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Abstract

In this study, the effects of e@mack dwell time on a hard disk drive (HDD)
multidentate perfluoropolyether media lubricant were investigated. It was found that
increasing dwell times increase the magnitude of lubricant depletion to a point, after
which the depletion does not increase with increasing dwell time. Light interference with
the media and high skew angles were shown to increase depletion. Odeelihis
complete, it was founthat the lubricant reflows into the depletion region. Thibve
was shown to be accelerated by increasing humidity and temperature. The rates for both
depletion and reflow were measured and used to develop a simple model. This model was
used to predict the final depletion depth for a sample that experienceccaszqiion
/off- track dwell steps. Experimental verification of this model found that it is reasonably

accurate, especially for short dwell times and longraitk reflow periods.
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1. Introduction

A recent white paper suggests that the demand forgetdmathe year 2020 will be
40,000 exabytes or 40 trillion gigabytelluch of this new data wibe stored on hard
disk drives and,n order to fit as much data as possible into each device or data center,
futurehard drives must continually increase the areal density of data stored on the
media’
A.Hard Drive Overview

A hard disk drivgFigurel) consists of two principle components: rotating magnetic
media and the slider that flies ovef ithe head slider consists of anHi-C air bearing
coated with a thin layer of diamond like carbon (DLC). The media consists of a glass or
Al substrate coated with a ¥&o magnetic layer, and a DLC overcoat and thin [&y&

i 1.4 nnY) of lubricant to protect the delicate magnefics.

DLC

Magnetics

Disk rotation direction

Figure 1: Schematic of headisk interface; Magnetic layer, diamond like carbon coating, aricknt
shown on media; DiamoHike carbon and ceramic Ali-C shown on slider.

To achievehigher data densities, the spacing between the read/write transducers and
the magnetic media must be continually reducEthis small separatioplaces a
significant tribological sesson the interface, whicts already very harsh with spacing

on the order b1 i 2 nm contact speeds of 1040 m/s and shear rates of'46%3 The



integrity of themedia lubricant is of particular concern as the head disk spacing is
reduced.

B. Media Lubricant

The typical hard drive lubricant is a low molecular weight (~2000 g/mol)
perfluoropolyether with hydroxyl or amine egdoupsto facilitate adhesion to the
media>°. The lubricant is deposited on the media using either a dip coating process from
a fluorinated solvent or using a vagahtase deposition process and the resulting film is
usually a monolayer or less in thicknessZhm)3 Some examples of commercial
lubricants include ZDol and-Zetraol, which respectively have one or two hydroxyl
groups at each chaend. Most modern hard disk drives use a multidentate lubricant,
such as ZTMD (ZTetraol Multidentate). ZTMD consists of coupledl&traol chains that
result in multiple hydroxyl groups spaced along the length of the polymer chain which
hold it close tolie media, allowing for smaller hedisk spacing§.Typical structures

are shown irFigure2.’
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Figure 2: Lubricant molecular stetures including: (a) Zdol (20H), (b) Z-Tetraol (4- OH), and ZTetraol
Multidentate (ZTMD, 8OH)

C.Lubricant Depletion

Onemajor lubricantrelated issue idepletion(Figure3). This can cause numerous
issues irthe driveincluding modulatiofi andtransducemearagainst the unlubricated
disk’. Lubricant structure has been falito play a large role in the depletion. Specifically
lubricants with multiple hydroxyl endroups show significantly higher viscosity and are

more difficult to deplete as a restfit-! The head/slider design also plays a role in
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lubricant depletion, with larger center pad regions leading to larger amounts of lubricant
depletion'?

In addition to structural effects, previous work f@snd that temperature and
humidity play a role in lubricant flow. One study found that lubricant flow and the
measured diffusivity increases slightly with increasing temperatusenore significant
factor in lubricant depletion is absolute humidityq / n), which was found in a
separate study to have a strong positive correlation with depletion maghiitttis.
effect was attributed to increased water mdiee@asorption on theigsk whichcreates

competition for lubricant bonding sité5.
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Figure 3: Schematic of lubricant distributioma normal disk (a) and a disk with a depletion track (b). The
measuredlepletion is a reduction in surface density or average thickness, not a reduction in thickness at

every location.

D.Modeling Lubricant Flow

Lubricant spreading (ie reflow) is driven by attractive potential between the liquid
and the surface which is typically referred to as the disjoining pressure gi@&tjaation
1)."® The disjoining pressure typically consists of dispersive, electrostatic, and structural
portions, but for very thin films we need only consider the dispersive interaction given in
Equationl.®
B A
6n(h+d,)?

Equation 1: Disjoining Pressur¢é 8) , gi ven by the Hamaker <constant

of closest approach {d

(A



This pressure can be combined with the NaS@ikes equation (lubrication
approximation, no slip, and no stress atfsurface) to give an expression for the

differential thickness chand&quation2). *°

_Sh__ & (K dm)sh
Qucsrusion = 3z = 52|\ 355k ) 5=

Equation 2: Disjoining pressur¢d )drivenflowgi ven by the effective viscosit

and distance from depletion band (x)

Based on this equati@mne can define an effective diffusion coeffici@Btuation3)™,
which can be evaluated ugian expression for the disjoining pressure in terms of the
Hamaker constaft and an effective viscosity measured with lubricant bitv

experiment¥.

o - (e __t
3ndh 6nn(h+ dy)*
Equation 3: Effective diffusion coefficienf D) gi ven by t he thelflaimaekertcanstast vi scos
(A), the film thickness (h), and distance of closest apprdds)
Lubricant depletion due to the flying slider is a more complicated asdienultiple
attempts have been made to model it accurately in the litefatire Depletionis
difficult to model with molecular dynamics or direct simulation Monte Carlo due to the
long length scales and the lotige-scaleof depletion eventdn a recent study, the
effects ofshear stress, hydrodynanpressure, and electrostatic pressure were considered
and it was shown that the air shear stress is the dominant factor in lubricant
displacement® This air sheadrivenflow is expressed by Dai et a ahown inEquation
4 .20

B (hg + h)*n_ v
Qshear = 2n(sg +5—h)

Equation 4: Air shear driven flowgiven by the effective viscositg()t ,h e ai r pythexarrersand y ( d
initial film thickness (h, B, the slider velocity (v), and the slider mean and modulating clearansk (s
Balancing the air shear and disjoining pressure driven flow gives the final expression

(Equation5) for the rate of lubricant depletion under a flying slitfer.
4



Sh (hy + R)?n,v & [[h®dIT\ SR
e QS'?EEE?" + Qdiffusion = _ T e NS e e
&t 2n(sy +s—h) &x|\3ndbh)dx

Equation 5: Differential height change based oreahdiffusion driven flow models

2. Experimental
A. Materials

All experiments were performed A&OK RPM hard disk drives.he media (disks) in
this experiment were all standard 65 mm hard drive disks, with a glass substrate, cobalt
magnetic layer, 24 nm amorphous carbon coating, and2lnm lubrcant layer.
Lubricant structure is a proprietary multidentate lubricant. The heads in this experiment
were standard 3 pad air bearing designs with an amorphous carbon coating.

B. Depletion Dwell Test Protocol

Lubricant depletion bands were generated by usiadiDD servo system to seek to a
specific track and dwell on that track (or combination of tracks) for an extended period of
time (Figure4). During that dwell step, the transducer region of the head was protruded
using thermal acators tocontact the surface of the dis¥*>The amount of power
required to reach this point was determined using standard contact detection teéfiniques.
In most experiments the internal temperature was held constant at 35 C using an Espec
environmental chamber, although in one experiment both temperature and humidity were

varied using the chamber.
C.Depletion Measurements and Instrumentation

After testng, the disks were removed from the drives and lubricant depletion was
measuredFigure5) using a Candela 5100 Optical Surface Analyzer (OSA). This
instrument uses a laser to measure phase shift as the polarized light is reffatied of
surface of the diskThe amount of phase shift isrcelated with lubricant thickness, so
with calibration this instrument can be used to give quantitative measurements of

lubricant depletion.
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Figure 4. Schematic of dwell sequenda.(a) the head sits on one track for the doratf the test at either
the outer, middle, or inner diameter (OD, MD, ID) of the disk. In (b) the head alternates between two tracks

for the duration of the test.
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Figure 5: Depletion measurement technique. (a) shows sanmgmedla scan which is averaged around the
circumference of the disk to give the plot shown in (b). (b) can then be used to calculate the depletion by
subtracting the averaged baseline from the maximiutineodepletion peak.

The OSA instrument was calibegt using a set of halfibed calibration disk@igure

6). These disks represent a ladder of thicknesses (measured using Fourier Transform

Infrared Spectroscopy (FTIR) and the resulting signal can be used to create a

calibration curvgFigure7). This calibration curve can then be used on scans of disks

with depletionbands to convert the change in reflectivity to a change in thickness

(angstroms).



In order to measure reflow, the tested disks were allowed to sit at ambient temperature
and humidity and the Candela measurements were repeated periodically to generate a

curve of decreasing depletion vs tirflegure8).
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Figure 6: Optical surface analyzer calibration procedumegages (a) and (b) depict polar and rectangular
views of the disk from Candela. The plot (cpsls the track average through the box in (b) and can be

used to calculate the change in reflectivity due to the lubricant by subtracting the average reflectivity in the
lubed area from the dinbed area.
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Figure 7: Calibration acirve based on delta reflectivity numbers calculated from OSA measurements on
calibration disks
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Figure 8: Schematic of reflow of depletion profile as a function of time

3. Results and Discussion

This study can be divided into tlerenain sections. In the first section, the qualitative
factors that influence lubricant depletion & reflow were investigated. These factors
include time, temperature, clearance, and skew angle. In the second section, the results of
the depletion/reflow vime experiments were used to generate a model to predict
depletion based on seek workload (time on/off track). In the third section the model was
validated by dwelling with various workloads and comparing measured depletion with

model predictions.
A. Lubricant Depletion and Reflow as a Function of Time

In the first experimenthe total ortrack dwell time was varied from-130 h. After
dwelling, the depletion was measured immediately and the measurement was repeated
periodically for several days thereaftermeasure the reflow of the depletion track.
These data points were plotted to show the trend of depletion and reflow as a function of
time (Figure9).

As expected depletion increases as dwell time increases and tapers offnadéter so
critical point. This is reasonable becatise diffusion coefficient is dependent on the
thickness and, as a result, reflow will eventually equilibrate with the deplétRased
on this result, a 3 h dwell was selected for future experiments because it occurs at a point

of high sensitivity (both higher and lower depletion can easily occur).
8
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Figure 9: Depletion(a) and normalized reflob) as a function of time. Colored points correspond to
different nominal dwell times.

The reflow profilegFigure10) show that depletion bands disappear over time, and
that the rate of reflow is proportional to the initial depletie@pth.This result is as
expected based on the thicknégspendent diffusion constant described in previous
literature'® When the reflow profiles were normalized to the initial measurement, the
curves overlap wellFigure9). This sugests that the reflow profile has a strong

dependence on the initial depletion level.
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Figure 10: Reflow as a function of wait time and initial depletion (determined by dwell time shown in
upper corner)

In addition to measurinthe magnitude of the depletion, the width of the depletion was

measured by fitting a Gaussian curve to the distribyfogure1l) and calculating the



full width at half maximum (FWHM). This measurement was repeated at each reflow
point for the depletion and reflow data vs time. This data set s{feigsre12) that, in

addition to decreasing in depth, the depletion bands also broaden as reflow occurs. The
results also show that initial depletion width (:@D0Oum) is close to the total width of

the pressurized region of the HDD transducer (~1034m)good confirmation that the
head pressure is causing the lubricant to deplete.
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Figure 12: Plots of depletion width as a function of-tiack dwell time (a) and pos$tst reflow time (b)

B. Skew Angle and Clearané&#fects

The next goal was to determine how to optimize the dwell to maximizetideple
signal and consistency. To this end, skew angle or (equivalently) dwell radius and active
clearance (transducer protrusion) were varied to find the maximum depli®nesults
(Figure13) show that running the head at eithee ©OD (outer diameter) or ID (inner
diameter) of the disk result in the highest levels of depletion. Pressure under the slider is

10



highest at the OD of the di€kwhich may explain why the depletion is larger at that

angle.
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Figure 13: Depletion by dwll location (a) and active clearance (b). Most depletion at OD/ID and at OA
clearance (head is in light contact with disk)

The results also show that dwelling with the head in light contact with the disk (0 A
clearance) caused more depletion than dagelit a clearance slightly above the disk (+5
A) or pushing the head into the disk @). This may be due to increased modulation of
the head when it is in light interference as compared with no interference or heavy
i nterference. Thhliusb ef Isiugrhfti ncgoon tsatcattoe ohras b e e
experiments to cause lubricant deplefion.

As a result of this data, all later experiments were run at ID and 0 A clearance, due to

ease of measament and large response.
C. Temperature and Humidigffects

Previous work"*3has shown that both temperature and humidity have an effect on
lubricant diffusivity and reflow rates. An egpment was run to verify these results in the
lubricant structure used in this stud\s expected, it was four(@igure14) that allowing
the media to sit at high temperature/humidity conditions after depletion drastically
increasedhe reflow rate. In contrast, increasing temperature and humidity did not seem

to have a significant effect on depletion magnitude. This asymmetry is likely a result of

11



