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Abstract

Some Tribological Aspects of the Hard Disk Drive Hé&adk Interfacefor Quasi
Contact ConditionsContact Detection, Lubricant Modulation and Wear

by
Yung-Kan Chen

Doctor of Philosophyn EngineeringMechanical Engineering
University of California, Berkeley
ProfessoiDavid B. Bogy Chair

The magnetic recordingand disk drivehas been one of the most important storage
strategies sinc&956 Among all storage solutions, hard disk drives possess the unrivaled
advantageous combination of storage capacity, speed, reliability and cost over optical
strategies and flasmemory. Unlike other storage solutions, hard disk drives utilize a
mechanical interface to perfortine magnetic read/write process, and therefore its success
relies heavily on the stability of the hedask interface(HDI) which is composed of a
magnetidransducer carried by an air bearing slider, an air gap of a few nansthétier

and a disk surface coated with multiple layers of molecuthity films. This dissertation
addresses the physics of the interface in terms of contact detection, lubrazhriation

and wear.

Contact detection serves as one of the cegeiirementsn HDI reliability. The writing

process demands a strict spacing control, and its accuracy is based on a proper choice of a
contact reference from slider dynamics and therefued e a d s 6 s ifupetianing Whi | e
in a real drive the only feedback signal cerfrem sensors neighboring the readte
transducer,and a high speed headisk contact is associated with complex structural
responsesnherentin an airbearing/suspensidobricant system that may not be well
explained solely by magnetic signals. Other than studying the-glislkeinteraction at a

strong interplay stage, this dissertation tackles the contact detection by performing
componertlevel experimental and simulati studies focusing on the dynamics of air
bearing sliders at disk proximity. The slider dynamics dete using laser Doppler
vibrometry indicatesthat a typical headlisk contact can be defined early aspiane
motionsof the slider which is followed ly vertical motions at a more engaged contact.

This finding confirms and is in parallel with one of the detection schemsed in
commercial drives by magnetic signals.

Lubricated disk surfaces planimportant role in contact characteristics. As the reatf

contact involves two mating surfaces, the modulatiodisk lubricant films should be

investigated to further understand the hdak contacin addition to theslider dynamics.

In this dissertation, the lubricant modulation is studied under \&gouatact conditions

with reference to slider dynamics. It is found that lubricant modulatgormbe directly

associated witthes | i der 6 s dynamics in a | oslkkelyy on spec
to affect t he-of§flyihaelghtasihe costactidrétractetn aadition to
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modulations at contact proximities, the lubricant response to passive flying and continuous
contacting conditions are also addresfedifferent lubricant types and thicknessBs.
integrating the observations from slider dynamics and lubricant modulatiengan
establishan insightful understanding towards the transition from flying to the onset of
contact.

Head weais alsoa concern when an erroneous contact detection occurgperfections

from disk surface exists. Typically a protective diamdikd carbon(DLC) layer of
thickness 12 nm is coated over the aredlodéreader/writer shields, arttis film lossposes

a threat to long term reliability. In this dissertationsim methods of monitoring head
wearis proposed in two ways. One method is to evaluate the touchdown power variations
as a measure of spacing increase by DLC wear, which was verified by using Auger Electron
Spectroscopy, and the other mettsiddiesthe temperaturecontact sensoresponse to
gauge mechanical wear. The later possesses the advantigeotiig wear without going

into actualcontact, buit may be affected by the location difference between the touchdown
sensor and wear area.
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Chapter 1

Introduction

This chapter briefly introducdbe hard disk drive and its heatisk interfacethe thermal
flying-height control(TFC) technology,and the objective and the organization of this
dissertation.

1.1 The basics of a hard disk drive and its evolution

The harddisk drive havecomethe main stream data storage solution sit@#ss and its

name is associated wiits physical architecture: coaxial spinning hard disks. Different

from other storage strategies utilizing optics or electronics/flash memory, hard disk drive

belongs to the realm of magnetic storage. Magnetic bits amm dtoras ei t her fA00 o
polarity on the magnetic layer on the disk, and the spinning disks allow the magnetic read

write transducer to access data over the recording surfaces. Primarily due to the rotating

disks and the necessity to position the magnednsducer accordingly, the hard disk drive

involves extensive mechanical engineering, and especialijyn@mmicscontrol, mechanics

of materials and tribology[1].This dissertatiorfiocuseson the tribological aspects in the

mechanical interfacerhere the magnetic daiawritten.

To achieve a stablgibological interface in HDDs, the heatthat carries the readrite
transduceis required to be precisely pdsited with respect to the rotating disk surface.

A proper separation between the head and disk surface allows effective lubrication between
fast moving surfaceslThe planar positioning athe magnetic transducer can be mostly
achievedby controlling the gid-body motion of an actuator; however, the vertical
positioningis based om different strategy. In contrast to planar motions, the mechanical
separation betweethe magnetic transducers aftite fast rotating disks requires stable,
adaptive anéccurate spacing contrm properly position theeadat disk proximity.

Therequirement for thénead to be placed at disk proximity comes from the necessity to

sensethe magnetic signals from recording surfaces. While smaller -desd spacing
providesabetter signal to noise ratio for the magnetic sentbe intensity othemagnetic

fields decrease as the magnetic bitsd physic
the areal density. Because areal density is a direct meafdines capacityit has been the



Figurel.1.1 An earlyWinchester drivaround 19751 t wor ks on 140 di sks

20Megabyt es. Tdhreamdge®mwmat eri al on the disk i

considerably huge compared to a more modern Western CBgitairise manufactured in 200&ith 40
Gigabytes capacity on the tajght of the figure.

main indicatorof the evolution of the HDD [2]. Under the demand of increasing areal
densityt he def i ni t i on evoledfrénptheosch ohimicrgr®to d fave
nanometers as of today.

Historically, the very first commercial hard disk drive, IBM 358, was used in a

computer named Random Agss Method of Accounting and Control (IBM 305 RAMAC)

introduced in 1956 by IBMIThe RAMAC system was designed to access data (characters)
stored in magnet i cwithséel timsarousd 600millesecondaads t 0 way,
with a capacity of 5 millioré-bit characters which totals 3.75 Melggtes. The method

used to position the head away from recording media was achieved bylessurized

air bearing sliders at around 20 um spacing. Later a more advaaikalcting

hydrodynamic air bearing (IBM301 in 1962, and Winchester in 1973) was adopted by

forcing the ambient air flow through a designed air bearing surface (ABS), instead of using

an external compressed air supply. This improvement made a much smalledisiead

spacing possible and pavethédway f or t oday 6 94], aoshomein Eig. a | HDD:
1.1.1.

Although the basioperatng principle fortheHDD has not been changed drasticallyce

1970, echnologies dedicated to the integration of recording media and magnetic sensor
never ceased to evolve. Such evolution is a combination of the advancement in materials
(giant magnetoresistive materidls]), mechanics (heat transfer, lubricaat; bearing

surface designet c€) and ma nuf adudtive hends[@ and médigdr). f i | m
Over a nearly 60year development, remarkable improvementse made in terms of
dimensions, weight, speed, areal density, cost and reliabitigyalorementioned RAMAC
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305 system weighted over a ton amds larger than a residentigfrigerator and it cost

$3200 for a monthly lead®ack inthe 1960s.owone coul d easily order a
mobile HDD that weighs less than halfa pound witha capacity of 2 TBfor $89.

Specifically t he t er m dvapvedfrom2inttoadound A rsm under writing

process.

In fact, many new proposals are made towards a higher overall capacity or areal density in
HDDs, includingbit-patterned medidBPM) (new media technology3], two-dimensional
magnetic recordingTDMR) (readwrite architecture)9], shingledmagneticrecording
(SMR), heatassisted magnetic recordingAMR) (new head and media technolog¥y]

and Helium technology. Among theriine Helium-filled drive has beewlelivered since

2013 ata capacity of 6TB and up to 8TB in 2014 df@TB utilizing Helium with SMR in

June 2015;and HAMR has entered the development stage from research fevel.
demastration product from Seagatevas presentedat INTERMAG 2015 conference
performing read/write using HAMR technology.

1.2 A tribological challenge in HDDs: the headdisk interface

Regardless of which new technology is going to be implemented in HDDs, the tribological

interface remains challenge. Current hard disk driveperate with aibearing sliders

flying over disks spinning 54005,000 revolutions per minute (RPM) with a writing

spacing around 2 nm or even lower. Thebaiaring sliders are designed to perform the

readwrite process in a flying condition without dawts. A longterm noncontact

recording at disk proximity relies on successful ABS design and media integration. The
magnetic transducer is commoméferredtoasthe head 6, which i s al ways
air bearing slider. Thereforenechanically a hehand a slider are viewed as an integrated

unit. The interface between the head and the disk is called thellskadterface (HDI).

The airbearing technology in the HDI allows the slider to fly stably at a few nanometers
away from the disk surfaceThere are two measures tife flying height one is the
magnetic spacing arithe other is thgphysical spacing, and theljffer by the protective
layers on top of the magnetic media

A disk substrate, the Ahard dirglass, anditis usuall
coated withvarious under layers arad magnetic layer of approximately0230 nm thick.

On top of the magnetic layer is the diamond like carbon (DLC) layer ranging from 15A to

25A and on top ofthan per puoropol yet mgerof JARFBBEN | ubric
thickness. The readrite portion of the slider surface is coated with a 10A to 20A DLC

layer. Each layer comes with its own roughness that is not negligible in view of the
nanoscale contact. From the mean top surface of the malqyeti¢o the readvrite head

under the DLC layer is termed the magnetic spacing. From the mean top surface of the

PFPE lubricant layer to the mean top of the DLC layer on thewei portion of the

slider is called the physical spacing.



Figurel.3.1 Zoomed section of the readrite portion on the ABSLeft part of the metal spes are read:
shields, and the writer return poles are on the right.

The typical phgical spacing for sliders iourrent products is aboBtnm to 10 nm with
modulations around one nanometers or lov#ed ], 12], depending on the ABS design

and the corresponding RPM. The general low flying attitude makes the DLC and PFPE
layers of special importance. DLC layers and PFPE layers provide a reliadoieamce
corrosion resistanprotectionfor the soft magnetic layer. PFPE lubricant layers featuring
low surface energy and high chemical stability provide good surface protection in the event
of contacts, angroducea longterm noncontact tribology integce.

In addition tatheair bearing, the nanoscale mechanical spacing is maintained together with

a delicate suspension structure that positibwe slider with a given load against rotating

media. Suspension design plays an important role in contrdlliilge s | i der 6 s dyn
response to environmental disturbasae well as irprecisiontrack positioning. A slider

is bonded to a suspension through a gimbal structure, and therefore in component level
experiments a slider/suspension combination is ofterrreefdéo as the headgimbat

assembly (HGA)A detailed explanation faa typicalHGA canbe found in L3].

In this dissertation we are mainly concerned with theocts of the TFC induced physical
clearance change and the correspondiimgr and lubricantlynamics.

The challenge in studying the HDI is to understand the physics that cannot be directly
observed through optiasr electronic microscopgue to the extremely narrow physical
spacing. We can, at best, perform experiments that are designed to measure relevant
guantities and deduce the physics from the results. An interesting yet challenging feature
of the research in HDI iact that the HDIinvolves aseveralinterfaces of materials with
dimensions ranging from a few angstroms to tens of nmaeters. The separation thie

length and possibly time scales can make simulations/experiments leaabtoplish

1.3 The thermal fly ing-height control technology
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Traditionally the r eduomMgsachisvedobly tha ABS design.i der 6's
However, the reduction of the flying altitude the ABS designbringst he whol e sl i de
trailing end to almost the same level, causing nadrihe ABS to interact with surfaces

below throughintermolecular forces, electriasic forces, topography modifications and

direct contacts. A recently commercialized technique is the thermag-figight control

(TFC) technology. The TFC architecture uses a resistive heating element to deform a local

region around the readgrite hea portion (Fig. 1.3.1) of the slider, bringing it closer to the

disk [14, 15]. The physical spacing may be controlled by changing the power supplied to

the TFC heater, and the control is capable of producing nanometer variations in physical

spacing using powers in milliwatts.

One of the desigof the ABS and the heater used hisrehown in Fig. 1.3.2 In general

the heater protrusion is a very fAblunto bul
order of tens of microns whereas its vertical dimensions arengnaenanometers:ig.

1.32 (b) shows a representative ABS pressure profile anthl nm thermal protrusion.

Fig. 1.3.2(9 shows aepresentativéhermal protrusionvith a maximum height around 11

nmon the trailing edge of the ABS.

Although TFC technology improves HDI relialbyliand spacingontrol it complicates the
mechanics otheHDI by introducing a nomegligible amount of heat flux into the existing
mechanical interface. A thermal protrusion has to be optimized in terms of location,
geometry, associated actuator powed &he induced temperature field. Since the thermal
problem has to be solved in a mechanical interface, a TFC slider inevitably involves
thermomechanical coupling in modeling and experiments.

Fromresearctpoint of view, the local protrusion provides ardined area of contact, and

this feature is very useful in studying the dynamics and wear in the HDI. Because the local
protrusion can be viewed as a probe, TFC sliders can be devised as a fast probing technique
that maybe used t@xplore different prop#ies of lubricants and DLC layers at ulinagh

shear rates.
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and (9 the representative heater protrusioofife at a maximum height of Idm.



1.4 Objective of this work

The objective of this dissertation is to advance the knowledteebkaddisk contacts by
investigating the interactions between the top lubricant layers on the disk surface and the
air bearing slider over various contact regimes by experiments with simulation.

1.5 Organization of the dissertation

This dissertation is composed of seven chapters. Chapter 1 gives a brief introduction of
HDD basics, the HDIthe TFC technology, the dissertation objective and organization.
Chapter 2 provides a preliminaoutline to the study of HDI. It presents fundamental
methodologiesof instrumentation and experiment design as well as rationales for the
following studies overed in this dissertation. Chapter 3 focusesslaterdisk contact
detection using slider dynamics at contact proximity as a transition from flyitighto
contacts. Multiple degrees of freedom in slider dynamics are measured using fine focusing
lens and dedicated numerical simulaticexused to suppodnd interpretheexperimental
findings. In Chapter 4 the slider dynamics is further analyzed to characterizelibkad
contacts. It is found that healisk contact detection is sensitive to slider/raedatch and

a reliability measure is proposed to evaluate media performance. Chapter 5 inveistigates
detailthe sliderdisk contact in the view of lubricant modulatid@hapter 6 discusses the
head wear caused by slid#isk contacts beyonthe touchdow power level. Two TFE

based methodsreproposed and calibrated to monitor the amount of head wear. The newly
proposed method using temperature sensor attempts to measure ket without
incurring contact.Chapter 7 concludes the dissertationsoynmaizing the significant
observations/finohgs and proposing future works



Chapter 2

Preliminary study of the headlisk
Interface with TFCslider

This chapter presents a preliminary investigatainheaddisk interaction. It reports
different interference stages$ slider contactgainst lubricated surfacesterms ofslider
dynamics. In addition tothe findings from experiments and simulations, tedied
description of theexperimental setup and the specifications of the equipment and
experimental sampleare provided, if applicable. Part of this chapter is devoted to
explaining the calibration procedure of the optical surface analyzer)@Swellasits
importance in quantifying the PFPE lubricant thickness changes.

2.1 Introduction

A successful readrite process relies on a stable HDI. Driven by storage demands, the
ever increasing areal density dictates a lower flying height. Before TFC techvedsgy
implemented into commercial HDDhe effortsin advanced ABS design were focdsin
achieving a low flyheight slider that can operate without contacts throughodésgned
lifespan Nonetheless, a flying height of 5 nm or below had been a threshold for stability
because of surface roughness and force interacitgeasing thepacing below 5 nm
oftenproducesnstabilities. Instabilities at disk proximity are attributable to intermolecular
forces, electrostatic forces and menisci formation, to mention a[I&v Although
instability is notdesirablan industrial applications, it is of academic and research interest.
Prior to 2008, most experimental instability investigations were done by bringing the head
to thedisk surface through &ier reducing the RPM of the disk or the ambient air pressure
in a chambef17].

The way instabilitiesverestudied reflects a problematic nature of a lowhgght slider:
a massive contact/interference area, even considering the trailing edge only, can
significantly scale up the attraction force. In view of the disk, a lowhByght slider with
relativelylarge areas at disk proximity also enhances the luliricamsferfrom the disk to
the slider The introduction of TFC technology resolves these disadvantages by reducing



9

the proximity areahrough the use dbcalizedjoule heating, resulting a confined thermal
protrusion thateduces the flying height onlgcally.

While the TFC technologgurrentlyenables a lower writing spacirg around 12 nm, it
requiresanadditionalunderstandingf the concept ofontact so that a desired spacing, say

2 nm, can be precisely set. Therefore, contact detection sereee of the most important

internal calibration procedures in a HDD, and contact detection is nettexpto be
performed more thaaboutl 0 t i mes during a driveds | i fespe

Since the mosbbviousway to determineheaddisk contact is tacauseit, a headdisk
contact istheninevitable and itsunderstandings essential for HDD reliability. Prior to
establishingthe mostsensitive detection scheme, an overview of sliiek contact
behavior would benefit the research starting from a fundamentatigagon.Onewayto
understandheaddisk contacts is to perform an-gitu sliderdisk interaction while
monitoring it from flying to theinitiation of contactand beyondthat to a more severe
contact Onereason for studying the slidéisk interactiorbeyond contact is to probe the
possibility of contact recording. Contact recordimyeansthe mechanical spacing
reducedo zero,and thiss one way to maximize areal dengiyder existingperpendicular
media recordingkMR) [2, 11].

One idea proposefdr contact recording wasalledii s u r fwvhich ig @onsideredo be
theoretically possible for a sliderés ther ma
but not contactthe carbon layef25, 26 and 27]. Nonetheless, surfing is seldom
experimentallyobservedwith all supporting dataincluding slider dynamics, interfacial

forces and lubricant modulatigg9). | n t hi s chapter, fAexperi menit
its feasibility is evaluated. The characteristics of bouncing including the onset of contact

and the corresponding oscillation modes ardagmpd with simulation support.

2.2 Experimental Setup

The experiments are performed on a stage capable of maksity imeasurements using

an acoustic emission (AE) sensor, a laser Doppler vibrometer (LDV) and an OSA, which
is based on high resolutionasming ellipsometry18] (Fig. 2.2.1). The AE sensor detects
the elastiestress waves in thactuator arm transmitted from tlstider and suspension
caused by slidedisk contacts, the LDV measures the vertical velocity of the slider at the
its trailing edgecenter(TEC), and the OSA monitors the modulation of the lubricant layer
coated on the disk surfac2(].

2.2.1Laser Doppler Vibrometer

The LDV used here imade by Polytec In@nd itcontains three main parts: the electronic
controller (OF\*3000), the interferometer (OF¥12), andhe probe hea(OFV-101).The
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fomani,  (E1)

Figure2.2.1 The experiment setup contains (a) LDV, (b) AE sensor and (¢) OSA-ituimeasurements

controller performs the signal processing and decoding. The interferdmstsall of the

optics and the laser. The probe héaclseshe laser spot to the desired dimension. The

OFV-512 is a differential interferometer,andh en it i s wused in fAsingl
reference end must be optically grounded with a calibrated mirror, which may not be used
interchangeably with other similar LDVs. A proper fiber alignmientequired tagive an

output power at hilliwatt (mW), and it is a good measure of the syshesondition.

2.2.2 Acoustic emissionsensors

The AE sensor iomposedof a piezoelectric plate of leadrcontitanate PZT) with
conductors on its faceand it is designed to detected high frequenc{@>Hz) elastic
wave signals that propagate through the slglepension structure. AE sensors \agy
sensitive even though tlsggnal isquitesmall, and a proper pi@mnplifier plus an amplifier

are required to perform contact detection. The AE senssed in thischapterare
manufactured by Acoustic Emission Technologies (AET). The gain setting on the amplifier
is also important for obtaining reliable results. Too large a gain picks up too much
environmental noise while too small a gain loses thsigeity. In the contact detection
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application the contact signal shows a repeatable result at gains equal to 50 dB with a
multiplier of 0 on the amplifier panel. Larger gains can make false detections by amplifying
electronic noiseAE sensors manufactudeby Physical Acoustics Corporation are used
from chaptes 3 through 6, in addition tthe AET sensors.

2.23 Optical Surface Analyzers (OSA)

The OSA used in thiesearchvas manufactured by Candela Instruments around 1998 and
this model is based on ti@gandela2100 but with a more advanced scanning head that has
the feature of the Candefl0Q such asthe scribe and topography channels, and it is
installedin an open platform, capable of adding other measurement tools on an air table.
The planar resolign is better in newer models; however, the vertical resolution stays
equally good betweethe different models.

The OSA is an optical tool that uses ellipsometry to investigate thin film profiles. The film

being scanned must be transparent to some degrd®t the phase shifts of the reflected

|l aser beams can be analyzed, and a calcul at ¢
film thickness. The OSA has several different channels, and each of them is optimized for

certain features on the filmi§].

2.2.4Load cell and strain gauge

The load cell refers to an assemblybefan structures that carustainloads, andstrain
gaugeglued to the machined surfaces on the bélma. badcell used in this experiment
is scavengedrom a HGA holdemade byTTi Inc. The signal conditioner is from Vishay
Precision GroupThe dgrain gauges wereonfiguredas a Wheatstone bridge circuit.

2.25 Data acquisition and flying-height control

The data were acquired by a National Instrument (NI) 83B1 DAQ device and a high
speed PCI acquisition board by Measurement Computing-[DAS4020/12). NI USB
6211 is used to feedback control the TFC voltagsdnsing the voltage from its analog
output terminals. The PEDAS4020 features simultaneous data acquisition up to a 20
MS/s sampling rate and is used to capture dynamic signalstfimsfider. A customized
Labview program is written to calculate andntol the TFC power with sulmW
resolution; a software, Ultrafast, developed by TTi Inc., is used to contreDRS#020

at an acquisition rate of 1IMS/s.
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MD

DLC+Lube DLC Lubed

Figure2.3.31 Representative diagram showing the Pre/Post Lube calibration procedure.

2.3 Calibration Procedures for the Optical Surface Analyzer

In this work, we use the Q phasd# the OSA which is an optimized combination of P

polarization and S polarization |lights at an
perform PFPE filmthickness measurements. However, the OSA can only present the
relative Areflectivityo all over the surface

procedure is essential in converting the OSA readings to the true thickness variation of a
specifc type of film.

2.3.1Sample Preparation

The samples were manufactured with the help of Western Digital Corporation (WDC).
Eight disks with bare DLC layers were first made for background scans, and then¢he sam
disks were dipcoated with ZTetraol lubricants to produce thicknesses from 9A to 20 A.
The disk substrates were glass of 0.8mm tieslsand 65mm in outer diameter and 20mm

in inner diameter. Thibe thicknesses were measured using Fourier transform infrared
spectroscopy (FTIR) in WDC.

2.3.2Calibration Procedure

Eight disks with bare DLC layers (no lube) were first scanned using the Q phase channel
on both sides. The reason for scanning the DLC layers is to collect the background
variations due to the waviness and roughness of the disk. tBmbackground variations

and waviness are disk surface dependent, the eight disks with 16 surfaces were marked
with different patterns using the scribe function on the OSA scanning head for reference.



13

The 16 surfaces were latgen back to the mediat® of WDC whee they were dizoated

with Z-Tetroal lubricants from 9A to 20 A. Each surface was thescamned with the
lubricants on it. The scanning radii were from 20mm to 24mm (middle radii, MD) with 4
microns resolution in the radial direction angpeoximately 4~5 microns in the
circumferential direction. The averaged reflectivity reading of théubad DLC disks at

the MD was recorded and subtracted from the lubricated ones on the same surface with
references to the scribed marks.

The differencesin the readings before/after dgmatings result from the different
thicknesses of lubricants leg® DLC contributions on the background. The 16 differential
readings were analyzed by leasfuared linear curve fitting, and the slope of the linear
appraimation line is the reflectivity/A conversion ratio. This calibration procedure is
called the Prelube/Postlube method

2.3.3Calibration Results

The analyzed result is shown in Fig. 2.3.3.2. A good calibration result was obtainéd and
supports the feasiity of using the OSA for measuring PFPE film thickness variations.
Theoretically dfferent types of PFPE films may have differemgflectivities and to
precisely describe the amount of lubricant modulation a calibrationldbe performed
using the spafic PFPE lubricant of interest. The negative slope results from the fact that
the thicker the lubricant layer, the less reflective light will be detected by the OSA. This
result is used as a reference number for all ForbIRFPE lubricants later in #hi
dissertation. However, he variation between lubricant types may not exceed an error of
15% [22], and the calibration isore systenrspecific.
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Lubricant thickness (A)
Figure2.3.32 The calibration result using the Prelube/Postlube methods. The slope of the linear fit
is -0.0217% with R=0.9739



14
2.4 Methodology

In order to investigate the sliddisk interaction and to find the interference levels of
interest,we implementeda series of experimental schemes to ideniify sliderdisk
contact characteristics. A Polytec LDV, an AE sensor and an &8Ased to monitor
dynamic signals frortheslider and lubricant surface.

2.4.1 Experimental schemes

Experimentswere performed using the TFC power contmith a custom programmed
Labview code and a USB211 multifunctional data acquisition board with a voltage
follower circuit. We observed three distinct dynamical phases during a continuougpstair
TFC powerscheme (K. 2.4.11), and the three power schemes are used to investigate the
dynamics at each phase. The LDV measures the vertical velocity signal of the slider at the
trailing edge centefTMEC) from its backorifice on the suspension (Fig. 2142). Contacts
areidentified by the touchdown power (TDP), whishbased on the abrupt modulation in

the AE signals

The first test schemapplied a sep-up power history with 3nilli sesconds (msyiwelling

time at each power step fromn@WV to a certain power level thdemonstrates typical

light touchdownin the AE signal With this scheme, weareable todetectand define the
TDP, set up the particular power levels of interest ahdervethe owerall light contact
dynamics

The first test schemarovidesthreephases thatharacterie the lighttouchdownincluding
the value othe TDP, and the power range within which egttasds defined. Therefore,
we can choose three distinct power vallest fare representative of egohase TDP-5

8.50E+01
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Figure2.4.11 Stepup power history with 3éns dwell time
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Figure2.4.1.2 (left) Part of the suspension fromthe AB8 € 6 s v i kaekground) (rightfap view
of the suspension in part. TEC is marked using a red circle, where the LDV takes the measure

mW (P1) TDP+5mW (P2) and TDP+55W (P3) which representhased, Il and Il
respectively. In the second test schethe power historywassimilar to that m the first

test scheme butemainsat each distinct power level, P1, P2 and 8 1000 ms to
investigatethe sliderdynamicsat each levelThe dweling time at each power step30

ms for P1 and 1&s for P2 and P3 he reason fothedwelling time change in this scheme

is to demonstite thatthe changefrom 15ms to 30ms is sufficiently long fothe system

to reach its steady state at each power agepuggested by the repeatable experimental
results.

To explore moref the physicsof phaselll we set up the third teshatis similar to the
second scheme but with P3 at TDP+6% and P1 at TDHB mW kept fixedfor twelve
minutes to investigate its stability and interactions with lubricants.

2.4.2 Numerical simulation

While the sliderdisk interaction has been experimentally identified using AE, LDV and
OSA, the frequecy spectrum presented the LDV requires a physical explanation. Most
experimental studies attribute these observed vibration modhe sol i dSepitch and

2" pitch modes by experience and rationale, but in this dissertation a numerical simulation
using a detailed HGA model together with the effedhefABS is implemented to further
understand these experimental modes.

The numerical simulations essentially follow the approach proposed by Z@jrguf with

slight modifications. A full finite element model of the HGA with the air bearing is subject

to harmonic analysis to determine the frequency responsesaftiredynamial system.

The stiffness of the air bearing is evaluated18 nmof TFC protrusion, where the slider

is still flying, and this is incorporated into the HGA model as an elastic element with one

end fixed at t he slider 6s tthneadisk nodeeThis alfr and t
model is chosen to represent the same suspension and ABS designs as those used in the
experiment s. A 10 mN excitation f-planee i s aj
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direction (xdirection) for the 1st case, and in the-off#plane drection (zdirection) for
the 2 case.

2.4.3 Data processing

The signals from AE, LDV and OSA are processsithg acustomized code in MATLAB.
The AE and LDV signals were both analyzedtlre time domain and frequency domain.
In thetime domainthe oscillatingnature of the dynamic signals welsaracterized using
3-sigma over each 130 milliseconds period. Ithe frequency domain thepecta are
calculatedusing a fastFourier transform (FFT) at each power step. The resudtse
comparable with those obtaineding the TTi data analyzer, Ultrafast, and MATLAB
program. Friction force is processeddmoving average over each power step.

The OSA images were acquired by its computetiaiumferentialacquisition rate around

2 MS/s. For accurate film modulation studies, a background image before each test
performed andis subtracted fromthe modulated Ilubricant images to removke
background noisea]isk clampchuck induced distortions and disk rauats.

2.5 Results and Discgsion

In this section the results obtained frtme different experimeral schemes are discussed.

2.5.1 Slider dynamics and acoustic emission sensor

It wasrevealed from the first test scheme that a light touchdown contains three distinct

phases. As showin Fig. 25.1.1(a), phase | contains low AE and LDV signals, and phase

Il begins with sharp spikes the AE signal and then drops to a certain level that is much

larger than in phase I. In the same period, the LDV signal grows gradually and has similar

trends in magnitudes as the AE signal. In phaséhiél amplitudes ofoth of the LDV and

AE signals reduceo nearly constant values that are small comparedtidatbe inphase Il

but still somewhat larger than in phas&adrthe time domain analysis, we use three times

the standard variation of a vibration signal over a period to quantify the magnitude of th

vi bration, and it is termed as the 30. Since
each step, we can compute the 30 plot over ¢
signals with respect to each power step, as shown in Bid. Ab), wherehe three phases

are clearly presented. We therefore define the TDP as the power where the first AE spike

is observed in its 30 -fnedrequencyanalysihesingmor e, Wi
FFT with resolution of 0.0625 kHz, we can also observeethiestinct phases in the

frequency domain that correlate well with the phases classified in the time domain, as

shown in Fig.2.51.1(c). In the frequency domain results in FA¢h.1.1(c), phase | shows

no obvious peaks even with the heaters turned oweMer, phase Il, which starts with
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Figure2.5.11 (a) Dynamic signals in time domain and (b) tieoBtime domain signals with
corresponding powers (c) the frequency spectrum at different powers

sharp AE spikes in the time domain, is rich in frequency content. Within its first 3 mwW
increments beyond TDP, a peak with frequency of 133 kHz and its second the third
harmonics are observed. These peaks are soon ssggbrat higher powers, and are
replaced by two frequency peaks appepat 234 kHz and 377 kHz. In the middle of phase

I, stronger and more stable peaks located at 234 kHz and 390 kHz are observed, and in the
late phase I, the peaks around 234 kHz griyldasappear and the peaks around 390 kHz
shift slightly to a higher value at 395 kHz with a suppressed magnitude. Phase Il shows a
complex frequency content as well as transition, and it correlates well with the vibration
time domain signals. In phasd, lbnly the high frequency content from phase Il remains
with relatively low magnitudes, and it is consistent with the low AE and LDV signals in
the time domain. Fig2.5.1.1 shows good agreement in the dynamical phases between the
different measurement reds.
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It is shown by the second test scheme tivage phases and thelynamial characteristics

are clearly presented by P1, P2 and P3. For P1, which is 5 mW below the TDP, we see no

time domain signal changes and no obvious peaks in the frequency domain; thus it is
termed the fAflying stateodo everbnhliNd.dorP2 he hea
which is 5 mW beyond TDP, a rich frequency content is observed, as shown in Fig.
2.5.1.2(b). As indicated in the first test scheme, initially a peak at 137 kHz is excited as

well as its harmonics, and then it is soon replaced by twardmt peaks at 234 kHz and

382 kHz when the power is kept at P2. Phase II, where a rich frequency content and

vi bration signals are observed, i s therefor
transitions of peaks and time domain signals in the poweracess correlate well with

previous observations, and only a weak, yet distinct frequency peak at 391 kHz, remains

when the power level reaches P3, as shown in Fig. 2.5.1.2(c). It is worth noting that in

phase lll, the frequency domain results indiGastightly higher frequency vibration mode

than the bouncing state without the 234 kHz mode, meaning that the contact condition
experiences a significant change in transition from phase Il to phase Ill. Another
observation from the time domain signal atsgygests that a steady but weak vibration

occurs in this phase.
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2.5.2 Lubricant response

It is found from the twelveninute testusing the OSAP1 shows negligibléubricant
modulation while P3 shows prominent lubricant modulation right under the thermal
protrusion area. Such modulation evolves with time, as directly shown in big.12.

where the lighter yellowish area indicates a thinner lubricant layer andrdar&e
represents accumulation. Timeplaneresolution othe OSA images are of micron meters.
Therefore, the thinning/thickening of lubricant layers can be viewed as an averaged
measure over a large number of molecules, considering a typitatrdol mé ec ul e 6 s
length is at tens of nanometers. Significantly, the lubricants deform into a cross profile with
two ridges and one groove. The overall lubricant thickness is 12 A, and the mobile layer is
6A thick. Carefully calibrated OSA readings show that theopf i | e 6s peak
thickness change is about 1.2 A, as shown in Fig. 2.5.2.2, which suggests the interaction
between the thermal protrusion and the lubricant only exists in the mobile layers of the
l ubricants. Thus, we idregigtnated.phase |11

%% (TD_p65_03min_R290_270_RPM7520_QAbsPhase - LoadScan_R290_270_RPM7520_QAbsPhase)

£%(TD_pb5_0 R290_270_RPM7520_QAbsPhase - LoadScan_R290_270_RP

25522 n B8

Figure 2.5.2.1 OSA raw data showing lubricant depletion under Phase Il atu@&snihmirutes and 12
minutes separately.

t

0]

as



21

0.5
<
c
2
5 O
=)
3
= —-4mins
*g 05 i —--5m?ns
o = 7mins
.§ --9mins
- —12mins
_3.8 2.805 2.81 2.815 2.82
Radius (pm) x10*

Figure 2.5.2.2 Lubricant modulation profile along the radial direction ranging from 4 minutes tc
minutes in phase llI.

2.5.3 Numerical simulations

The systembs frequemeyxtrioenpansddei sltillerads
cases are shown in Fig. 2.5.3.1(a). It is interesting to note that the dominant dynamical
modes vary with the direction of the excitation force. In particular, for tdeection

excitation the dominant modes have frequencies at 122 kHz and 152 kHze Oiinéh

hand, the 324 kHz mode becomes dominant under the pdiection excitation.

Therefore, it is reasonable to expect that different modes become dominant at different
touchdown stages as the force combinations vary with touchdown status. Figl(B)5.3

shows the nodal lines corresponding to the modes shown in Fig. 2.5.3.1(a). Comparing
these results with the observations in the experiments, we conclude that the repeatedly seen
peaks around 130 kHz to 140 kHz are related to the peaks locatedk&tZ122d 152 kHz,

and because the nodal lines are located at the trailing edge of the slider, as shown in Fig.
2.5.3.1(b), these modes are considered relat
The high frequency components around 377 kHz tolk3@bare evidently related to the

324 kHz peak obtained in the simulation, which has a nodal line located at the leading edge

as shown Fig. 2.5.3.1(b), and is associated
The frequency of this mode is 50~70 kHbwer than what is seen in the experiments.
However, considering that the simulation is done on an air bearing stiffness evaluated at a
flying state, we expect this frequency to increase by several tens of kilohertz if we further

push the slider to toudoewn. Another interesting observation is that the experimental

mode at 234 kHz, which is neither a pure air bearing mode, nor a pure suspension mode,
alsois foundin the simulation with a nodal line locatetbserto the trailing edge of the

slider and off the slider body where we can conclude it is a suspeaisioearing coupled

mode and is able to be excited under certain conditions. Not all peaks obtained from the
simulations are observed in the experimentsabee the real excitation force components

may not be as simple as those applied in the harmonic analysis. Nevertheless, the
simulations do explain why different modes show up at different touchdown powers, and
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they recover the modes observed in the erpamis that cannot be explained by using
either simple air bearing or suspension models.

2.5.4 Interfacial friction force: commentson thefeasibility of surfing

In order to determine the repeatability the surfing phenomenon, several HGA®re
studied under high TFC powers to observe surfing. While the phenomenon of surfing can
be repeated on different HGAs, the required additional TR&@epdeyond TDP varies
among them. These values range from 15 mW to 120 mW. In addition to the large
variations in surfing power (with relatively similar TDPs arouneB00nW), the frictional

forces are nomegligible during a surfing sate. It is worth mgtithat evemhoughboth the

LDV and AE signals dropped to significantly lower values thaits bourting state the

strain gauge signal stays at the value prior to entering the surfing regime. It means a strong
surface interactionis still present but wth much smaller vibration amplitudes.
Interestingly, the friction force does not increasenotonicallywith the power. Even
though the friction force stopped increasing, the existentieedfiction force suggests a
possible development of wear if adgr stays in surfing for a long time. The noegligible
friction force in the experimental surfing state makes the idea of contact recording via

surfing less practicable.
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2.6 Summary and Conclusion

Three distinctive slidedisk interaction stages are iddied experimentallyand are
explainedwith simulation support. Rictiynamicalcontents are found in the bouncing state
and surfing state.

The bouncing state is an important phase in the light touchdown because its frequencies
reflect not only its inherent air bearing modes but also the suspeaisio@aring coupled
modes, which may be excited by different interfacial forces. The existéscsmension
air-bearing coupled modes suggests that under acastrolled power supply process, the
bouncing state initiates from extremely light contact induced natural vibrations and
progresses to a forced vibration condition as the heater protmisiars. This indicates

that lubricantinduced vibrations affect the bouncing state.

The surfing state is also supported by multiplsita measurements using the AE sensor,
LDV, and OSA. It is worth noting that we observe the slider reaching its ssthbg with

both AE and LDV signals of low magnitude but with a distinct, sliglsyfted higher
second air bearing pitch mode compared with the bouncing state. And most importantly,
the Angstrordevel modulation of the lubricant surface with heater pdwgher tharthat
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at the TDP strongly suggests the state of surfing. The suppressed AE and LDV signals
indicate a stable dynamical phase with light contacts, and the weak second air bearing pitch
mode suggests that the slider is partially supported byitihearing.

This chapter classifies the dynamical phase
importantly it characterizes its surfing state using multiple measurement techniques. The
measured slidero6és dynamical fate evelluvehntlcei e s i n

simulation results, indicating that suspenssmbearing coupled vibration modes can be
excited by different contact conditions with lubricants and thermal protrusion. Therefore,
it is essential to take the suspens@mmnbearing couphg effects into consideration when
touchdown occurs. It is also crucial to design a reliable and controllable interface for the
state of surfing, which is defined as having a distinct 2ntearing pitch mode yet having

low amplitude AE and LDV signalé&nd the surfing is expected to occur only in the mobile
layers of ultrathin PFPE lubricants. The surfing phase with the evolution of deformation
of mobile layer lubricants with time shown in Fig. 2.4.2.2 suggests that the deformation
mechanism and mechaal properties of mobile layer lubricants may be essential for future
theoretical constructions and simulation works of this phenomenon.

Although the surfing condition has been presented with OSA data, there are several
challenges for such phenomenorbtpractically utilized in a real HDI. One challenge is
that a touchdown power may not be predicted for each HGA, nor the TFC pbaer
surfing state. Therefore, before a stable surfing state being reached, very likely the
bouncing state will take plac&he disadvantages in bouncing state areesgifanatory,

and the priority in HDIstudiesshould be focused on the detection for contacts without
excitingthe bouncing state.

The second challengetise difference between the theoretical model that suggests surfing
and the experimental surfing established in experim&gs2p, 26, 27, 28, 31, 39. In
modeled surfing conditions, several potentais assumeds a function of spacing and
lubricant film thicknesses, which can be evaluated arbitrarily as long as they are physically
feasible. Therefore, an equilibrium may exist, ideally, at any -bésd spacing/film
thicknesses as predicted. However, such assumptions are usually violateerimertal
conditions. As suggested the surfing state observed here¢he depletion othe lubricant

film is at a rate of swangstroms per minute. Even for an aggressive TFC overdrive the
depletion rateshould not exceedone angstrom per minute. This eans the thermal
protrusion may not be able to reach a desired interference without the consideration of film
depletion rate. The experimental surfing, as a result, couldhderstoodas more of a
steady contact against hard substrates mediated by hitbfilcas. The effect brought by

the lubricant modulation ithe HDI is another important topic for further understanding.

As thin as the PFPE film is, #te molecular level it may not be able to be fully depleted,
even under a high TFC overdrive poweheTlubricartDLC bonding isstrong enough to
withstand headlisk contacts; however, it does not guarantee full lubricant coverage over
the DLC layer. Lubricant depletion can cause less lubricant coverage, leading to asperity
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contacts between the disk aridlerd BLC layers B2]. As a result, the third challenge for
surfing is mechanical wear. Wear monitoring and control is critical for a reliable HDI.

Although surfing and bouncing are ndésiredin the HDI, this chapter indicated three
important topics for future studies: contact detection, lubricant modulation and wear.
Contact detection will be discussed in chapter 3, the effects of lubricant nioalwét be
addressed in chapst and 5, and chapter 6 presents the head wear study.
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Chapter 3

Thermal protrusioni nduced s |
flying height modulation at contact
proximity

This chapter presents detail@@asuremesusingtheL DV t o capture the sl i
at contact proximityin orderto understand the | i d e r 6 sat tlieyomset nficantact.

With the introduction of TFC technology, contacts were made by thermal protrusions. To

study the dynamics at proximity, a more sophisticated data acquisition scheme and
sampling ratevereadoptedThe diderd dynamicsavascapturediusing a finefocusing laser
interferometer which decomposed the slidero
freedom. Numerically the sliderds displ acem
are carried out using FEA, CMlir [36] andCML parameter identification prograi7].

3.1 Introduction

Thermal protrusion nduced slidedisk contacts have been widely investigated
experimentally, theoretically, and by simulations. Slider dynamics at contact were
experimentally explored at different interference heater powers using laser Doppler
vibrometry (LDV) [38], [39]. These investigations indicated a certain correlation between

the sliderbdés vertical dynamic signals and a
regime of contact. However, in dritevel applications, the dynamics at first contact or
approaching contact is of more interest. Recently several studies have focused on
identifying the excitation source of the contact signal using LI3YU] fand acoustic

emission (AE) sensord()]. In componerdevel studies, AE sensors are often used to detect
contactinduced ¢ ast i ¢ waves. The contact <criterion
preferences, but it is wusually based on the
mean square (RMS) value over a period of tid@,[[41], or a sudderspike in a time

domain window B8], [39]. Therefore, the correlation between the increase in the AE signal

and the interferenchetweenthe head and disk surfacequires further investigation. In

this chapter we use a direct observationf t h e dysamicsdoechodse the threshold
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manifesting a transition from proximity to contacts.

Moreover, among the recent studies regarding HDI contacts the LDV was atsieactral

| ocations according to the resear3H3r s6 choi
leading edge4?2], suspension or gimbal leg3(]. A recent paperd0] reported the different

touchdown stages by making separate measurements on the trailing edgaraegimbal

legs. This suggests that the slider's vibration measured with LDV is indeed location
sensitive, and a more realistic description of slider motions may be obtained by observing

the slider s dynami 43 Itis thus esgentialitoqpunderstand thkee N s i o n
sliderdés dynamics by taking measurements at
to provide a determination of which locatioasgrves the most attention for determining

the early onset of contact.

I n this chapter, t he sl i deermdasured gtrindlBC cs at
leading edge center (LEC), and in the dewack direction (DTD) to investigate the
s | i d e widrsn trénsitiormfrom flying to light contacts. Such light contacts are also

found to be disk surface dependent. Results show that the instalilitie®TD and LEC

are more sensitive to the transition from disk proximity to the onset of contaciritibe

TEC. At the defined contact event, DTD modulation donemtte vibration in the #plane
direction whereas the LEC modulation domesathe vertical instability, leaving the TEC
rather stable. The higher sensitivity to contact eventee DTD with little modulations

on TEC suggests that the DTD modulations can be used as a contact detection criterion
prior to severe TEC modulations that can cause mechanical wear.

Numerical simulationsvere implemented to investigate the thermal protrusion induced
sliderdisk modulation at contact proximities. Two differdthGA designs were used to
study the transient dynamics of sliders in transition from flying to the onset of contact.
Simulations consideng both airbearing and suspension designs were edroiut using
finite volume (CMLAIr) and FEA (ANSYS).

Experimental results and simulations are in good agreement, and therefore reasonably
explain the possible source of instabilities and its assocédteithble modes. The results
also suggest that the dynasi@resamongthe HGA designs.

3.2 Experiments

Experiments were performed on a customized-sfand capable of executing-situ
measurements with an AE sensar.®V and an optical surface analyzer (OSA) which is
similar to the stage used in chapter 2 but with certain modifications to improve accuracy
of the contact study.
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3.2.1LDV measurement system update

The OF\512 with OF3000LDV setup was capable of finding slider dynamics under
different contact conditions. However, when a more dedicated measurement is aimed at
discovering the subtle transition from flying to the onset of contacts, its resolution is limited
to the analog contral, OF\+3000. In this regard, a digital controller, OB@00 with

digital decoders VBED6 and VD09, was used for slider dynamics in this dissertation
hereafter. The VBD6 and VD09 have cubff frequencies of 350 kHz and 1 MHz,
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Figure 3.2.1.2 Laserspots focused on (a) TEC, (b) LEC, and (c) DTD. The brightest red dots ar¢
focused laser spots, which are surrounded by scattered lights

respectively. However, it vgaverified by the VB09 that the dynamics of interests were
below the frequency bandwidth of 350 kHz, so only the results using thé6vare
presented in this chapter.

Besides the improvement of the digital controller, an update in laser interfero aretdsa@
increase the signal to noise ratio by integrating aimacamera and a closg lens that
provides a finer focus spot. The O34 interferometer with a 5X/10X microscope lens
wasused to provide Hsitu laser spot images and a spot-af Bm indiameter at a working
distance around 380 mm.

Figs. 3.2.1.1 (ajb) show the verticalmeasurement configuration and dewack
measurement configuratisrseparately. The locations of the laser spots on the- head
gimbatassembly (HGA) used in the measurements are shown in Figs. 3.2-(cR (a)

Another solution that providea similar solubn is to use OF¥12 and a microscope lens
OFV-130-5 that can focus the measurement spot down to 5 micron. In this configuration,
an external camera with proper optics is required to visualize the lasaxsspbown in
Fig.4.2.2

3.2.2Visualization of the laser spot

Realizing thaslider vibration possesses multiple degrees of freedanset up theroper
optics for visualizing the laser spot. Rbe OFV-534 with irline cameras, no additional
setup is required. However, if a filecused laser spas to be visualized, care needs to be
taken. The Navitar lens assembly with a 1.33x adapter (modeb¥#448) and a fine
focusing body tube (model #81449)wereused to provide a field of view (FOV) for 2.00
mm by 2.67 mm with a working distance aroundn®2 and a magnification rate of 2.4x.
Such FOVwasdetermined together with the diagonal CCD dimension (1/2 inch) of the
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corresponding digital camera, Hitachi %0 wasused in this dissertation. Laser spots
are usually smaller thasould beobserved, duto the scattering light. There are two ways

to enhancehe contrast of the laser spot. One is to use fiber optics to locally lighten the
neighboring space ahe HGA, the other way is to apply optical filters to reduce the glare
and enhance the contrad. long wavelengthpass color filter from THORLABS,
FGL665M,wasused in this dissertatiomith the OFV-5120FV-551 interferometer.

3.2.3Data acquisition update

An updated data acquisition is used in this chapter. The data acquisition and TFC heater
power suppharecontrolled by use of a customized MATLAB program synchronizing

the TFC heater power supply and dynamic signal acquisition to the spindle index. All
dynamical data were acquired using a National Instrument (NI) data acquisition card,
PCI6110, at 5MS/s sampling rate, and the heater power was feechatcklled by an

NI USB-6211.

The PCI-6110 can perform 5MS/s sampling rate simultaneously for 4 analog input
channels. This important feature assures no delay between acquieadidgignals. A
diagram representing the data acquisition scheme is shown in Fig. 3.2.3.1.-61h1PCI
the analog input engine is triggered by feedingdSA spindle index intthe PFIO, and
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the analog input and output engsraee then synchronized vRSTIO. The synchronized

analog output channel, AO 0, is then used as a pulsed trigger fec6USB 1 6 s anal og
outputengine. TheUSB2116s analog input engine is | at e
acquisition command. This procedure ensures the same timihg spindle index, PCI

6110 data acquisition and the TFC heater power supply.

3.3 Methodology

Both experiments andimulationsare performed to investigate the HGA behavior at
contact proximity. Different HGA designs and media are used to explore the efficacy and
repeatdility of the method of contactetection

3.3.1Rationale

Recently it was reported that LDV measurements etTtBC during slidedisk contact
events revealed two interestimpenomenaOne is that the observed TEC vibration
consisted primaly of the 29 pitch mode 89, 40, 43]. The other one is that the TEC
vibration to some degree, could h#ected by the gimbal structures at low frequencies
(<50 kHz) j6]. However, the same measurements were done on the gimbal legs as well
[30], suggesting that an earlier detection of contact could be observed at that location,
compared with the responses on the TEC. The abwmioned studies indicated that the
LDV -based contact definition malepend orthe measurement location, and therefare
more detailed studgf the transition from contact proximity to a possible contact event is
necessary.

3.3.2Samples and Experimerdl Schemes

The experimental procedures and specifications of the samples are as fHIRWL.5

inch diskscovered witha thickness of 1.2 nanometers ofT&traol or ZDol lubricants

with 70% bonding ratio were used. Equivalent linear speeds of flying sliders over disks
were kept around 22 m/s with approximately zero slider skew. Slidkrcontacts were
established by imreasing the voltage supplied to the TFC heaters, and the voltage pulses
are referred to as ATFC pul seso hereafter. [
half sinewave rising or falling profile which was held constant over the duration of 15 ms
in between. Data was acquired for 25 ms and synchronized with each TFC pulse. AE
signals were analyzed in real time using the RMS value during the TFC pulsed period as
contact indicators. The dynamics recorded during the TFC pulse on/off period over the
same reasurement window were used to study how the TFC heaters could affect the slider
dynamics using both frequency spectra and time domain displacement modulations. All
slider samples were examined by the scanning electron microscope (SEM) for indication
of wear.



32

The TFC sliders used in this study were designed to fly at about 11 nanometers passively,
and with thermakctuationefficiencies ranging from 0.14 to 0.18 nm/mW. The LDV
measurements were taken at the TEC, LEC and DTD on the same slider sequé&tially
exclude any concerns about the measurement sequences, the orders were changed over
different slider samples in the experiments. Furthermore, the variation of contact TFC
heater power was required to be withir #mW on the same slider among the deof

LDV positions, to insure repeatability. Results for the contact powers were measured from

5 to 10 times at each location when TDP settles down to a variation below 1 mW. The air
bearing spindle rtout was around+4 e m at t he test radidi

3.4 Simulations

Simulations were done in three separate steps. First, theaing stiffness was evaluated
using the dynamic aibearing simulator CML Air and th€ML PIP. Second, the air
bearing stiffness was used together with an ANSYS finite element model of theadHGA
perform harmonic analyses, by which the mode shapes and frequency response were
obtained. Third, transient analyses were implemented to find excitable dynamics at
contacts.

Figure. 3.4.1.Suspension design of HGA#1 (a) and HGA#2 (b). TEC is circled in white and LE(
circled in red for both figures
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3.4.1 Finite Element Modeling

Detailed finite element (FE) models are usedstouctural analysis. The reasfom using

FE models is to accommodate the complexity introduced by current HGAs. Although the

effect of HGAs can be simplified to 6 DOFs or even lowleose modelgreusually not

capable of recovering experimeryabbsered modes. The benefits of FE analysis is

understood from chapter 2, and in this chapter a similar idea is taken. However, a slight
modification is made to the slider modeling. Instead of replacing the slider body using a

single node attributed to elementA®dS21 with inertia parameters, in this chapter a slider

body of real dimension and densswergsolved bui |t
by attaching an addition mode to the slider.
inertia effects. Byaolpt i ng t his met hod, the sthesoder 6 s i ne
model and its interaction with disks can be linked through the aulstisd

3.4.2Estimation of the effect of airbearing stiffness

The airbearing stiffness was evaluated atthe glir 6 s  miing-haight of arbund/1.5

nm with a certain amount of thermal protrusion applied to the ABS. Two HGA designs that

differ in both ABS and suspension structure were used in the simulation and experiments

to compare the sellts. The element pe, MATRIX27, in ANSYS is used as the spring

el ement that connects the sliderdés mass cent

3.4.3Transient and harmonic analysis

The applied excitation force was 1 mN for both harmonic and transient analysis. In order

to simulate the forcmp condition at slidedisk contactsye appliedexcitation forces as

point | o ads TECton thehawbeasirlg isulfface GABS). The magnitude of

excitation forcewaschosen from the scale of experimental findings in chapter 2. In the

harmonic analsgis, the frequency sweep was from 1 kHz to 400 kHz with 1 kHz increments.

Il n the transient anal ysi s, a square pul se c
transient interaction between the thermal protrusion and the media below.

3.5 Results andDiscussions

In this section the detailed definition of Atased contact and the general dynamical
interpretations of LDV and AE signals at contact events are presented and analyzed in both

the time and frequency domains. The results frefre#aol and ZDol samples lead to the

same conclusion. All slidenssedin this chaptershowed no SEM detectable mechanical

wear after the tests. It is noted that the contact events are also referred to as touchdowns

(TD) by mostresearcherand the corresponding TFC heapower is called contact power

or touchdown power (TDP). A heater power | e\
pusho or fioverdriveo;ofdmd wihsenr efterirse d etdau caedd
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Simulation resultsfrom ANSYS arepostanalyzedin the frequency domain and the
corresponding mode shapes of the whole HGA and the slider body are investigated

3.5.1Experiment

Acoustic emission signals and contact definition

Conventionally, a slidedisk contact event is determined by an increasbarRMS value

of AE or LDV signals in componestével testing 80], [38]. In thischaptemwe use a similar

criterion, RMS value of the AE signal, but with an observation in the time domain to help

clarify the definition of contacts using a threshold AE RMS value. The contact TFC heater

power was determined by the AE patteb@sed on our postulated slie#isk contact

scenario. In a transition from contact proximity to contact, the disk surface asperities just
cont act the sliderds ther mal protrusion are
bounces on the disk. The formeepresents a light contact condition which is mainly
attributable to the overall effect of surface asperity distribution and dis&uu@Q]. The

latter is vieved as a more severe slider bouncing. Differing from the light contacts that are
related to surface features that excite the
bouncing is regarded as t he coisdtaigeéenaugh when t
to cause it to randomly contact the disk surface regardless of the disk surface features. It

has been reported that di sk -wavinebsaandenarb eat ur e ¢
waviness) can change the heatisk spacing when the slidefly passively 47], and at the

much lower spacing considered in this study, the perturbation becomes comparable to the
flying-height and may contribute to thesiability. The RMS values of the AE signals used

to identify the transitions were calibrated for different slidesk matches, and the AE

threshold was found to be in the range of 1.15 to 1.3 with normalization to an AE RMS

val ue i n t h eatesAkshowa m&ig. 3.5.1.1y(a), m gropsrtchoice of AE RMS

threshold provides a repeatable contact power, and Fig. 3.5.1.1 (b) shows the corresponding

time domain history. It is also shown in Fig. 3.5.1.1 (b) that the AE signals, in general,

contain bothperiodic and slightly noiperiodic contents from one disk revolution to

another during contact events. The excitation magnitudes are not exactly the same, but the
periodic signatures are location specific. The -periodic parts are attributed to the

slightly varying excitation magnitudes of the location specific AE signals, and also a result

of transitions from contact proximity to the onset of contact.
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Figure 3.5.11 A typical AE-based contact detection scheme. (a) Five consecutive TD testsatrtbe
contact power with dashed AE threshold line. (b) The corresponding time domain traces with |
processed LEC modulations.

The justification for defining the transitions using AE is illustrated in RBgs.1.2(a)-(c).

At the defined contact power, the AE signal consists primarily of location specific
excitations together with minor neperiodic contents, as shown in Fig. 3.5.1(12.
However, at InW backoff, as shown in Fig. 3.5.1.@), the AE signal contas weaker

and fewer location specific pulses compared with the contact case. In contrast to the contact
and 1 mW bacloff events, Fig.3.5.1.2(c) shows the AE signal when the power is at 1
mW overpush. The AE signal modulation is much larger over thegevith the TFC

heater powered on, and it no longer features the location specific patterns. The LEC
displacement modulations also follow this pattern. We define this as the transition from
sliderdisk contact proximity to the onset of sliddisk contacs.

Time domain laser Doppler viborometry dynamic signals at contact events

The synchronized and simultaneous data acquisition scheme described above ensures the
accurate timing with disk revolutions and minimum delays between acquired dynamic
signals. Fig 3.51.3 (a) shows a typical measurement result with the synchronized spindle
index, LDV, AE signals, and TFC pulses. As shown in Figs. 3.51-@japenerally the

velocity modulations, if observable, occur prior to the AE signals, and this difference
represents the time delay of elastic wave propagating through the structures to the position
of the AE sensor. A closer inspection of the LDV signal reveals that the velocity
modulations at the LEC, though subtle, are larger than those at the TEC, at ¢he sam
locations on the disk. These subtle and location specific velocity modulations also suggest
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Figure 3.5.1.2AE dynamic patterns transitions from (a) 1 mW baékto (b) TD to (c) ovetpush using
the same HGA in five consecutive power cycles. Ovepushes are applied four times after TDs.
Repeatable patterns could be observed from cycle to cycle, but the location specific patterns van

that a transient measure of vibration amplitude rather than an averaged RMS value over
the entire TFC actuated duration should be used to quantify the instaidibitg detailed
comparisons of the time domain results at the TEC, LEC and DTD are shown in Figs.
3.5.1.4 (a)(c). The displacement modulations are numerically integrated from the band
pass filtered (50 kH350 kHz) LDV signal, and the AE signals shown als® processed
through the same filter. The LEC displacement modulations are larger than those at the
TEC, the same as the velocity measurements; however, the modulations at the DTD are
even larger than at the LEC, for both velocities and displacemdmsaliovementioned
phenomenon requires a frequency analysis, and an analysis of modulation evolution from
contact proximity to the onset of contacts to decompose the dynamic contents.
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Frequency spectrum analysis and explanations

The frequency spectra for comparing the slider dynamics with/without apliR@ are
obtained using the Fast Fourier Transform (FFT) in MATLAB. An FFT is applied to each

5 ms period with the TFC pulse on/off. Although the magnitudes of the dynamic signals
are subtle, the contrasts between the TFC pulsed period and passivepdyiod) are
obvious. As shown in Figs. 3.5.1.5 {#&), the LEC spectrum features a group of
conspicuous frequency peaks from 85 kHz to 140 kHz, whereas the TEC spectrum is rather
silent with weak frequency modulations around 240 kHz and 320 kHz. Fig.33(6)1
shows the DTD spectrum, which shares prominent frequency peaks at 86 kHz and 117 kHz
with the spectrum of the LEC, but it also features a distinguished peak around 76 kHz. Fig.
3.5.1.5 (d) shows the AE spectrum at contact events for referenceng~purposes of

slider dynamics discussion, the low frequency components below 50 kHz are not included,
although they may contain effects pertinent to the TEC dynamics. Compared with a recent
study @6], the LDV response at the TEC in this paper is considered to be smaller at least
by half in displacement modulations, suggesting a contact regime of less interference is
being observed here. In the AE spectrum, theukeqy content is observed to be a
combination of LEC and DTD, suggesting that the AE sensor collects all elastic stress
waves transmitted through structures to its position, and therefore shares frequency
contents with the LDV measurements on LEC and Dif part.

The frequency contents can be further explained by harmonic analysis of the HGA used in
the experiments, and the simulation procedure is similar to that in recent [2ghei3g.

By experimentally comparing the TEC, LEC and DTD spectra, we conclude that the
frequency peakrangingfrom 90 kHz to 140 kHz are relatedttee 1st pitch modes. This
range was analyzed in a recent pa@é {ising simulation by the finite element method.
The frequeny modes ranging from 75 kHz to 90 kHz are reasoned to be related to
suspension and alrearing coupled modes in the DTD.
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Figure 3.5.1.5Frequency spectra on (a) TEC, (b) LEC, (c) DTD, and (d) AE signals at a typicalditik
contact event.

Evolution of flying-height modulation at contact proximities
Next, the maximum-3igma value of displacement signals representing the maximum peak

to peak modulations are analyzed from 14 mW haf€ko the contact power. Figs. 3.5.1.6
(a)(b) show a representative evolution of displacement modulations and thepoodtiang
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Figure 3.5.1.6Representative evolutions of (a) maximursi@ma displacement modulations on LEC

TEC, and DTD; (b) corresponding ARodulations. Solid marks are the averaged value and the err
indicates plus/minus one standard deviation from 10 TD tests.

AE modulations from 10 consecutive TD tests. Theigdna value is chosen from the
maximumcomputed-8i gma values over every 20 -€s in
to-peak modulations. The displacement modulations start to grow at arouwd taolk

off at both the LEC and DTD, which implies that the instability started to occur at
approximately 1 nanometer away from the contact surface level, which is interestingly
close to, but slightly smaller than the critical clearance that initiates&nriransfers33).
Although the LEC and DTD modulations continue to increase as the heater power increases,
the TEC modulations are almost comparable to thoskeatlying state with very little
increase. Despite the modulation amplitude differences among LEC, TEC and DTD, the
corresponding AE modulation amplitudes are almost identical, which implies that these
measurements are under similar contact conditiorshdtild be emphasized that the 3
sigma displacement modulation in this paper quantifies the maximum transiertbpeak
peak vibration amplitude over one disk revolution, but it is not an averaged measure such
as would be obtained using the RMS value olléreC durations. Much lower modulation
values would be expected using the RMS value of the LDV measurements.

r
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Figure 3.5.1.7Modulation growth rate with respect to the decrease inglpeight of LEC, TEC and
NTN

Slider dynamics at the onset of contacts

Using the time domain information, the frequency spectra and the evolution of
displacement modulation analysis we can interpret the dynamics of the slider from contact
proximity to the onset of contact. As shown in Fig. 3.5.1.7, modulations at the DTD, LEC,
and TEC all start to grow when the heater protrusion area is approximately letanom
away from the defined contact. However, the modulations grow at different levels of head
disk spacing. Considering that 1 mW increase in heater power corresponds to
approximately 1.7 A decrease inifig-height, the growth rate in a dimensionlessdact
(increase in modulation/decrease inirftyheight) is 0.99, 0.57 and 0.06 for DTD, LEC

and TEC, respectively. The growth rate indicates the sensitivity of the modulations at
contact proximity, and shows that DTD possesses the highest sensitivity wtheré&sC

is the least sensitive to contact. The linear growth of modulation suggests a gradual increase
in the vibrations until the onset of contact at the DTD and LEC, and they are viewed as the
main contribution to the instability of the ABased contaaietection, whereas the TEC
modulation plays a less dominant role in terms of slider dynamics during such transition.

The instability at contagiroximity has previously been considered to be a result of force
interactions between the HDI, and it has been extensively reported in numerical
investigations 16], [48], [49]. Such force interactions are essentially dependent on the
physical cl ear anc ebeabng sufae (ABS) amddisls dndl theeefor@ s a i r
mainly concentrate on the thermal protrusion area that is close to the TEC. Forces
dependent on the healikk spacing are usually reported in the vertical directidnrbthnis

study the vertical vibration at the TEC is not prominent; instead, the DTD shows a strong
in-plane motion that suggests the horizontal excitations play an important role i slider

disk contacts. The direct measurement result of DTD is also temtsigith a recent paper
































































































































































































