.

The microbearings in this phase are designed to have L3 ranging from 0.4
(similar to Phase 1 microbearings) to 0.7. Since the hub bediangeters are designed
to be on the order of 400 um, rotors with different bearing lsngtlk fabricated on
separate wafers. It is important to note that in the eventharevafer under- or over-
etching, rotors 1, 3, and 5 are each designed with bearing dianteaediffer slightly
from the rest of the 400 um bearing diameter rotors. Moreovedekign methodology

potentially broadens the range of possible bearing clearances.
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Figure 27: Rotor mask design layout. All dimensios are in um unless otherwise denoted.
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Figure 28: Process monitoring metrology blocks comiining 1 um minimum features.
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Novel in situ “wear indicators” (enlarged in Figure 30 (Detail A)), intended to
facilitate the rapid quantitative and qualitative determinatiowesdr, are incorporated in
the designs of rotors 3, 4, 5, and 7. Moreover, the incorporation of lugsén
metrology features eliminates the need for expensive meyrblaglware, software, and
associated repetitive calibrations. A relatively inexpensaredheld magnifying glass is
all that is required for rotor sample wear comparisons.

Each of the 5 sectorial wear indicators per set is chamesddoy a 3 um radial
length and 1.5 degree arc span. The first wear indicator in agasfeum from the
rotor bearing surface.  Successive wear indicators are rpadteradially and
circumferentially in increments of 1.5 um and 1.5 degrees, respgctigellting in a 1.5
pHm maximum wear resolution. The resulting set is then patterineumferentially in
increments of 30 degrees, enabling the determination of non-conagediic In order to
minimize their effect on wear, indicators should be as supérésigossible, requiring
both infinitesimal radial lengths and DRIE depths. It is impoytietrefore, to note that
the equipment and fabrication process capabilities, particulagethrelated to

photolithography, constrain the wear indicator design geometries used herein.
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Figure 30: Rotor schematic depicts noveh situ wear indicators.

Rotors 1-5 are designed to be rigid and nearly identical irs swad contain 2, 3,
4, 5, and 9 spokes, respectively, in order to facilitate identificaMghile the fin tip-to-
tip diameters of rotors 6 and 7 are identical, rotor 7’s outside tkansdarger, resulting
in shorter fins. In contrast to rotors 1-7, novel compliant design gaemare employed
for rotors 8-10. The design intents of the thin (on the order of priRinner rings and
fasteners are to render the rotor locally and globally elaséispectively. Upon
considering the limitations imposed by the available MEMS fabidn technologies, the
smaller feature thickness limit of 5 um is based on achieti@@pproximately 200 pum
bearing length considered here. Furthermore, as the saliameftlaickness decreases,
the consequential increase in rotor frailty renders rotor-to-hebnasy increasingly

challenging.
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2.3.1 Phase 2 Rotor Fabrication

A 100 mm diameter, double-side-polished, (100) single crystal silcater,
containing a 2 um thick layer SiQOs utilized in the fabrication of Phase 2 rotors. The
thickness of this thermally grown SiQs verified using a PROMETRIX SM300
SPECTRAMAP. In preparation for processing, the wafer tinelergoes a dehydration
bake at 200 °C for 2 minutes just prior to being spin-coated with hetkgldisilizane
(HMDS) at 3,000 RPM for 20 seconds in order to promote photoresist adhesion.

Figure 31 shows the remainder of the major rotor fabrication segqusteps
beginning with the wafer being spin-coated with a 3.0 um thigérlaf MEGAPOSIT
SPR 220-3.0 positive photoresist at a rotational speed of 3,000 RPKI $ec8nds. It is
then placed onto a 115 °C hotplate for 90 seconds to evaporate the phatoresigtas
well as to improve photoresist uniformity, adhesion, and etch resistance.

Once photoresist coated, the wafer is exposed for 9 secondse(ddtermined
using a dose mask to expose sectorial regions of a processtehaation wafer), in
hard contact mode, using an HTG System IlI-HR contact aligAgrost exposure bake,
used to reduced standing waves, is then performed at 115 °C for 90 seconds.

After exposure, the wafer is developed for 60 seconds in a HAMATETEAG
single wafer spin processor using AZ-300-MIF (tetramethylamaomonihydroxide
(TMAH)). A deionized (DI) water rinse is then performed for 60 seconds.

The 2.0 um thick layer of thermal Si@& then removed using a fluorine based

OXFORD PLASMALAB 100 inductively coupled plasma (ICP) etcheBefore
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removing this oxide, however, an oxygen-plasma clean is perforniegl asdummy”
silicon wafer. As the thermal oxide on the device waferl&ively thick, the ICP etcher
must be constantly monitored for overheating. In such an event, BGtemiong
intermittent cooling shut downs may be required to complete thepstress. Upon
completion of this etch step, the wafer is placed into a batiob{75 °C) photoresist
stripper (AZ300T) for 60 minutes.

A single chamber inductively coupled plasma / reactive ion e{th¢AXIS 770
SLR ICP Deep Silicon Etching system) is used to DRIE théenmed rotors. The
passivation step of the DRIE process is performed for 5 secofidsxat0® Torr, using
mass flow rates of 70 sccm, 2 sccm, and 40 sccm fBg, GF;, and Ar, respectively.
RIE and ICP power settings for the passivation step are 0.1 W and/ 8&&pectively.
The passivation step is followed by a 2 second etch step at 23 katOto remove the
passivation coating at the bottom of the channel, using mass flosvaf sccm, 70
sccm, and 40 sccm forsks, SFs, and Ar, respectively. RIE and ICP power settings for
this first etch step are 8 W and 850 W, respectively. ThislmAetd by a 5 second etch
step at 23 x I8 Torr to remove the exposed silicon material, using mass flainge of
2 sccm, 100 sccm, and 40 sccm faF4; Sk, and Ar, respectively. RIE and ICP power
settings for this second etch step are 8 W and 850 W, respectitedfrould be noted
that there is a 1 second lag between each of the preceding 8E Upon the
completion of this DRIE step, an oxygen-plasma clean (using a ERAN 3200

ASHER) is performed for 120 seconds to remove any residual passivatiomgcoa
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In preparation for wet oxidation, the wafer is RCA cleaned. A 1 pm kayek of
oxide is then thermally grown on the wafer in the BRUCE fugnasing Recipe 168
(Appendix A.2).

A 1.5 um thick layer of Shipley 1813, g-line photoresist is now spun 8060
RPM for 60 seconds. This is followed by a pre-exposure bake on a B6tplate for
120 seconds.

In this second photolithography step, the wafer's backside is nearlpletely
exposed for 30 seconds, in hard contact mode, using a 1X photolithograpémy syst
(KARL SUSS MA150 contact aligner). No special mask is requoedhis step. Prior
to exposure, a simple ring of thick construction paper is tapedlan& reticle in order
to mask an 8 mm annular region starting from the edge of the.watas is done to
ensure the rigidity of the wafer for handling purposes upon subsequent KOH etching.

Once exposed, the wafer is hand developed for 120 seconds in a PY®EX tr
using MF-CD-26. It is manually agitated during development andegulestly
inspected for clarity under an optical microscope.

The SiQ on the exposed backside of the wafer is then removed using a BOE
solution containing a 10 to 1 ratio of MHto HF. The wafer is then placed in DI water
for 5 minutes and dried.

In deviating from the KOH etching technique used for Phase 1 rdinocdsion,
the Phase 2 rotor wafer is completely immersed verticatly the KOH bath. The 40
percent KOH solution is maintained at 90 °C to achieve an etelofapproximately 1
pm per minute. To protect the rotors from etching, a so-catlledice sandwiching”

procedure is developed. In this procedure, the polished side of a dunuoy silfer is
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first placed adjacent to the DRIE-formed side of the rotorewafThe corresponding
wafer flats are then oriented so that they are in a corliogafiguration. Finally, this
wafer sandwich is circumferentially wrapped with Teflon tagreating a hermetic seal
between the two wafers. Once immersed into the KOH, tferasare etched until the
sandwiched rotor pattern is visible. It is observed that somoesrstart dislodging from
random wafer locations soon after the DRIE-formed pattern begiesi¢éoge. This is
due to the insufficiently thick 1 um thermal oxide intended to tearpprwithstand the
KOH. In an attempt to salvage the remaining intact rotorswitier is immediately
removed from the KOH etchant. After inspection, it is determthatl the intra-wafer
etch uniformity achieved in this Phase is substantially bétger that achieved in Phase
1. Additionally, pitting is no longer visible with the unaided eye. @&hegproved
characteristics are attributed to

e the freshly prepared KOH bath, free of black wax and other contaminants

e and the vertical immersion of the wafer into the bath, therehyireiing

the underside coalescence of micro-masking bubbles

In a final rotor release sequence, the wafer is first suboh@msz a 10:1 mixture
of BOE with surfactant and then into DI water for periods of 3@uteis and 15 minutes,
respectively, before being air dried. The intent of the suriadgg&to assist in the
complete removal of the thermally grown $iCespecially from the rotors’ bearing
surfaces. Upon completion of this process step, it is determined ghdficient KOH

etch depth was not achieved rendering the rotors unusable.
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Starting silicon wafer

1- Spin on resist coat

2- Photolithography (DRIE pattern)

3- Develop

4- RIE (SiO,)

S- Strip resist

6- DRIE (Si)

(a) Steps 1-6

Figure 31: Phase 2 rotor fabrication sequence: (ateps 1-6; (b) steps 7-12.
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7- RCA clean

8- Grow thermal SiO,

9- Spin on Resist Coat

10- Photolithography (KOH opening)

11- Develop

Z 2
12- HF Etch Backside m
=z 2
13- KOH etch backside _u_u_u_
4 A |

14- HF rotors (release)

(b) Steps 7-12

Figure 31: (Continued)
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Figure 32 shows a photograph of a rotor wafer after DRIE (StepRgdial
dependent etching of the thermally grown Si® evident from the photograph as
signified by the color change along the peripheral annular regitre wafer, where the
SiO, is measured to be thickest. The design intent of this circumihgntatterned

rotor layout is, therefore, considered fulfilled.

Figure 32: Photograph of rotor wafer after DRIE.

72



Figure 33 shows an SEM micrograph and a magnified optical imagPludse 2
rotor after DRIE, characterized by the successful incorporatiareaf indicator features.
At higher magnification, the DRIE-formed wear indicators aloserved to be oval in
shape as opposed to sectorial. This is due, primarily, to tae dpst size utilized in
writing the photolithography mask. A smaller laser spot siekly a higher resolution

and hence sharper corners.

wear

indicators

AccY, SpolMagn WD
260kV 650" 100x 251

Figure 33: SEM micrograph depicts the geometry of aPhase 2 rotor after DRIE (left).
Magnified image depicts an axial view of the rotokvear indicator features (right).
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2.3.2 Phase 2 Hub Fabrication

Following the reasoning described for Phase 1 hub fabrication, Phagdes 2re
fabricated on the same type of (100) single crystal, singlepsilighed wafer substrates.
The fabrication sequence for the Phase 2 hub, without thrust pads isaldemthat of
the Phase 2 rotor through step 8 of Figure 31. As was the cBbase 1, the hub DRIE
depth must be greater than the rotor thickness for subsequent sealing during testing

After performing this oxide polishing process step, the theynmabbwn SiQ is
removed using a BOE solution containing a 10 to 1 ratio ofANid HF. The wafer is
then placed in DI water for 5 minutes and dried. Once theepsing sequence is
completed, the hub wafer is stored with its DRIE-formed sarfacing down in a wafer
container to minimize debris accumulation inside the test cavities.

The process for fabricating hubs with sectorial stepped thrustipaldpicted in
its entirety in Figure 34. It entails the insertion of stepghugh 4 into the
aforementioned Phase 1 hub (without thrust pads) process sequenceevillens from
Figure 34, a separate photolithography mask, containing the thruspatn, is
required.

Figure 35 shows a photograph of a completed hub wafer. Figure 36sdiaict
successful incorporation of the first known microsystems-based stémoestl bearings

pads.
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Starting silicon wafer

1- Spin on resist coat

2- Photolithography (thrust pad pattern)

3- Develop

4- RIE (SiO,)

IR

5- Spin on photoresit

(a) Steps 1-5

Figure 34: Phase 2 fabrication sequence for hubs thithrust pads: (a) steps 1-6; (b) steps 6-11.
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6- Photolithography (DRIE hub pattern)
Ll Ll

7- Develop

8- RIE (Si0, and Si)

9- DRIE Si

10- Grow thermal SiO,

11- BOE SiO,

e

(b) Steps 6-11

Figure 34: (Continued)
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Figure 35: Photograph of Phase 2 hub wafer.

Figure 36: Optical image of Phase 2 hub depicts thist pads.
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CHAPTER 3

3 EXPERIMENTAL TESTING

This chapter presents the experimental aspects of this workotbr phases,
including the test setup and test procedures used. The appdeatlsped for testing
and metrology is also detailed. Apparatus schematics arenfgésa the Appendix.

Detailed discussions of the experimental results are presented in Chapter 4.

3.1 Phase 1 Testing

The primary intent of Phase 1 testing is to investigate confaynedfects on the
wear of microbearings. The following three sections presleattest setup, test

procedures, and experimental results.

3.1.1 Phase 1 Test Setup

A photograph and schematic of the Phase 1 experimental test setshpoam in
Figure 37 and Figure 38, respectively. The optical bench is pimss$waiuring testing for
vibration isolation. Light is transmitted from the light source thloan optical fiber
coupler via an optical fiber. The emitting end of the optical filkeersituated

perpendicular to the top surface of one of the rotor's fins. Adinketraverse the
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perpendicular light path, some of the light is reflected back intoglieal fiber and back
through the coupler to be picked up by the light meter via anotherabfitber. The

power signal from the light meter is then transmitted intoasalloscope in order to
determine the rotational frequency of the rotor. Using the ¢@p@aratus, depicted in
the schematic, rotational frequencies of up to 1 GHz can be adguraeasured.
Nitrogen gas from a supply tank is first fed through a high pressgrdator and then
through a low pressure regulator in order to step down the supplyugegem

approximately 20 MPa (3000 Ibfinto as low as 1.3 kPa (0.2 If)n

o Computer (23
g Mohile Computer {13

: -r' 2 & =i I= >
prunium =t S Y

I

High Pressure
Regulator

i‘ £
31‘ﬁ
B Low Pressure
1 Regulator

~ Optical
= Bench

Figure 37: Photograph of Phase 1 experimental tesetup.
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The nitrogen gas flows through the rectangular channel, rotegdsib, and exits
the channel at ambient pressure. All reported pressures indiisave gauge, relative to

ambient (zero gauge) pressure.

PC |€=| Oscilloscop |€&=={ Light mete

Light sourct |==»| Fiber couple

'y

Hub
Rotol
Gas High pressure Low pressure
(N2) regulato regulato
Figure 38: Top view schematic depicting Phase 1 apal speed measurement methodology.
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In order to image the microbearing components, an optical microsdcozs
capture software is calibrated to a grating of known dimension. The top-side offoitse r
and hubs are then imaged and relevant dimensions are obtained. The reotiiesna
turned over for back-side imaging and further measuring.

An exploded-view schematic and a photograph of the bearing xéstefiare
shown in Figure 39 and Figure 40, respectively. One set of thedmagsession fitting
gas feed connections is capped off as only a single jet of mtnsgased here. As
illustrated in Figure 39, four O-rings are first seated intogae fixture counterbores.
The microbearing system is then placed on top of the O-ringsamed by a 1 mm
thick glass slide which is left in place during the periodic imgdpetween test runs, in
order to prevent external debris from contaminating the asserflniglly, a steel plate is
placed on top of the glass slide and bolted to the fixture which cesgzd¢he O-rings
and seals the fixture. A glass cover groove was precision grotmthis steel top plate
to ensure a 15 percent compression of the O-rings upon bolting. Thmsegie
constraint (serving as a hard-stop for bolting), enabled byrtheve, also mitigates hub
cleavage concerns related to the unequal application of torque whenirfgsthe top

plate.

81



Steel top——__

Glass cover—___
Microbearing__
O-rings (X4)—___

Gas fixture—. \oa .

hd =

Gas

outlet
inlet
Figure 39: Exploded-view of Phase 1 microbearing &t fixture.
Figure 40: Photograph of Phase 1 microbearing tedixture. Connections on the tops and left

are capped off.
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3.1.2 Phase 1 Test Procedure

The DRIE fabrication process step produces a small axial teppboth hub and
rotor surfaces. Since the rotors and hubs are fabricated separately, ithkepgodsist the
assembled bearing system in so-called "conformal” and "non-caaifoconfigurations,
as shown schematically in Figure 41. Ay-zsystem frame is fixed to the hub with its
origin at the hub center and with the x axis oriented paralldiecchannel. Hub and
rotor have length® andL and taper anglea, and o, respectively, and the rotor is
positioned at an axial distanderelative to the top of the hub. The bearing surface is
defined over the regiond < z < ¢ +L and rotor axial translatiof can take on values

between 0 and-L.

N

Figure 41: Conformal (top) and non-conformal (bottam) bearing configurations.
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The rotor taper angkg is found from

Ao — A
max min 1
TR 1)

tana, = a, =
where dmnin and dnax refer to measured minimum and maximum rotor irtiemeters,
respectively. The hub taper anglg cannot be measured directly in a non-destructive
manner, but it can be safely inferred to be of lsimnagnitude as that of the rotor since
both rotor and hub employ the same DRIE fabricagimtess, and both were fabricated
from wafers in the same batch run.

When the hub and rotor axes are coincident, arithget ~ an = «, the bearing

radial clearanc€ in the conformal configuration is uniform over thearing surface and

is given by
C=rn-R+ad (2)

while in the non-conformal configuration, the begriradial clearance varies linearly in

the axial direction and is given by
C(z)=r, - R +a(2z- ) 3)

with average value

(C)=r,-R +als+L) (4)
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A total of six microbearing wear tests were conddctvith a sample size of three
bearings each for conformal (C1-C3) and non-conér@MC1-NC3) configurations.
Table 2 lists the dimensional specifications focteaf the six tests, with the intent of

having similar average clearance values for akgas

Table 2: Phase 1 bearing specifications.
Rotor length L=165pum
Hub length B =285 pum
Test Casq R; (um) ry (um) ar (°) <C> (um) <C > (um)

0=0 0=B-L
C1 197.0 202.9 1.5 5.9 9.1
C2 197.0 203.2 1.6 6.2 9.7
C3 197.0 202.0 1.2 5.0 7.6
NC1 197.0 198.5 1.4 55 8.4
NC2 197.0 198.5 1.3 5.3 8.1
NC3 197.0 198.5 1.2 5.0 7.5
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The duty cycle employed for wear testing is sumpaatiin Table 3. Each
bearing wear test was initially run-in at 1.72 k@a25 Ib/irf) supply pressure for 15
minutes. The supply pressure was then set at XRZ&2 Ib/if), and the bearing system
was run at this fixed supply pressure for a spagiinumber of cycles. The supply
pressure was incremented in 13.76 kPa interval®§8.80 kPa (10 Ib/f), and each
bearing was run at the specified fixed supply pres$or a specific number of cycles for
each interval. The cumulative number of cyclesefach test (as well as the variability
among all the tests) are also provided in Tabld@ e variability in the number of cycles
among all the tests is partially attributed to dnehbnges in the measured rotor speed

within a given interval.

Table 3: Phase 1 durability test procedure.

Supply pressure (kPa) Cumulative rotor cycles (§ 1(
13.76 1.14 +0.03
27.52 1.89 +£0.05
41.28 2.64 +0.07
55.04 3.39 £0.08
68.80 4.14 +0.10
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3.1.3 Phase 1 Experimental Results

Figure 42 compares the progression of wear obseime@ pair of tests
representative of non-conformal (NC1) and non-conéd (C3) bearing configurations.
The images are taken with an Olympus optical memps at a common number of
cumulative cycles. Focusing on the rotor surfadég, optical microscope image
sequence indicates that discernable wear statitee inonformal bearing at a much earlier
time than that observed in the non-conformal beariSimilar trends are observed with
the remaining test cases. The wear behavior isngally confined to the hub-rotor
bearing interface, even after some of the rotdhtbave sheared off, as observed for the
non-conformal bearing after 4,140,000 cycles.

An SEM is also used to periodically image the begaricomponents.
Conventionally, SEM samples are adhered to sanglbiers via carbon matrix adhesive
strips. The inevitable contamination and likelidoof cleavage upon attempting to
dislodge bearing components for re-use rendersntieiod infeasible. The aluminum
fixture shown in Figure 43 was, therefore, devetbfzehold the hubs and rotors inside of
the SEM for imaging. The fixture’s corrugated camments prevent the bearing
components from falling inside the SEM vacuum chaméven if tilted to nearly 90
degrees. Once milled, these compartments wereldastéd to eliminate burrs ensuring

flush mating between the bearing components andréxsurfaces.
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390,000

765,000

1,140,000

1,890,000

2,640,000

3,390,000

4,140,000

Figure 42; Phase 1 optical microscope image sequesccomparison for non-conformal test case
NC1 (left column) and conformal test case C3 (rightolumn).
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Figure 43: Aluminum SEM fixture used to hold hubs ad rotors.

Figure 44 and Figure 45 show detailed SEM micrdgsafor the hub-rotor
bearing interface corresponding to each of the cwriermal and conformal bearing
tests, respectively. At the specified cumulatiyele, rotor and hub were disassembled,
and the rotors were placed onto an aluminum holdixtgre before insertion into the
SEM. Observed white markings at zero cycles ar tdusmall imperfections on the
holding fixture and are not indicators of bearinggan For the non-conformal
configuration, negligible wear on either rotor abhis observed in each of the three test
cases NC1-NC3 through approximately 2 ¥ t9cles. However, significantly more
rotor surface wear is observed at 2 X @gcles for conformal test cases C1-C3, confined

largely to the bearing surface edges.
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Figure 44: Phase 1 SEM micrographs of non-conformdiubs and corresponding rotors
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Figure 45: Phase 1 SEM micrographs of conformal huband corresponding rotors.
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At approximately 4 x 1Dcycles, non-conformal and conformal rotors haveilar wear
profiles, but serious undercutting and pitting ssistently observed on all conformal
hubs. The extent of undercutting on hub C3 wases@re that it detached upon rotor
disassembly prior to SEM imaging. Further inspecidd SEM micrographs taken after
4,140,000 cycles indicates additional wear to t#tom surfaces of the conformal
configuration hubs. With the exception of testecAKC3, the non-conformal hubs have
not yet taken wear profiles similar to those ofrtlsenformal counterparts, nor have their
bases worn comparatively.

Although all bearings were imaged after undergoémy approximately equal
number of cycles, Table 4 shows that the measuvatbenal bearing speeds were in
general consistently greater up to 41.28 kPa {6°)bdupply pressure. This speed trend
changed at 55.04 kPa (8 IS)irsupply pressure presumably due to the wear-irluce

change in bearing clearance profile.

Table 4: Phase 1 average rotational speeds (RPM) sppecified supply pressures.
Supply pressurg
1.72 13.76 27.52 41.28 55.04 68.8D

(kPa)

Ci 2715 11412 17963 27778 35086 41921

C2 2679 11543| 19602| 29573 38344| 40758

C3 2199 7981 16132 23807 22321 29558
NC1 1053 6272 11988 14971 18581 39113
NC2 1085 6513 12981 18055| 22581 23292
NC3 1403 5421 11992 17606| 37500 51398
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The wear morphology of the rotor surface for testecC3 at 1,890,000 cycles is
shown in Figure 46, where significantly large miciscale non-spherical particles are
found in addition to aggregates of near-sphericahometer-scale particles. The
striations on the worn areas are suggestive of mahteemoval induced by impact.
Neither large particles nor striations were obsgfivethe Sandia microactuator systems,

where adhesion appeared to be dominant wear meoh§?b, 46].

AccV Spot Magn WDl )
26 0kv 5.0 2000x 86.7 AKS4881.TIF 2( um

Figure 46: Wear morphology of rotor edge surface.
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Figure 47 shows time histories of measured voltageesenting the strength of
the reflected optical signal for conformal and mammformal bearing systems taken at a
supply pressure of 13.76 kPa (2 1BJin Similar trends are observed at higher supply
pressures. Voltage peaks indicate a hub fin passier the optical signal, and the
relative amplitude of the peaks provides an indhcatof rotor motion in the axial
direction. The voltage peaks are noticeably mongoumn for the non-conformal
configuration, which when coupled with observed eedgear, indicates that the non-
conformal bearing exhibits less out-of-plane ratosalignment and/or translation when

compared with its conformal counterpart.
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Figure 47: Phase 1 rotor speed waveforms at 13.764& (2 Ib/ir?) supply pressure.
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3.2 Phase 2 Testing

The primary intent of Phase 2 testing is to ingedé clearance effects on the
wear of microbearings. The following three sediopresent the test setup, test

procedures, and experimental results.

3.2.1 Phase 2 Test Setup

A photograph and schematic of the Phase 2 expetanist setup are shown in
Figure 48 and Figure 49, respectively. The metlogpjoand apparatus for obtaining
rotor rotational speed using an optical fiber seflpws closely to that described in

Phase 1.

—h ]
'? Iinfiniiurm -
i Oscilloscope

E————————3

Pressure %
Regulator e

i Optical Fiber

Figure 48: Photograph of Phase 2 experimental tesetup.
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Figure 49: Top view schematic depicting optical spesl measurement methodology for Phase 2
microbearings.
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For this phase, a new bearing test fixture is dges to incorporate the entire
hub wafer. An exploded-view schematic and a plrajaly of the Phase 2 microbearing
test fixture are shown in Figure 50 and FigurerB&pectively. Once multiple test rotors
are assembled to their respective hubs, the hubrvsaplaced onto a precision ground
8 mm thick stainless steel base plate. A 1 mnkthalycarbonate plate (Appendix B.2)
containing drilled nitrogen access holes is thégnall and clamped over the hub wafer.
During test runs, this plate is left clamped incpladuring sequential optical imaging
steps in order to prevent external debris from ammating the assembly. Next, a 1 mm
thick silicone sheet containing a similar arraynifogen access holes is aligned over the
polycarbonate sheet. An 8 mm thick precision gdosteel top plate (Appendix B.3)
with corresponding nitrogen access holes is thaagal over of the silicone sheet and
bolted to the fixture which compresses the silicgheet and seals the fixture. Push-
Quick (quick-release) gas feed connections, thiek@ute the top of this steel top plate,
are employed for this phase; instead of the corsmegype fittings used for Phase 1.
The use of these fittings eliminates the poterfival metallic debris, which may be
generated from compression fitting components, ni@reinto the gas flow path after

reconnection. In addition, the time required targect/disconnect the tubing is reduced.
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Steel top plate

Silicone sheet

Polycarbonate plate

Hub wafer with rotors

Steel base plate

Figure 50: Exploded-view of Phase 2 microbearing # fixture.

Figure 51: Photograph of Phase 2 microbearing tedixture.
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3.2.2 Phase 2 Test Procedure

Figure 52 sbws the geometry of the bearings in conformal aoad-econformal
configurations as defined previously in Phase hwie rotor concentrically positioned at
its maximum axial position. Since the microbearsygtem is operated horizontally on
the optical table, i.e., with its positive z-ax@rcident with the direction of gravitational
force, the rotor will have a tendency to be biaaednaximum axial displacement. A

radial clearance parametgg is defined as

C0=r1—R_L+a(B—L) (5)

where common axial taperon rotor and hubs is a result of the DRIE etclcess. In
the non-conformal configuratio is the radial clearance at the top of the rotod &
the conformal configuratiorC, is constant over the entire clearance space. radisl
clearanceC, is the kinematic limit of rotor translation in tiRey plane provided rotor and
hub are axially aligned with the rotor at maximuxie&displacement.

A total of four tests, each with a different clesre, are presented for
microbearings in conformal (C4 and C5) and non-sonil (NC4 and NC5)
configurations.  Clearance variation for both cguafations is accomplished by

assembling dimensionally similar rotors to hubshwiarying diameters.
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Figure 52: Radial clearance C, defined for conformal (top) and non-conformal (botom)
bearing configurations with rotor at maximum axial displacement.

Table 5 lists the dimensional specifications focheaf the four tests, with the

intent of having a similar mass specification fibrators.
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Table 5: Phase 2 bearing specifications.

Rotor length L =190 um

Hub length B =290 um

Test Casd Ry (um) ry (um) o, (deg) Co (um)
C5 195.8 202.8 1.28 9.2
C4 197.3 202.8 1.28 7.7
NC5 195.8 198.5 1.28 5.0
NC4 197.3 198.5 1.28 3.5

The duty cycle employed for Phase 2 wear testinguimmarized in Table 6.
Each bearing wear test was initially run-in at 6kB& (1 Ib/ifl), 13.76 kPa, 27.52 kPa,
and 55.04 kPa supply pressures for 2 minutes e@bb. supply pressure was then set at
68.80 kPa (10 Ib/f), and each bearing system was run at this fixeglgypressure for a
specified number of cycles. The cumulative nundsarycles for each test as well as the
variability among all the tests are also provided able 6. The variability in the number
of cycles among all the tests can be attributedntall changes in the measured rotor

speed within a given interval.
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Table 6: Phase 2 durability test procedure.

Supply pressure (kPa

Cumulative rotor cycles § 1

68.80 0.50 £0.01
68.80 1.00 £0.03
68.80 1.50 £0.04
68.80 2.00 £0.05
68.80 2.50 +0.06
68.80 3.00 +£0.08
68.80 3.50 +0.09
68.80 4.00 £0.10
68.80 450 £0.11
68.80 5.00 £0.13
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3.2.3 Phase 2 Experimental Results

Figure 53 compares the progression of wear obsdoratbn-conformal bearings
NC4 and NC5 withCy values of 3.5 um and 5.0 um, respectively. Thagies are taken
with an Olympus optical microscope at a common rembf cumulative cycles.
Focusing on the rotor surfaces, the optical mia@psecimage sequence indicates that
discernable wear started in the bearing with la€ext an earlier time than that observed
in the bearing with smallez,.

Figure 54 compares the progression of wear obsdorecbnformal bearings C4
and C5 withCy values of 7.7 um and 9.2 um, respectively. Fahgwa trend similar to
that in the preceding case, this optical sequemtieates that discernible wear started in
the bearing with larget, at an earlier time than that observed in the hgasith smaller
Co.

Figure 55 and Figure 56 show detailed SEM micrdggafor the hub-rotor
bearing interface corresponding to non-conformad aronformal bearing tests,
respectively. At the specified cumulative cycletors were disassembled and placed
onto the bottom surfaces of the hub wafer gas fededs. The entire wafer was then
mounted to a standard fixture before insertion theoeSEM. The most rotor surface wear
is observed for test case C5, largely confinechtoliearing surface edge. It should be
noted here that SEM micrographs for test case NG4ndllion cycles do not exist as this

test was halted after 2.5 million cycles due todhag damage.
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Figure 53: Phase 2 optical microscope image seque&sccomparison for non-conformal bearing

test cases NC4 (left column) and NC5 (right column)
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Figure 54: Phase 2 optical microscope image sequesccomparison for conformal bearing test

cases C4 (left column) and C5 (right column).
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Phase 2 SEM micrographs of non-conformaitubs and corresponding rotors for test
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Phase 2 SEM micrographs of conformal hub and corresponding rotors for test

cases C4 and C5.

Figure 56:
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Although all bearings were imaged after undergoamg approximately equal
number of cycles, Table 7 shows that the measuvatbenal bearing speeds were in

general consistently greater.

Table 7: Phase 2 rotational speeds (RPM) at spe&tli cumulative rotor cycles.
Cumulative
rotor cycles| 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0 4.5 50
(x 10°)
C5 15719 1600 15818 1571915813| 15909 15625 15625 15719 15425
C4 14747 14665 14344 1466514423| 14503 14428 14266 14503 14366
NC5 10135 9795 9943 10096 9795 9868 9722 10096 9686 96B6
NC4 8360 8281 8052 805p 8102

Figure 57 shows time histories of measured voltapeesenting the strength of
the reflected optical signal for conformal and mamformal bearing systems taken at a
gas supply (gauge) pressure of 68.80 kPa (10°)b/Bignal trends were similar to those
obtained during Phase 1 testing. Voltage peaksatelia hub fin passing under the
optical signal, and the relative amplitude of thealgs provides an indication of rotor

motion in the axial direction.
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Figure 57: Phase 2 rotor speed waveforms at 68.8& (10 Ib/irf) gas supply (gauge) pressure.

The voltage peaks are noticeably more uniform fboe tnon-conformal
configuration, which when coupled with observed eedgear, indicates that the non-
conformal bearing likely exhibits less out-of-plarm@or misalignment and/or translation

when compared with its conformal counterpart.
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The wear morphology of the rotor surface for Phadest case C5 at 5 million
cycles is shown in Figure 58, where significantirge micron-scale non-spherical
particles are found in addition to aggregates @ir#spherical nanometer-scale particles.
Similar to the observations made in Phase 1, thatishs on the worn areas are

suggestive of material removal induced by impact.

Figure 58: Wear morphology of rotor edge surface.
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CHAPTER 4

4 DISCUSSION

The following three sections of this chapter camtdiscussion on the experimental
test results obtained for both the conformality g&th 1) and the clearance (Phase 2)
investigations. Section 4.1 presents the assessmémearing loads, calculated using
computational fluid dynamics (CFD). These beatoagls are then used in Section 4.2 to
compare measured rotor wear to that predicted bgdiresion wear model. Finally,
Section 4.3 contains discussion on a dynamic impeactel, developed and implemented
in a computer simulation program, in order to predotor speed and a coefficient of

restitution value.

4.1 Bearing Load Assessment

As the channel flow impinges on the rotor teethtadically-equivalent radial load
(in the systenx-y plane of Figure 41) and torque (about the syst@xis) is transmitted
from the rotor to the hub bearing surface. Bo#idland moment are generally dynamic
(time-dependent) due to fin pattern motion in tharmel flow field combined with loads

induced from rotor imbalance.
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A first-order assessment of Phase 1 bearing load bea calculated from a
representative CFD model shown in Figure 59 whaiesponds to the instant when one
of the hub teeth is normal to the channel flow.e Tiodel takes into account turbulence
(via a standard k- model) and approximates the channel flow as tweedsional
parallel to the system x-y plane. No-slip imperbiedboundary conditions are imposed
on the channel walls, and velocity boundary cooddi(in the system x-direction only)
based on measured rotor speed are imposed onesurigaresenting the moving fin and
rotor outer diameter. The model employs four-nodagparametric two-dimensional
ANSYS FLOTRAN FLUID141 finite elements. Measuredpply pressure and zero

(ambient) pressure boundary conditions are appdigde model channel inlet and outlet,

respectively.
5 10500 K
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Figure 59: Phase 1 CFD model geometry (not to scald@imensions in micrometers).
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Figure 60 shows pressure and velocity fields cpoeding to Phasel test case C3
with 7981 RPM rotor speed and 13.76 kPa supplyspres [47]. A peak velocity
magnitude of 107 m/s is observed in the region betwthe fin tip and the wall. Not
shown are parabolic cross-channel velocity distiiims obtained in the inlet and outlet
channel regions far from the fin which agree whhattobtained from classical laminar
flow theory. Pressure distributions on leading &madling fin faces are observed to be
essentially uniform, except near the fin tip. Aage leading and trailing face pressure
values of 11400 and 1270 Ninrespectively, when integrated over the respediive
faces yield a resultant fin load of 38Kl which is transmitted to the hub surface. Table 8
indicates that the fin load is essentially indepraf rotor speed (as expected due to the
relatively low fin linear velocity) and is nearlygportional to supply pressure for the

case studies herein.
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(a) velocity magnitude distribution (m/s)
(A=0, B=20, C=40, D=60, E=80, F=100)

(b) pressure distribution (N/m?)
(A=1340, B=1355, C=3000, D=11000, E=11650, F=11720, G=11740, H=11760)

Figure 60: Velocity magnitude and pressure distribtions: Phase 1 test case C3 with 7981 RPM
rotor speed and 13.76 kPa supply pressure.
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Table 8: Phase 1 CFD model parameters.

Gas dynamic viscosity n=175x10¢ Pa-s
Gas density p=1.185 kg/m
Rotor speed | Channelinlet | Rotor velocity | Resultant fin
Test case (RPM) pressure (kPa) Vy (M/s) load Fx (uN)

C3 7981 13.76 0.71 334
C3 16132 27.52 1.44 713
NC3 5421 13.76 0.48 341
NC3 11992 27.52 1.07 716

Substantial quantitative differences in the presdicpeak velocity magnitude
using a laminar flow model assumption are obsemvéke tip region (141 m/s) as well as
possibly unrealistic sub-ambient pressures digedbwn the trailing fin face. Pressure
and velocity distributions (not shown) obtainedtlie inlet and outlet channel regions
assuming laminar flow everywhere are quantitativeigilar (as expected) to that
obtained with a turbulent flow model. An averagessure value of 11570 Nron the
leading fin face is obtained using laminar flow waeptions, and this value agrees
reasonably well with that obtained with the turlmtldlow model. Corresponding

pressure and velocity distributions elsewhere i@ fin region are also qualitatively
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similar to those shown in Figure 60, and the resulfin load of 398N does not differ
much from that obtained using turbulent model aggions. Evidently, turbulent flow
effects as they pertain to the calculation of éiad can be ignored.

Employing the methodology described above, Phasea?ing load is calculated
from a representative CFD model shown in Figure 6he 125 pm channel width
dimension remains the same as that of Phase ithé&@00 um Phase 2 channel length
is substantially shorter than that of Phase 1.addition, only 12.5% (25 um) of the
Phase 2 rotor fin protrudes into the impinging gaannel flow, in contrast to the 50%

(200 pm) Phase 1 rotor fin protrusion.

L 7000 N
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inlet S Y ; outlet
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————— moving wall v
y
Figure 61: Phase 2 CFD model geometry (not to scaldimensions in micrometers).
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Figure 62 shows pressure and velocity fields cpoeding to Phase 2 test case
NC5 with 9882 RPM rotor speed and 68.80 kPa (liibgas supply (gage) pressure. A
peak velocity magnitude of approximately 290 m/ehbserved in the region between the
fin tip and the wall. Pressure distributions oadieg and trailing fin faces are observed
to be essentially uniform, except near the fin tipverage leading and trailing face
pressure values of 51791 and 19692 f\/mespectively, when integrated over the
respective fin faces yield a resultant fin loadl@b9uN which is transmitted to the hub
surface. As was the case in Phase 1, Table 9roenthat the fin load is essentially

independent of rotor speed (as expected due t@lgvely low fin linear velocity).
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(a) velocity magnitude distribution (m/s)
(B=10, C=50, D=90, E=130, F=170, G=210, H=250, 1=290)

(b) pressure distribution (N/n)
(B=7211, C=15423, D=23635, E=31347, F=40059, G=48270)

Figure 62; Velocity magnitude and pressure distribtions: Phase 2 test case NC4 with 9882
RPM rotor speed and 68.80 kPa supply pressure.
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Table 9: Phase 2 CFD model parameters.

Gas dynamic viscosity n=175x10¢ Pa-s
Gas density p=1.185 kg/m
Rotor speed | Channel inlet | Rotor velocity | Resultant fin
Test case (RPM) pressure (kPa) Vy (M/s) load Fx (uN)

C5 15757 68.80 1.40 1156
C4 14481 68.80 1.29 1156
NC5 9882 68.80 0.88 1159
NC4 8162 68.80 0.73 1142

The resultant fin loads (bearing loads) are usedha following section to
compare measured rotor wear to that predicted bydiresion wear model. These
bearing loads are also used subsequently in Sedti®nin order to simulate rotor

rotational speeds.
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4.2 \Wear Rate Determination

The Phase 1 rotor edge wear progression imagesnsimosigure 44 and Figure
45 take on a conically-shaped wear profile witheamwdepth approximately equal to the
change in rotor radius at the contact interfacellisrated in Figure 63. The change in
rotor diameter due to wear is calculated by cowsitrg a circle of diameted, that
captures in a least-squared sense the rotor sunfaae damage pattern such as those
shown in Figure 42. The rotor wear voluMeccumulated after a specified number of

rotor cycles is then estimated from the equation

- ”(dw +do)(dw _do)2

V ~ T (6)

wheredy is the initial unworn rotor diameter at the comntiaterface. The centers of the
unworn and fitted circles do not necessarily calacibut the difference is small and can

be neglected.
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(b) Conical edge wear geometry

Figure 63: Phase 1 volumetric rotor wear assessmentethod: (a) regression fit of wear circle
with diameter d,; (b) conical edge wear geometry.
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Assuming an adhesion wear model, the predictednwvettic rotor weal,qn can

be estimated by the equation [48]

KF, L

\Vj — X s
adh 90 (7)

whereF, is the bearing load,s is the length of the wear patty, = 7 GPa is the yield
stress of silicon [3], an& = 4 x 10’ is the adhesion wear coefficient for ceramic-on-
ceramic material due to the lack of published datasilicon [49]. The adhesion wear
coefficient for polysilicon is also unavailable, tbpredicted wear using this adhesion
wear model agreed well with wear trends obtainedthen polysilicon-based Sandia
microactuator systems fdt values ranging between 1.1 x1fb 5 x 10’ [12, 25, and
46].

Figure 64 compares Phase 1 predicted and measumadative volumetric rotor
wear for conformal and non-conformal configurationsleasured wear results at a given
number of cycles are averaged over the representddita sets. The measured wear for
the conformal configuration is consistently overaader of magnitude greater than that
obtained with the non-conformal configuration, wiltie wear difference between the two

configurations decreasing as both load and speethereased.
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Figure 64: Phase 1 Comparison of measured and preded volumetric wear due to adhesion.

As the Phase 2 rotor edges shown in Figure 55 andd=56 have not yet taken
on conically-shaped wear profiles similar in magdé to those in Phase 1, a new
methodology, illustrated in Figure 65, is develofpedrder to quantify volumetric wear.
The optical microscope images shown in Figure 58 Bigure 54 are processed into
binary (black and white pixels) images similar @ tschematic shown in the top of
Figure 65. The rotor surface area covered by vdeduris A, is then calculated by

counting the black pixels at each specified interaad subtracting the pixels
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corresponding to zero rotations. The rotor wedume V accumulated after a specified

number of rotor cycles is then estimated from tipeagion
Vx AL, (8)

wheret,, is an assumed silicon wear particle size as dapict Figure 65. Variably sized

wear particles are generally stacked randomly amduiltiple layers on a rotor surface.

wear debris
o areaf\,)

rotor bearing
N diameter

L

wear particle
thickness )

A
A 4

Figure 65: Phase 2 volumetric rotor wear assessmembethod. Schematic depicts aerial (top)
and cross-sectional (bottom) views of silicon weatebris accumulated on rotor’s top
surface.
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Figure 66 compares Phase 2 predicted and measumadative volumetric rotor
wear for conformal (C4 and C5) and non-conformal4Nand NC5) configurations. For
Phase 2 microbearings, it is observed that weaeases with progressively larger radial

clearance values,, independent of non-conformal or conformal confegion.
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cumulative volumetric wear (um)"

cumulative number of cycles (x 1@

Figure 66: Phase 2 Comparison of measured and predded volumetric wear due to adhesion.
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A list of assumptions that are made in the calmiabf Phase 2 measured
volumetric follows

o first, although the silicon wear particles depictedrigure 58 are observed
to be up to tens of micrometers in size, a 1 umr\peaticle sizet,, is
assumed

e second, it is assumed that the wear debris Ageghown in Figure 65 is
composed of a single layer of wear particles

e third, some wear particles have fallen to the bottof the hub as is
evident from Figure 55 and Figure 56 and are thissing from the wear
progression images (Figure 53 and Figure 54) useddlculating the
measured wear

e finally, it is plausible to assume that other wemarticles have been
transported out of view due to a combination oftigpetal force and gas

supply stream

Combined with the wear observations discussed qusly, these assumptions
ensure that the quantification of measured volumetear is conservative. While the
Phase 2 calculated volumetric wear is up to tweof magnitude smaller than that of
Phase 1, the Phase 2 calculated wear is still mv@rorders of magnitude greater than

that predicted by the adhesion wear model.
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For all test cases (Phasel and Phase 2), the teebdiemulative volumetric wear
using an adhesion wear model is observed to beadewelers of magnitude smaller than
the measured results. Only one predicted curveeémh phase is shown since both
conformal and non-conformal configurations haveyvamilar loads and very similar
wear path lengths at a given supply pressure. vithemetric wear predicted by the
adhesion wear model should be thus essentiallypgmient of bearing geometrical
configuration, which is obviously not the case.thélgh the adhesion wear coefficient
for silicon-on-silicon is unavailable and adheswear coefficients for a given published
material can vary widely, it would require that tevalue for silicon-on-silicon have the
unlikely characteristic of being several orders mégnitude larger than published
representative materials. Combined with wear ofagiems discussed previously, these
calculations reinforce the suggested wear mechaasimpact. Impact wear was also
considered the primary mode of failure for largpeas ratio nickel microsleeve bearings

of similar dimensional specifications to those mgd here [32].
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4.3 Bearing Speed Simulation

A dynamically-equivalent impact computational modélthe bearing system is
formulated and implemented in order to assessfthetef clearance on rotor speed and
thereby wear of the microbearing. The bearing esl@ed as an in-plane, 3 degree-of-
freedom system in which the rotor can translatthésystenx-y plane and rotate about
axes parallel to the axis while the sleeve is fixed. Impact betweenrittor and sleeve
is incorporated into the model by employing claalsimpact theory as described in
reference [50].

Figure 67 depicts the representative geometry ef libaring system during
momentary impact at poim; including relevant kinematic and dynamic paramsetsed
to formulate the impact model. For illustrativerposes, the fixed hub is depicted by the
large circle within which the rotor (small circlgtates with an angular velocity ef A
fixed rectilinearx-y computational coordinate frame originates at #nero of the hub.

As the rotor translates, its center position oeatrcity e is calculated from

e= (ex )2 + (ey )2 )

whereg, ande,, represent eccentricity components in the comjouait frame.
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Rotor

Sleeve

Figure 67: Schematic of impact model geometry (noto scale) depicts relative kinematic
parameters during impact at pointp.

129



Assuming the loading condition described in Sectidy i.e., a constant pressure-
induced driving forcé= and given the initial state of the rotor (i.e.tial eccentricity
componentssi, and g;in; velocity componentsi, and win; and angular velocityoin),
subsequent states at any titrigetween intermittent rotor-hub impacts can berdateed

by calculating the following equations of motion:

F
t)=—2t*+v_t+e, 10
&, (t)= S - tF + Vit ey, (10)

e, (t)=v,t+e,, (11)
Vx (t) = Ext + inn (12)

Vy (t) = Vyin (13)
alt)= RJF* t+o, (14)

wherem, r, and J represent the rotor's mass, radius, and mass ntoofemertia,
respectively. The moment armis the distance from the point of applicationFgf(on
the fin) to the rotor center. Equations (10) ahdl) (give the rotors eccentricity while
equations (12) and (13) give its center’s linegloeity components. Equation (14) gives

the rotor angular velocity due to an applied torRégabout the z-axis.
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Upon rotor-hub contact at poipt a rectilinearxcyc contact coordinate frame,
rotated by angle, is instantaneously defined. In order to incogperthe radiaF, and

tangentialF;, components of the impact force into the modelaéqas

cosor = 2 (15)
€
and
_ e
sina = Fy (16)

are used to transform the rotor center position\aidcity components into the contact

reference frame, yielding the following set of efijuas:

e, =€, Cosa + e, sina (17)
e,. = —€,Sina + e, cosx (18)
V,. =V, COSa +V, sina (19)
V. = -V, Sina +V, Cosa (20)
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According to classical impact theory, the briefiperof impact consists of two
phases, deformation and restitution, separatednbinstant in time when the normal
relative velocity component of the colliding bodagheir point of contact becomes zero.
The deformation phase starts at the time of int@ttactt, and ends at the instant of
maximum deformatiomn, while that of restitution starts from the maxima@formation
condition and ends at the instant of separatioremploying this theory, the post-impact
velocity components and angular velocity are detgethwith the aid of the following set

of relations:

Miv,e(t,) = Vit )]= [ F (Ot 1)
Miv,e(t,) - Vo ()] = [ F, ()t (22)
e lt,) vyt )=, et @)

3w, - @p)=—r[ (bt (24)

B=—""— (25)

Ft = /JFr (26)
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Equations (21) and (22) express the rotor's chafgenear momentum in the
radial direction (xc) while equation (23) expresgsshange of linear momentum in the
tangential direction (yc). Equation (24) gives ttienge in angular momentum of the
rotor. The coefficient of restitutioft, expressed as the ratio of the impulse during
restitution to the impulse during deformation, éided by Equation (25). Equation (26)
relates the impact force components via the kiregtefficient of friction.

Using the relationships defined by Equations (2(26), post-impact velocities in
the contact reference frame are determined in teyins and g using the following

formulae:

Vyolto) ==V, (to) (27)
Vyc(tz):Vyc(to)_ /l(l"' ﬂ)\/xc(to) (28)
olt,)= olty)- T rull+ B(t) (29)
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For the simulation to progress until a steady séatgular frequency is attained,
the post-impact position is assumed be the santleah®of pre-impact. In addition, the
linear post-impact velocitiesi. and v, must be transformed back into the computing

reference frame using:

V, =V, COSx —V, Sina (30)

and

Vv, =V, Sina +V,, Cosa (31)

Table 10 lists the average rotor rotational speedehparameters for Phase 1 test

cases NC3 and C3. The model assumes a constarhityooefficient of friction of 0.3,

representative of silicon surfaces [26], constadiial load (in thex-y plane), constant

torque (about the axis), and an adjustabfevalue. The radial load and torque were

determined from the CFD models in Section 4.1.
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Table 10:

Model parameters for Phase 1 test case€R and C3.

Bearing NC3 C3

Paramete

Co (M) 40x10°| 7.6x10°
u 0.3 0.3
# of impacts 150 150
r (m) 200 x 10° | 200 x 10°
R (m) 850 x 10° | 850 x 10°
m (kg) 7.0x10"| 7.0x 10
Fy (N) 341x10° | 334 x 10°
&in (M) 0 0
&in (M) 0 0
Vyin (M/S) 0 0
Vyin (M/S) 0 0
win (rad/s) 0 0
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Each simulation assumegbavalue, an initially concentric rotor and hub, amilo
initial rotor angular velocity. Each simulation sveun until the rotor reached a steady-
state angular velocity. Table 11 contains the @Hasimulated average rotor rotational

speeds after 150 impacts which is when steady-speeds were reached.

Table 11: Simulated average rotor rotational speedéRPM) for Phase 1 cases NC3 and C3.

> B 0.25 | 0.30| 0.35] 0.4d 0.4% 0.5D 0.55 0.60 0le5
Bearin
C3 2883| 3141| 3450| 3846| 4408 5156| 5880| 6574| 7788

NC3 2113| 2303| 2529| 2819| 3231| 3780 4310| 4819| 5709

Figure 68 and Figure 69 illustrate the variation sohulated rotor rotational
speeds withp for conformal and non-conformal configurationsspectively. Fixing
bearing load, torque, and geometry, simulationdsandicate that an increasefofesults
in a corresponding increase in the steady-state rotational speed. A larggrimplies
more elastically-induced impact separation of thi@mrfrom the hub, thereby allowing
more time for the rotor to accelerate between syEs#® impacts. For a givef) an
increase of; also results in a predicted increase in steadg-stdor rotational speed. A
larger clearance allows the rotor to acceleratafl@nger period of time between ensuing

impacts.
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Figure 68: Variation of simulated average rotor roational speed withff for Phase 1 case C3.
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Figure 69: Variation of simulated average rotor roational speed withf for Phase 1 case NC3.
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The modeling methodology used in Phase 1 is rdplickor Phase 2. Table 12
lists the Phase 2 bearing rotational speed modullation input parameters. The radial

clearances and bearing loads are changed appedpfiat each of these four test cases.

Table 12: Model parameters for Phase 2 test case€M, NC5, C4, and C5.

Parametgearmg NC4 NC5 c4 C5

Co (M) 35x10°| 5.0x10° 7.7 x 10° 9.2 x 10°
u 0.3 0.3 0.3 0.3
# of impacts 150 150 150 150
r (m) 200x 10°| 200x10°| 200 x 10° 200 x 10°
R (m) 850 x 10° | 850x 10°| 850 x 10° 850 x 10°
m (kg) 7.0x10"| 7.0x10 7.0 x 10’ 7.0 x 10’
Fx (N) 1142 x 10° | 1159 x 10 | 1156 x 10°| 1156 x 10°
&in (M) 0 0 0 0
&in (M) 0 0 0 0
Vyin (M/s) 0 0 0 0
Wyin (M/s) 0 0 0 0
win (rad/s) 0 0 0 0
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Table 13 contains the Phase 2 simulated rotoriootdtspeeds after 150 impacts

which is when steady-state speeds were reached.

Table 13: Simulated average rotor rotational speedéRPM) for Phase 2 cases NC4, NC5, C4,
and C5.
> 0.25| 0.30| 0.35 0.40 0.4% 0.5p 0.55 0.60 0] 51)
Bearin

C5 5900 6430| 7061| 7872| 9022| 10555| 12035| 13457 15940
C4 5398| 5883| 6460| 7202| 8254| 9656| 11011| 12311| 14583
NC5 4355| 4746| 5212 5811| 6660| 7791 8884| 9934| 11767
NC4 3617| 3942| 4329| 4826| 5531| 6471| 7378 8250| 9772

Figure 70 and Figure 71 illustrate the simulategrage rotor rotational speeds for

Phase 2 conformal and non-conformal cases, respBcti The observations that were

evidenced in Phase 1 are repeated here. In additioa fixed load ang, it is observed

that the rotational speed dependency on the cleanaaramete€, holds even when the

configuration (non-conformal or conformal) is fixed
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The g value was adjusted until the steady-state rotgulan velocity obtained
from the simulation was equal to the correspondiegsured value. Figure 72 shows the
values off obtained for each of the Phase 1 (NC3 and C3Pdmade 2 (NC4, NC5, C4,
and Cb5) test cases. These values agree reasamalbhyith a$ of 0.56 obtained from
impact of polysilicon microstructures [51].

The g values for silicon-on-silicon surfaces determinedhis dissertation are

apparently the first one documented.

0.7
B NC3 CA4C3 ¢ C5
0.6 - NC4 @ A NC5
0.5 1
Test Case Co s
em | ()
0.4+ C5 9.2/ 0.635
= C4 7.7] 0.637
0.3
C3 7.6] 0.642
0.2 NC5 50| 0.592
NC4 3.5 0.594
0.1
NC3 40| 0.625
0.0 T T T T
0 2 4 6 8 10
Co (um)
Figure 72; Plot of # vs. C, obtained for Phase 1 (NC3 and C3) and Phase 2 testses (NC4,

NC5, C4, and C5).
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CHAPTER 5

5 CONCLUSIONS

5.1 Summary

This dissertation presented an investigation ofnmgedc effects on the wear of
large aspect ratio silicon journal microbearingslThe consideration of geometric
conformality of rotor and hub as a critical despgivameter manifested from the inherent
properties of deep reactive ion etching as pathefcurrent MEMS fabrication process
employed in this dissertation. The investigatioaswconducted in two phases, each
characterized by novel microbearing designs, fabioo processes, experimental test
methodologies, and characterization techniquese ifitent of Phase 1 was to focus on
the effects of conformality on wear, while the mitef Phase 2 was to focus on the
effects of clearance on wear. The design, faboicatand characterization of these
microbearings with conventional surface lithograpbgchniques along with the
experimental apparatus development and procedaxeslieen detailed.

Manual assembly of rotors and hubs allowed a broetee of custom bearing
clearances than would otherwise have been avaifediie lithographic, pattern transfer,
and etching capabilities of current situ MEMS fabrication technologies. The stepped
thrust pads developed in Phase 2 of this dissentafre apparently the first

microsystems-based passive thrust bearings to cientented.
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Novel in situ wear indicators, intended to facilitate the rapigantitative and
qualitative determination of wear, were incorpodate the Phase 2 rotor designs. The
incorporation of these built-in metrology featucesild eliminate the need for expensive
metrology hardware, software, and associated tegetcalibrations. In order to
minimize their effect on wear, circular wear ind@a should be small relative to the
dimensions of the hub and rotor. A minimal lagestssize can be used for mask writing
in order to generate such circular wear indicators.

Two particular enabling features of the novel fedion processes, namely the
sprue and float etching methods, were developethim dissertation. The sprues,
patterned using the DRIE mask, held the rotordanepduring the KOH etching process.
The sprues were then fully oxidized during the exgtowth step and finally dissolved
away during the rotor release etch step. The 8taiing technique entailed floating the
device wafer on top of the KOH etchant bath. Téters were oriented upward (away
from the KOH bath) during etching in order to prewthe rotor top and critical vertical
bearing surfaces from being etched.

The fabrication methodology undertaken for Phadal®ication offered many
advantages when compared to that of Phase 1, inglud

e the elimination of the silicon access hole drillipgocedure and thereby

minimization of hub cleavage possibility

¢ the elimination of the hub wafer dicing procespsis rotors were assembled

and tested on hub wafers

e simplified logistics involving rotor tracking due tclearly distinguishable

geometric design variations
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e a reduction in intra-wafer rotor thickness variatias the entire wafer was
submersed and agitated during etching, therebygatitig the effects of
micro-masking

e an increased device yield per wafer enabled ropeisormance comparisons

along with increased statistical significance viereased sample sizes

The results obtained from using the first apparatdécated that microbearing
performance was substantially dependent on confdaymaicrobearings in a conformal
configuration, pneumatically driven to approximgtél9 million revolutions, exhibited
substantial wear. In contrast, microbearings inn@n-conformal configuration,
pneumatically driven using the same pressure eéffitgall, exhibited no discernable wear.

The results obtained using the second apparaticated that microbearing rotor
rotational velocity was substantially dependent rmaglial clearance parametes,.
Microbearings with larger radial clearance valygsgumatically driven to approximately
5 million revolutions, rotated faster than did thasith smaller radial clearance values.
This was true for bearings in non-conformal andf@onal configurations.

The observed wear trends in the conformal and oofeemal bearing systems
could not be attributed to an adhesion wear meshaniObserved wear morphology was
strongly suggestive of impact or surface fatigueanve Repeatability of experimental

results with similar clearance and rotor dimensi@nsforced this observation.
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A dynamic impact model of the bearing system basedclassical impulse-
momentum relations was formulated in order to as$ies effect of clearance on rotor
rotational speed. Coefficient of restitution valugere obtained for silicon-on-silicon
surfaces over the range of kinematically allowabl#ial clearance specifications. These
values were apparently the first obtained for silion-silicon surfaces, and are similar to

previously published results for polysilicon midrogtures.

5.2 Recommendations

The observed wear trends should not detract thefusigh-aspect ratio bearings
for relatively low speed applications. Satisfagt@erformance of the non-conformal
bearing configurations was observed up to 2 %c@les which should be adequate, for
example, for single-use pumping applications in-dakchip microsystems. Surface
coatings, tighter assembly clearances, tighteasarfinishes, and a tighter control on the
DRIE process to minimize bearing taper angles wibo help improve bearing

performance.
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The experimental methodologies developed in thisskwoan serve as a
benchmark for tribological testing of microturborhamery components made from a
variety of different materials. The knowledge gainwill help enhance bearing

performance and will serve as an enabler to adfagbplications including

MEMS - microengines, distributed and portable poweneration, actuators

(linear, angular), gears, cutters, drills, and giwrs

= Bioengineering - lab-on-chip, micropumps, cardi@vdar/respiratory (blood/air)
circulation and experimental visualization

= Metrology - flow meters (micro/nano) and internatégnal flow (boundary layer
characterization)

= Materials science - coating characterization

» Mechanical/Aerospace - micro air vehicles (MAV) aadellites

= Microelectronic Engineering - heating and cooling

= Optics/Security - discriminators (high security Kex and high speed actuators

(camera, strobe)

It should be noted that manual assembly of the+tmid system is a delicate labor
intensive procedure. Given the tight clearancessidered in this dissertation, a more
efficient mass assembly methodology is desiraBligernative rotor-hub axial alignment

and vibratory methods merit further investigation.
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APPENDICES

A FABRICATION PROCESSES

Al

RCA Clean

Ammonia Peroxide
of hydrogen Mixture
(APM)

H,O — 4500 ml
NH,OH — 300 ml
H,O,—- 900 ml
75 °C, 10 mi

DI water rinse
5 min

H,O-50
HF-1
60 sec

. 2

DI water rinse
5 min

Hydrogen Peroxide
of hydrogen Mixture
(HPM)

H,O — 4500 ml
HCL — 300 ml
H202 — 900 ml
75 °C, 10 mii

DI water rinse
5 min

. 2

SPIN/RINSE
DRY
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B CAD DRAWINGS

B.1 Phase 2 Rotor CAD Drawings
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B.2 Phase 2 Polycarbonate Plate CAD Drawing
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B.3 Phase 2 Steel Top Plate CAD Drawing
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