A Low PERM TTIVITY LUBRI CANT FOR MAGNETI C DI SK DRI VE SYSTEMS TECHNI CAL

FI ELD [ 0001] The invention relates generally to disk drive systens that
enploy a |lubricant having a low relative electrical permttivity. The

i nvention also relates to the use of a charge-control additive to reduce
the electrical charge of a lubricant. BACKGROUND [0002] Conputer disk
drives, e.g., hard disk drives, use a notor to turn at |east one magnetic
di sk at high speeds. Typically, the nagnetic disk is coupled to a rotor,
which, in turn, is coupled to the notor for rotating the nagnetic disk via
the rotor. A stator is also provided to retain the rotor. A bearing serves
as an interface between the stator and the rotor. During operation,

| ubricant is typically reduLioat PrMIEYIVITY JDUBRICENTIFOR he bearing. For
exanpl e, the bearing may include a palir of magnetic flTuid seals, several

capillary holes or channel s, MaGNETICDISK DRIVE SKSTBMS t hi n the capillary
channels that is held in place by a barrier film [0003] D sk drive systens
al so include at |east one read/wite transducer or "head" that serves to
read and wite data to the nmagnetic.disk. T ransducer may be supported
by an air-bearing slider that has m&@ attached to an actuator
assenbly VfogoRy Sus Pesd RReRA r@la&@tgteg&hﬁwcﬁg@dwgy@gn@nh@emm@am ng

desi gn of esired configuration to provide favorable flgé hei ght
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of the slider nd flows | e.direc he traili of the

sl i der. The“slel ch‘rgalanE&r?@Bg’cvgéo e 8% Erﬂﬁa!e%% fn%lup ir-bearing
surface of the slider to lift the sllder above the recording surface. As
the spindle notor reaches the operating velocity, the slider is naintained

at a nom nal flying height over the Mg surface by a cushion of air.
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tendency of gpe magnetic disk at high speeds. Typically, the magnetic disk is coupled to a rotor,

which, in turn, is coupled to the motor for rotating the magnetic disk via the rotor. A

stator is also provided to retain the rotor. A bearing serves as an interface between the

stator and the rotor. During operation, lubricant is typically required and may be

provided in the bearing. For example, the bearing may include a pair of magnetic fluid

seals, several capillary holes or channels, and a lubricant flowing within the capillary

channels that is held in place by a barrier film.

[0003] Disk drive systems also include at least one read/write transducer or

"head" that serves to read and write data to the magnetic disk. The transducer may be

supported by an air-bearing slider that has a top surface attached to an actuator assembly

via a suspension and a bottom surface having an air-bearing design of a desired

configuration to provide favorable flying height characteristics. As a disk begins to

rotate, air enters the leading edge of the slider and flows in the direction of the trailing

edge of the slider. The flow of air generates a positive pressure on the air-bearing surface

of the slider to lift the slider abbve the recording surface. As the spindle motor reaches

the operating velocity, the slider is maintained at a nominal flying height over the

recording surface by a cushion of air. Then, as the spindle motor spins down, the flying

height of the slider drops.
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the systemto accunul ate static charge. Such charge may build up,
uncontrollably discharge, and damage vari ous conponents of the disk drive.
For exanple, a voltage difference between the heads and di sks can provide
a potential energy discharge that can harmthe heads and the di sk nedia
itself. Although the initial voltage differences between conponents of a
di sk drive systemcan be kept to near zero, static charging typically
accurul ates in a disk drive systemduring operation, thereby building up
vol tage differences between conponents of the disk drive systen1 Such
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surfaces in a disk drive platter even a small charge imbalance forms potential differences

on the order of volts. In addition, charge accumulation may occur because of shearing of
air molecules in the boundary layer adjacent to rotating surfaces. Charging also occurs
due to shear flow of the motor bearing lubricant. Furthermore, lubricant used in the
bearing may be dielectric in nature. Dielectric lubricants generally lack the capability to
allow for dissipation of accumulated charge. Because shear forces may break chemical
bonds in the lubricant, liberated electrons and ions may further contribute to charge
accumulation.

[0006] One known approach to alleviate excess static charging is to provide a
lubricant that has a sufficiently high electrical conductivity to dissipate charge
accumulated in a disk drive charge. A number of patents describe additives for
increasing the electrical conductivity of a lubricant. For example, U.S. Patent Nos.
5,641,841, 5,744,431, and 5,886,854, each to Diaz et al., describe various conducting
polyaniline derivatives that may be used to render a lubricant conductive. Additional

patents that describe conductive lubricants include, U.S. Patent Nos. 5,773,394 to Wan et



-2 al., 5,940,246 to Khan et al., and 6,250,808 to Ichiyama. It is thought
that highly conductive lubricants in the bearing would reduce any
potential difference that may build up between a rotor and a stator.

[ 0007] Nevertheless, it has been found that |ubricant conductivity
represents only one of many factors that influences the static charging
behavi or of disk drive systens. In particular, it has been discovered that
di sk drives that enploy highly conductive |ubricants may nevert hel ess
experience a surprisingly high peak discharge current because the
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di sk drive s unted magnetic disk is coupled to a
rotor, whi Cﬂ’@rm&late@lt ﬂir&l&hrylpleebﬁlmtredudmg achagatontrol additiae forgeduringpehags t hat
serves as an interface bet Ell;h st.at or and the rotor. A notor coupled
to the rotciccpRulatigyitaano m% ricaling Medi¥yneti ¢ disk via the rotor.

SUMMARY OF THE INVENTION
[0008] One aspect of the invention pertains to a disk drive system that employs a
lubricant containing lubricating medium and a charge-control additive for reducing
charge accumulation.
[0009] Another aspect of the invention pertains to a disk drive system that
employs a lubricant having a relative electrical permittivity no greater than about 25,000
at 50°C.
[0010] Additional aspects, advantages, and novel features of the invention will be
set forth in part in the description that follows, and in part will become apparent to those
skilled in the art upon examination of the following, or may be learned by practice of the
invention through routine experimentation.
[0011] In a first embodiment, the invention provides a disk drive system. A
rotatably mounted magnetic disk is coupled to a rotor, which is rotatably retained by a
stator. A bearing is formed that serves as an interface between the stator and the rotor. A
motor coupled to the rotor is provided for rotating the magnetic disk via the rotor.

Located in the bearing is a lubricant having a low relative electrical permittivity.



Located in the bearing is a lubricant having a low rel ative el ectrical
permttivity. -3 [0012] In another enbodi nent, the invention provides a

di sk drive systemsimlar to the above disk drive system except that the
systemis prone to experience electrostatic discharge between a magnetic
di sk and a slider in operative association with the magnetic disk. Like

t he above system the disk is coupled to a rotor, which, in turn, iIs
coupled to a notor. A stator for rotatably retaining the rotor is also
provided. By replacing the lubricant in the bearing with one that has |ower
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additive for reducmg charge accumulation in the bearing. For examp]e the lubricating
medium may be comprised of an oil, and the charge-control additive may be solubilized
or dissolved in the lubricating medium. Exemplary charge-control additives include
aromatic amines, alkylated aromatic amines, oligomers thereof, and combinations
thereof. More specifically, preferred charge-control additives include
dioctylediphenylamine, phenylnaphthylamine, oligomers thereof, or combinations of the
foregoing. A particularly preferred charge-control additive is comprised of an oligomer
of phenylnaphthylamine and dioctylediphenylamine.
[0014] In addition, the lubricant may further comprise a conductivity-enhancing
additive solubilized or dissolved in the lubricating medium. For example, the
conductivity-enhancing additive may be comprised of an aniline, an oligomer thereof, a

polymer thereof, or a combination of the foregoing.

BRIEF DESCRIPTION OF THE FIGURES
[0015] FIG. 1 schematically illustrates in cross-sectional view a simplified disk

drive spindle for use with the invention.



[0015] FIG 1 schematically illustrates in cross-sectional view a
sinplified disk drive spindle for use with the invention. -4 [0016] FIG 2
is an expl oded view of an exenplary disk drive systemfor use with the
invention. [0017] FIG 3 is a cross-sectional view of an exenplary disk
drive spindle-notor assenbly according to the present invention. [0018]
FIGS. 4A and 4B, collectively referred to as FIG 4, are graphs that
illustrate the dielectric properties of various lubricant formulations.

FIG 4A is a graph that plots loss factor as a function of frequency. FIG
4B is a gr hat pl n of
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[0020] FIG. 6 depicts a series RC equivalent circuit model for the motor
discharge transient, wherein the switch is suddenly closed at t = 0 with intial v = v,.
[0021] FIG. 7 is a graph that plots peak motor discharge conductance versus oil-
specific conductivity measurement for 15 kRPM fluid dynamic bearing motors with

various oil formulations. The smooth curve is drawn through the data points. The line is

from a fit of the RC model to the Oil S data point.

DETAILED DESCRIPTION OF THE INVENTION

DEFINITIONS AND OVERVIEW

[0022] Before describing the present invention in detail, it is to be understood that
this invention is not limited to processing conditions, manufacturing equipment, or the
like, as such may vary. It is also to be understood that the terminology used herein is for
describing particular embodiments only and is not intended to be limiting.

[0023] It must be noted that, as used in the specification and the appended claims,
the singular forms "a," "an" and "the" include plural referents unless the context clearly

dictates otherwise. Thus, for example, reference to "a disk" includes a single disk as well

as a plurality of disks, reference to an "additive" includes a single additive as well as a



the singular fornms "a," "an" and "the" include plural referents unless the
context clearly dictates otherwise. Thus, for exanple, reference to "a
di sk" includes a single disk as well as a plurality of disks, reference to
an "additive" includes a single additive as well as a -5 plurality of
additives, reference to "an oligoner"” includes a single oligoner as well as
a plurality of oligoners, and the |like. [0024] In describing and claim ng
the present invention, the followwng termnology is used in accordance
with the definitions set out below [0025] The term"lubricant” is used in
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referred to in the art as "dielectric constant,” the "relative electrical
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| that, when nultipli.ed w.th L5 Ll Vel r ace, yields the
absol ute peﬁ”ﬂ??r{l?r\l/ ’tobg% erﬂ%@“é@?@@?@l@'%@fﬁgg% S%ngte{detﬁgr%ﬁt?rot or," "stator,"
and "beari n@g26 e usewiRmal"or"eptichhRY" heard thdtdkadubsgupatly deseribédat i onary
part, and the interface between the parts, respective of an electrical
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retains thejgog¥or.  The term "relative electrical permittivity," is used in its ordinary sense and

refers to a measure of the ability of a material, e.g., a lubricant, to store a charge from an
applied electric field without conducting electricity. Also sometimes referred to in the art
as "dielectric constant," the "relative electrical permittivity" of a material is a
dimensionless scalar quantity greater than 1 that, when multiplied with the permittivity of
free space, yields the absolute permittivity of the material.

[0028] The terms "rotor," "stator," and "bearing" are used herein to refer to a
rotating part, a stationary part, and the interface between the parts, respectively, of an
electrical and/or mechanical device. Typically, the rotor is rotated about or within the
stator. For example, a spindle shaft may serve as a rotor that rotates within a spindle
sleeve that serves as a stator that circumscribingly retains the rotor.

[0029] The term "slider" is used in its ordinary sense and refers to a component of
a disk drive system that supports a read/write transducer or "head," and that has an air-
bearing surface to provide favorable flying height characteristics. The term "slider” also
generally includes any portion of the head assembly through which discharge current may

travel.



[0029] The term"slider” is used in its ordinary sense and refers to a
conponent of a disk drive systemthat supports a read/wite transducer or
"head," and that has an air- bearing surface to provide favorable flying
hei ght characteristics. The term"slider” also generally includes any
portion of the head assenbly through which discharge current may travel
-6 [0030] Generally, the invention relates to a lubricant for use in a disk
drive system |In order to elucidate the invention fully, a sinplified
spindl e assenbly for a disk drive having a single nmagnetic disk is
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placed in t earlng serve to Is e rotor 40 ectrically from
stator 58. [A!ﬁsla] resulhlanlyhsaseraﬂuhncéﬂtladdpesedt\mhlﬁﬂlertRynmg(ﬁﬂbIrthnghfferent

performance drives, the bearing may contain a lubricant layer of no more than about 10
micrometers in thickness. Affixed to the lower terminus of the rotor 40 is a motor 52, A
single magnetic disk 42 is centrally attached to the upper terminus of the rotor 40.
During operation, motor 52 rotates the disk 42, and the lubricant serves to facilitate free
rotation of rotor 40 with respect to stator 58.

[0032] Upon examination of FIG. 1, it should be apparent that a lubricant having
undesirable electrostatic properties placed in the bearing 60 may serve to isolate rotor 40
electrically from stator 58. As a result, the rotor 40 and stator 58 may exhibit different
electrical potentials. Since the magnetic disk 42 is depicted in electrical connection to
rotor, the disk 42 may be at substantially the same potential as the rotor. Thus, ifa
component of the disk drive system in electrical contact with the stator 58 is brought in
close proximity to the disk 42, uncontrolled electrostatic discharge may take place
between the disk and the proximate component, thereby damaging the disk 42.

[0033] FIG. 2 depicts in detail and in exploded view a typical disk drive system
or disk drive 10. The disk drive 10 includes a housing 12, and a housing cover 14. When

7.



el ectrical potentials. Since the magnetic disk 42 is depicted in electrical
connection to rotor, the disk 42 nmay be at substantially the sane
potential as the rotor. Thus, if a conponent of the disk drive systemin
el ectrical contact with the stator 58 is brought in close proximty to the
di sk 42, uncontrolled electrostatic discharge may take place between the
di sk and the proxi mate conponent, thereby danmagi ng the disk 42. [0033] FIG
2 depicts in detail and in exploded view a typical disk drive system or

di sk drive 10. The disk drive 10 includes a housing 12, and a housi ng cover
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means for rotating rot 2. The rotating neans Is shown as a voice coil
35, whi ch iwhichtimiehepair of ampuettcaransducers cQZezaiﬁdntd@aéMBS),n i othier emdeof
attached i n, housi ng magnet. 38 dt vai I | 5ar the key
parts of a WB?W@BWS@%{Y% PH%&S“S 3]|° %{’msfrlﬁlr%@t %Slf éséé lngsserrbl y
20 to rotatg falbﬁ% 6102 g2 UFHhO fih {34 Wc%ﬂw Whidh jgousi ng
12 is a rotor I n 1fngr moo? a splfon P% ?1aft1S 40. I%c?t at ably attacheld to
spi ndl e shadttackdl taraetuaton uotbe2?2 arid megtet 38) Whick pacattdclmdanthonsiggd2. The di sks

42. The verti cal ced, apart and aI| ned netlc I sks 42 define a disk
Srack ad kY AL ABIGIE0dBS e s O gycs GOt (i abised” 5. “The

and the Vol B B L S O e Tead w te.

heads 34 ovi@d34lhe di sMeudd Witiishjusigd?2 i3 adetonin the fdren ploa spindle sheft 40.sk

stack dri VeRc?tzsitSaE{Tbath/lchedr{grspl'srldi% shag 30 are a number of vertically spaced apart magnetic
disks 42. The vertically spaced apart and aligned magnetic disks 42 define a disk stack
44. An internal motor 52 (shown in FIG. 3) rotates the disks 42. The disk drive
assembly 10 also has control circuitry for controlling the motor and the voice coil motor
to allow selective positioning of the read/write heads 34 over the disks 42.
[0035] FIG. 3 details the part of the disk stack drive assembly comprising the
internal motor 52 and spindle shaft 40. The drive motor 52 is encased in hub 54. A
thrust bearing 56 fits over the spindle shaft 40 to provide axial load support and stiffness.
The spindle shaft 40 further fits within a stator in the form of a spindle sleeve 58, which
further encases motor 52. During operation, drive motor 52 causes the spindle shaft 40 to
rotate at an extremely high rate. For example, the spindle shaft may be rotated at a rate of
at least about 3,600 revolutions per minute (RPM). In some instances, at least about
15,000 to 20,000 or more revolutions per minute may be achieved. As aresult, a
lubricant is needed to allow free rotation of shaft 40 with respect to sleeve 58.

Accordingly, a journal bearing 60 is provided in which a lubricant emanates from



i nternal notor 52 and spindle shaft 40. The drive notor 52 is encased in
hub 54. A thrust bearing 56 fits over the spindle shaft 40 to provide
axi al load support and stiffness. The spindle shaft 40 further fits within
a stator in the formof a spindle sleeve 58, which further encases notor
52. During operation, drive notor 52 causes the spindle shaft 40 to rotate
at an extrenely high rate. For exanple, the spindle shaft nay be rotated at
a rate of at |east about 3,600 revolutions per mnute (RPM. In sone
i nstances, at |east about 15,000 to 20,000 or nore revolutions per mnute
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of shaft 40 wth ct to sleeve . Accordingly, a journal bearing 60
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Gi 1 or ence PbgrBn ks 2athiktee Qe Dlomiclod grerabing AL pBRAE dierense,
i n uncont r‘}%]ét\%{en F@ﬁh&l@%ﬁ?ﬁ Hﬁaﬂdﬁﬁﬂd’lé dRevd SKJI%Z} @hﬁ ih BNERAtoREd t hus

overcones the problens associated with known disk drive lubricants. Wile
t he hi gh- endectmstatic disickkgelri ve i ndustry is nmigrating fromball bearing to

fluid b ' I ndl X t b t di lid
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electric field across the air gap. As discussed below, experinental
resul ts showatihgtq ﬂgud\keaarullgmpmcﬂamworh,atbc g2 bétweenthe maghetie recomling slider

conductivit hqQs alowre e electri ermitti

preferred %@éI’ g’ﬁgése éf%imhf"éeﬁ 3 ?ét“in?/é’r ﬁisécg?‘f%rging eI tfte %F in the
context of Spchiml wossbtﬁéé\’ﬁﬂfdﬂf!:aﬁhgﬁhﬁ&a&éﬁht&a High Rarrfiefidld astoskthe rair\gap

[00381 The lubricant typically has a DC relative electrical permttivity no

greater As discussed below, experimental results show that, given lubricants having the same

electrical conductivity, those having a low relative electrical permittivity are preferred
over those having a high relative electrical permittivity in the context of reducing
unwanted electrostatic discharge in disk drives.

[0038] The lubricant typically has a DC relative electrical permittivity no greater
than about 25,000 at 50°C. Preferably, the DC relative electrical permittivity is no
greater than about 10,000 at 50°C. Low relative electrical permittivity may be achieved
by formulating the lubricant to include at least a lubricating medium and a charge-control
additive for reducing charge accumulation in the bearing.

[0039] For example, an oil having a desired viscosity may serve as a lubricating
medium. Compounds suitable as a lubricating medium include, for example,
perfluoropolyethers, esters, synthetic hydrocarbons and hydrocarbons. In addtition,
diesters, polyol esters and polyalphaolefins may be used as well. In some instances, a
single compound may exhibit the appropriate viscosity. However, a blend of different

base fluids may be advantageously used in other situations.



t han about 25,000 at 50C. Preferably, the DC relative electrical
permttivity is no greater than about 10,000 at 50C. Low rel ative
el ectrical permttivity may be achieved by fornulating the lubricant to
i nclude at |east a lubricating nediumand a charge-control additive for
reduci ng charge accunul ation in the bearing. [0039] For exanple, an oi
havi ng a desired viscosity nay serve as a |lubricating nmedium Conpounds
suitable as a |ubricating nmediuminclude, for exanple,
per fl uoropol yet hers, esters, synthetic hydrocarbons and hydrocarbons. In
addtition, h@st er s, -po - I f sed as
well. In soqughl nst ancTelge, éﬁé?éeé?eo%rﬁlﬁ%ﬁs{ﬁ%orﬁ%M%@E%ﬁ%ﬁedbér[}ﬁ %Sﬁg%gg%}h%pri ate
viscosity. |ueMerias malilhe EdemFlaﬁy' éHagdeattintrobadditi fdsUhdlGde@mymacc asluas) ageous| y
used in other situations. -9 |[0040] The charge-control additive may be
sol ubi | i zectlkylatgd geasnagisamines, pbgomerp thesept| ang cembinationstheraef. aMpre
char ge- cont . |t | d . J: hNes: romatic
am nes, ol |%§Jﬁg?%wt’ hte\rfgli?c! &%n% -cgogﬁrrg%%aﬁi%ngers]s lﬁ(gerdelg?t?ieﬁ%’bgﬁﬁ%ggﬁg ifically,
preferred giengaasianyladineaoliidmers thekddt| sidombimibid 6tthe farayinaMAGarticularly
phenyl napht hyl am ne, oligoners thereof, or conbinations of the forgoing. A
parti cul ar | prefepeéd charge-gontrd additive it qomprised pf anveligomes efphnybappbthylamise i goner
of phenyl napht Ayl an.n and di octyl edi phenyl ami ne. [0041] In addition,
t he Iubricéﬁ@‘@%§ﬁFﬂWFﬂgwu%Wﬁprise a conductivity-enhancing additive
sol ubi | i zedoe41]di ssol medditidn| the IbHRENCGR4Y AgthBEHnkTse BQon@¥civitly &nhhdteng
conductivity-enhancing additive may be conprised of an aniline, an oligomer
t her eof , a adgdiivgselubilired epflissadyedaindedybrieatingrmetiumh &of exaganleghe Such

conducti vi ty-enhanci n addi ti.ves are known i;n.the .art, exanples of ich
SoRIT et oy bna NS e hdditVein g fe SN Be b Gfihd, o BB L O
to Diaz et miiymdAR&eds, bhe chabinabmer B fsipbidg! Sushiéorldatfivityséntaficihg provi de

those of ordinary skill in the art with a conplete disclosure and
descri pt i orpdditivieparctkaommpn dheeaat, exaraplen olewhich are listgstindd.8. ReentiNgsended to

limt the sfgﬂ?Sﬂt 5%&}435?&35’3@'8%%59,[ gac'iﬁgﬁiéjz §%l.t heir invention. EXAMPLE

[0042] The following example is put forth so as to provide those of ordinary skill

in the art with a complete disclosure and description of how to implement the invention,

and are not intended to limit the scope of what the inventors regard as their invention.

EXAMPLE
[0043] To determine the performance capabilities of various lubricants in such
improved disk drives, various lubricant formulations were prepared for experimental
evaluation. In particular, the dielectric properties of the lubricants were characterized.
Motors were built with these formulations, and the motor running voltage and peak
discharge current were measured. A series RC equivalent circuit model was developed to
relate the dielectric properties of the lubricants to the peak discharge current and the
electric energy associated with the charge accumulated in the bearing.
[0044] All lubricant formulations were made from a lubricating medium
comprised of a base oil with one or more additives. The base oil used was neopentyl
glycol dicaprate (NPG). NPG is also known as 2,2-dimethyl-1,3-propanediyl
didecanoate (CAS 27841-06-1). Depending on lot, trace amounts of butylated hydroxy
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[0043] To determ ne the performance capabilities of various lubricants in
such inproved disk drives, various lubricant formulations were prepared
for experinental evaluation. In particular, the dielectric properties of
the lubricants were characterized. Mtors were built with these
formul ati ons, and the notor running voltage and peak discharge current
were nmeasured. A series RC equivalent circuit nodel was devel oped to
relate the dielectric properties of the lubricants to the peak di scharge
current and the electric energy associated with the charge accunmul ated in

the bear i nGroh[ R BT tabilisbr e akictRl By rtied hagHRie 1E Ak R | Ubr i cati ng

medi um conpri se a base oil ohe or nore additives. The base oil
used was nes:;q@emstpy ngmlatwndaqb Savas piefRE@d coNR@BIng appresimatadywt. et of a

Cor oo el SP Syt SO er s e GO A 250 FrsL ol e
det ect ed bys@la%r?ELCf(Eﬁﬂ%th&%&%?flﬁﬁmﬁl%hs ARG ASEIPY wdrRprBshei on O |

S was prepared containing approxinate 5 wt% of a conmerci
conduct i vi tgommmglanehgoﬂndnmmmmdahemld agdarahkirafenr@BRAVAS{LY BEBYI1i7om Cct el -

Starreon LLC (Little Col or ada 0 .0 eferre wer e
pr epar ed %ﬂﬁé%{f%%%giw%rﬁwﬁam@% F G tdiphant fmiaden P@ﬁ%va'ﬂaéﬁ%war
VANLUBE(T) Sdihé mﬁ%’éﬁéf Sfcdtrieliih R, T%Eﬂde?&]lt@o’fﬁﬁéﬁ? e @ 0?@% di phenyl
am ne and phenyl napht amne in atetraester oil carrier fromR T.
Vander bi | t Onmranwt) |‘Viunat(ompﬁxﬂdnmulatmr@né&twwtp)repar@rasdmtdnéom Hatehnul at i on
Al V were pare II:[‘;e)e 1, Lot 2, Batch Anber, and Batch Red. [0045]
Addi ti onal Fbaped dal so i ncorporated in the base oil for eval uation.

These addi tqogG% addi AH&%n&l%HM@@s w@re@ls%'dﬁé’d &‘a&ﬂ%ﬂme@ﬁéﬂﬂ f&vdluafiger the
trademar k NOX(r) L57 from G ba Speci al ty Chem cal s (Tarrytown, New

York); conEnase aliditionsd gdditivey mdladﬁmdlalkmhdlphﬂnybamlr&! so}cblagi.enthegr&dmark
benzol 1ol LT 1300 Pl e Qe A RIE Gplent e
e S A TR RIS gl U P B C e

emeraldme form of oligomeric polyaniline w1th an unsubstituted phenyl ring and R =

CH; (OAN). These additives were included in Qils A, B, and C. The additive levels in

Oils A, B, and C were between 0.1 and 1 wt%. Oil A contained a para alky! ester

substituted BHT that is similar to IRGANOX® 1076 or L135 from Ciba Specialty

Chemicals and a secondary aromatic amine resembling dioctyl diphenyl amine that is

similar to IRGANOX® L57 from Ciba Specialty Chemicals. Qil B contained Oil A with

the addition of an alkylated BTA that resembles item BT-LX from Johoku Chemicals,

Co. Ltd (Tokyo, Japan). Oil C contained Oil B with a higher level of the aromatic amine.

[0046] Additives were mixed into the base oil with a combination of stirring,

sonication, and mild heating with a heat gun. Stirring was either by shaking or with a

Vortex mixer. The conducting form of OAN was obtained by neutralizing with 0.01

mole of dodecylbenzene sulfonic acid to 2 grams of emeraldine base. For the purpose of

experimental evaluation, the insoluble portion of the resulting OAN was filtered out after

mixing using an Pall Gelman Laboratory Acrodisc CR 25 mm Syringe filter with 1

micron polytetrafluoroethylene membrane (P/N 4226 from VWR Scientific, 28143-928).
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substituted BHT that is simlar to | RGANOX(r) 1076 or L135 from Ci ba
Specialty Chemcals and a secondary aronati c am ne resenbling dioctyl

di phenyl amine that is simlar to | RGANOX(r) L57 from Ci ba Specialty
Chemicals. G| B contained Gl Awth the addition of an al kyl ated BTA
that resenbles item BT-LX from Johoku Chem cals, Co. Ltd (Tokyo, Japan).
Gl Ccontained Gl Bwth a higher level of the aromatic am ne. [0046]
Additives were m xed into the base oil with a conbination of stirring,
sonication, and mld heating with a heat gun. Stirring was either by

shaking or oud a VOFﬁlﬁi(béﬁﬁgﬂlskBﬂﬁe@.Flﬂﬂlé%d)tﬂﬁb W&t MParddWNiyesinObt @k ned by
neutralizing with 0.01 nole of dodecyl benzene sulfonic acid to 2 grans of

errer al di ne e-dicyssed hebrisantso $hessimotessprare pbthedlxed statardypeoused thbighrend| ubl e
portion of the resultin ?A sdflltered out after mxing using an Pall
Gel man LabotAfrYPeREy %‘Ef’ggr fi*Syringe filter with 1 nmicron

pol ytetraf| uoroet hyl ene nmenbrane (PIN 4226 from WAR Scientific, 28143-928).

-11 [0047] Fluid bearing disk drive spindle notors were prepared with sone
of the aonéLH?%@W&WYIMBMW@TSTM% nmotors were of the fixed stator

type used igohggh-en @Hfg{élﬁﬁ%h%és rerlﬁ%rp%hﬂﬂtlg fa!ﬁldqiné Y&? fac]%rtr were

PERM TTI VI SURE ectric praoperties

permttivi tmeaasludzdtdsmg the Ef Af hlsméntmaectﬂeaaulym (ﬂmgmbdw 204 wnhfcétamiﬂt S
Dielectric Agj ‘r“$ el 2970 wi.th ceramic single surface sensors
at 50C for SIDGBSHIacs Sﬁlil%or&ﬁjéﬁ C@érclhh%m%anroe%t Bachesgnsps cantaiged @ldodes t hat

were 125 m grompkef % féelmﬂ]c%éema@ﬁ?& shhér ﬁgte}“ﬂﬁclfhgﬁﬁ[ L0 Fstes Ve ©

spaced 1 nmapart. sensor was rreasured I near

vari abl e twansplauedrl mnmpaﬂr Eathsenbor was mmuﬁeduceahlﬁmd tholiskat eamabke t he
sensor responsg eorretr and remstag (;errperature detection). [0049]
Each sanpl T4 U@grt@éafoci fpree wansduger and fy detgrminethg senser cspense (grometry

posi tioned gly Eﬁﬁm‘?&tt&‘ﬂ Qfurd ¥gh. Ram pressure causes the sanple to
enbed on the 1.sensor su acué Hﬁﬁﬂg&s Qorrpels the fluid to flowinto the

spaces bet w8849t he el Badhrsanieke wasSpréad@ntoastedort saeface, aad thersehes vidsat are
attached t Op(}spcﬁ)ng at tgalégttglg%tf %tov\émnt a}nhperesssgr%sc%{lses the sample to embed on the
sensor surface. This compels the fluid to flow into the spaces between the electrodes.
Spring-loaded electrical probes that are attached to the ram make contact with the sensor
pads so as to complete the signal circuit.
[0050] Nominally, the DEA measurements were done at isothermal temperatures
of 50°C and 80°C. At each temperature, six sinusoidal oscillation frequency sweeps were
performed between 0.1 and 10,000 Hz, with 5 points per decade. Multiple frequency
sweeps were done to verify the stability of the measurement. Data from the second
complete frequency sweep was selected for further analysis.
[0051] When DEA measurements were performed at several different
temperatures, time temperature superposition was employed to extend the frequency
range of the measurements by shifting along the frequency axis, relative to the 50°C data
(time-temperature superposition).
[0052] The oil specific conductivity was usually derived from the loss factor data,
some of which is shown in FIG. 4A, by fitting with the limiting low frequency form of

the loss factor equation:
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pads so as to conplete the signal circuit. [0050] Nom nally, the DEA
nmeasurenents were done at isothernmal tenperatures of 50C and 80C. At each
tenperature, six sinusoidal oscillation frequency sweeps were perforned
between 0.1 and 10,000 Hz, with 5 points per decade. Miltiple frequency
sweeps were done to verify the stability of the neasurenment. Data fromthe
second conplete frequency sweep was selected for further analysis. [0051]
When DEA neasurenments were perfornmed at several different tenperatures,
time tenperature superposition was enployed to extend the frequency range
of the measurenents by shifting al ong the(;requency axis, relative to the
50C data (time-tenperature superposi&i® 0052] The 0|I specific
conductivity mas usually derived from t hé™o ss factor data, some of which
is shown in g 4A, by fitting with the I|n1t|n l.ow frequency form of
the | oss favhge ceisihe 1°é$1fa°toiazﬁ 9"the mecé“lﬁrf@aﬂuctvméf@ igthejabsqlyle pegativifcelor, a
Is the spe t t free
space, and 14 BaFRATER i Feialion KRqledfy 2P O PSS ble dothnh of 1

val ues of medutdlitywidry alvekcelcalatd fromh chel lassefdctbr meadubel athSIsZ fvaltitlofs né&ﬁyz ured
at 1 Hz, which is nearly the sane as the specific conductiw t% cal cuI at ed
9

fromthe fithepane ﬁ%thaaP%?l%Q/@?ndvﬁféwWCéﬂat? g® the fit fodhe datapver lerhe

el ectric ¢ is derived fromthe relative permttivity.
Typi cal vap%g%’eoffpﬁ%‘gﬁye)l ative permttivity, E, as a function of frequency

are shown i[8053| G 4BTheldlectdoroinirpe inthy ef isderived Gonbtherelddie porinitivita.
di screte re axatll on t| ?rles W t.h four (FI axatipp times, wherein: 8 =
8 + | . Tyniga X3l u_eLsF? £ 16 atnfe)pgnmmwty, ¢', as a function of frequency are shown in
FIG. 4B. The smooth curves are from a manual fit to a discrete relaxation time series
with four relaxation times, wherein:
£, .— &
£ t— gu Z r.i u

1+ (271, f)2

Here, g, is the high frequency relative permittivity (often called the dielectric constant),

and is about 2 for non-polar hydrocarbons such as n-dodecane, &, is the i™ relaxation
magnitude, and 1; is the i" relaxation time. Three relaxation times were sufficient to fit
the relative permittivity data for the formulated oils, as shown by the smooth curves
through the data points in FIG. 4B.

[0054] The DC relative permittivity is essentially the point where the smooth
curves interest the vertical axis in FIG. 4B. At steady state motor voltage, electrical
charge stored in the bulk of the fluid bearing oil is proportional to the dc relative

permittivity:
8‘(0) = Z gr,r

[0055] Test stands were set up to measure the steady state voltage and peak
discharge current on disk drive spindle motors while they were spinning at 10 or 15
KRPM. The stator was mounted onto a conducting metal base. Electrical contact was
made to the spinning rotor with a conductive fiber brush or a small wire. Measurements

were performed with a high impedance electrometer (Keithley model 617). For running
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Here, Eu is the high frequency relative permttivity (often called the
dielectric constant), and is about 2 for non-polar hydrocarbons such as

n- dodecane, Er., is the ith relaxation nagnitude, and Ti is the ith

rel axation tinme. Three relaxation tinmes were sufficient to fit the
relative permttivity data for the fornmulated oils, as shown by the snooth
curves through the data points in FIG 4B. [0054] The DC rel ative
permttivity is essentially the point where the snboth curves interest the
vertical axis in FIG 4B. At steady state notor voltage, electrical charge
stored in tvdtagehicasfrembmts fthu'mitdgeacaidlitgg wad taken whidpcortacving thd motdbdublc

relative ermttivit 055 st ands set up to neasure the
st eady st a!to Wi glg}etséﬁgr %%rﬁgﬁ@a Oréi’le %W@h;ﬁ?%‘ﬁe‘moé@@t?fr‘?’%e&@i Gygeat
mot or s whi | @ntile noie! The Bh104 o%t%gto}lg)cugpo&ﬁhe KREMmdRREwal %@Ere%g amount ed

onto a conductihg netal base: contact was nade Spi nni ng
rotor with mrmmahcmnpuler witlhan afalepsto-digital comedrier wandefor Aedyin: eFberttighesner e

f d th t t Keithle . F
ot ng. - 15r diiros TN farte BRLN i s oP B A PR R R
contacting {faqndBEPwalRordeWal thetsk aistlif ¢ Bfirdh OF calFr?gcg(saBFﬂﬁ dlchalyer ge

current, the electroneter was set to currént sens e anal og
vol t age out@urenf warsicnh eresshewh i FHd Y. meug:m]tages;l vlgymd pegledischaage aoreput er

with an anal o igital, converter card for a sis. The highest current
Bt 1t e it [ e RSk s Geghr I R IeanRYOES | mad. ot veen L he
stator andgbkg hub vvﬂ%ealereemq@ss%ctafﬁdeeﬁﬁvégéﬁh%ag f&wa&i%né 1ubI>é£}h9a'

pl ots of the discharge current transient are shown | Runni ng
vol t ages, va¢ shoven plel%{IG di Jhkwrageociersrafmoagnitings dlﬁﬁemnbhbetamem ﬂ@d\m@lbﬂﬂs of

oot ve pethi G §otiaiping. 0% SR ORPRLEH P sandiP Suftiaining S ADTS 486 or o
are orders e ﬁwﬁbfeg&ﬁm@tbft& GERNA Opé}ﬁﬁﬁ\ﬁﬁga aihﬁzNE%h@S%d ak !relatme 0' v

cont ai ni ng 2% VANLUBEV 9317, and contai ni ng STADI S-450)

speci fic coetmittiviey,ts (0)r, ﬁdrahesueubr%ﬂﬂst\ﬁdrwhkys@éd dt 562C afd {1§tetHZr) Talﬂad. dc
relative

TABLE 1
0il ¢° (nS/m) £'(1 Hz)f £'(0)
NPG 0.1° 2° 2.5°
S 450 1,000 420,000
Original V& 11.0 9.7 7,800
V Lot 1 5.5 5.9 3,300
V Lot 2 8.5 8.4 7,300

sum of relaxation strengths.
® estimated from 1 Hz point.
° typical value
4 from fit to loss factor vs. frequency
value for nonpolar hydrocarbon n-dodecane.
f from relaxation time fit.
& from fit to loss factor and permittivity data only down to 1 Hz

[0057] Variation in electrical properties between oil lots which are nominally the
same, Original Oil V, and Oil V Lots 1 and 2 are attributed to uncontrolled low levels of
impurities in the base oil. These impurities were present in such small amount that they

could not be identified by NMR spectroscopy measurements on the oils.
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permttivity, -'(0), for these lubricants were neasured at 50C and listed
in Table 1. TABLE 1 Glad (nS/'mFE (1 Hz)f E,(0)aj NPQG0.1c2e2.5b

$4501, 000E420, 000 Original VI11.09.77,800 V Lot 15.55.93,300 V Lot
28.58.47,300 a sumof relaxation strengths. b estimated from1 Hz point.
typical value d fromfit to |loss factor vs. frequency e val ue for nonpol ar
hydr ocar bon n-dodecane. f fromrelaxation tinme fit. g fromfit to | oss
factor and permttivity data only down to 1 Hz [00571 Variation in

el ectrical properties between oil lots which are nomnally the saneg,

Qriginal Gijgok8) and Gl fé/mmatm c@ﬂqlnzn%?‘gi Garfihi} bf BeRel: AuitEALE Ol | ed | ow

| evel s of |npur|t|es in the base oil hese Tnpurities were present in
such smal | chmsterizedhay DHibyTh@(blaledtrmqlrolhmftlttS(i&nhesE jodlel atmylisMidFin Shablst 2,0s copy

measur enent s, on. t he . oi 0058] . Q.1 ions containing a variety
of differ en‘f"he&{ﬁl&sfrfg}%go%}‘aéues ‘k‘g? QE%WFI%BW@ The dielectric
properties of these oils are listed in Table 2, wherein single point

val ues were obtained at 1 Hz, 50 C. TABLE 2 Additive(s)Concentration (a

(nS/mE

(1 Hz) vanl ube 9317211.59.2 |TgamoX L5710.22.8 BHTO. 70.23. 1

Additive(s) Concentration (%) ¢ (nS/m) £' (1 Hz)

vanlube 9317 2 11.5 9.2
Irganox L57 1 0.2 28
BHT 0.7 0.2 3.1
0.1 2.0 3.1

OAN
0.5 6.0 3.0
0.05 0.7 23

BTA
0.50 0.7 24
See text, Oil A 0.6 2.7
See text, Oil B 0.1to01 0.7 3.0
See text, Oil C 0.7 3.0

[0059] Low frequency data needed to calculate £'(0) was not measured for these

oils. The specific conductivity and relative permittivity listed in Table 2 are from the
DEA data point measured at 1 Hz. Using the loss factor data for the whole range of
frequency between about 0.1 and 10,000 Hz, or the single point measured at 1 Hz,
provides nearly the same value for the conductivity, For the original Qil V, using all the
loss factor data, gives 11.0 nS/m in Table 1, while using only the point value at 1 Hz for
the same oil gives 11.5 nS/m in Table 2. The same holds true for the relative
permittivity. For the original Qil V, the permittivity from the three-relaxation time curve
fit to the relative permittivity data gives 9.7 in Table 1, and the point value for the same
oil gives 9.2 in Table 2.

[0060] Oligoaniline was among the various additives that were tested. The
filtered oil containing this additive was greenish tinted, due to the optical absorbance by
the conduction bands of the oligoaniline in its emeraldine form. However, even after

filtration, there was still a tendency for sedimentation. When the oil containing OAN was
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OAN 0.12.03.1 0.56.03.0 BTA 0.050.72.3 0.500.72.4 See text, G| A0.62.7 See
text, Gl BO.1 to 10.73.0 F See text, QI €0.73.0 [0059] Low frequency data
needed to calculate e (0) was not neasured for these oils. The specific
conductivity and relative permttivity listed in Table 2 are fromthe DEA
data point nmeasured at 1 Hz. Using the |loss factor data for the whol e range
of frequency between about 0.1 and 10,000 Hz, or the single point neasured
at 1 Hz, ©provides nearly the sane value for the conductivity. For the
original Gl V, using all the |loss factor data, gives 11.0 nS/min Table
1, while ushdl@aPriQy q foe sl hudded Bods, skdiffentAion anBRoSATEVRY losgiwegs 11.5
nS/min Table 2. The sanme holds true for the relative permttivity. For

t he ori gi na®bserved/Fram &MR speattoseapyyit eppasredibat the ebgoasilmedridshemically cur ve

fit to the |V, erm ttivity data gives 9.7 in Table 1, and the point
val ue for t{?g&gi‘r?%t%tg? The%tfervbeageﬁ}.g in Table 2. [0060] A igoaniline was anong

the variousjoegty t i YeSAIIM%d’@lﬂﬁiv’é@?f&ﬁied-gbﬁle_ilfldrl:ésg'ix?ﬂle%béciﬁ@%Iﬁiu@{iﬁg}' this

additive was greenish tinted, due to the optical absorbance by the

conduct i on drresdestivitieansl the cedativieipsamitiiving ef ablmemaindil atleagitwo oribmevlr , even

after filt I t her S Il L, a tendency for sedinentation. Wen the
Rk A8 ExiRR AL

oil containi 100 C for several hundred hours,

sedi ment at ld[onﬁz]nd conphicdiedtfri préisestisdITa/ ANDEBEREN | FHLNPOIMRSHEGIthOSCOpY,
it appeared that the oligoaniline had chemcally reacted with the diester

base oil. [®Y8e capsengmtiombetagen Pid\ang 44t wilh geashowvmen TabledasBhe Ambprand

specific cofggp WY ti Vi the.relati ermttivity of
all remaine a%}r}p\e%lss‘%erf %ge%g(rf\eggfogﬁ g 10&%51?? fich Pgﬁgﬁi ﬁlehQﬁ Vf%pl%srwael S.
prepared from a different lot of NPG base oil in Table 3. Again, single point values of

the relative permittivity were measured at 1 Hz, 50 'C.

TABLE 3
Batch Code VANLUBE® 9317 (%) 6(nS/m) £'(1 Hz)

0.5 1.8 3.6
Amber 1.0 2.5 3.7
2.0 3.0 4.2

4.0 6.5 6.1

0.5 1.6 3
1.0 2.9 472
Red 2.0 3.6 4.5
4.0 4.5 4.8
2.0 + 0.5% alkylated BTA 4.8 7.0

0.5 3.0 4.1
Oil v 1.0 2.6 3.6
2.0 39 4.4

4.0 5.8 5.1

[0063] With a 4-fold increase in concentration, the specific conductivity of

VANLUBE® 9317 increased by 3-fold to 4-fold, and the relative permittivity at 1 Hz

increased by less than 1.7 times its original value.
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with

[0062] The dielectric properties of VANLUBE(r) 9317 in NPG base oil
additive concentrati on between 0.5 and 4.0 w% are shown in Table 3. The

Anber and Red sanples were prepared fromone |ot of NPG base oil and the
Gl V sanples were prepared froma different |ot of NPG base oil in Table
3. Again, single point values of the relative permttivity were nmeasured

at 1 Hz, 50 C. TABLE 3 Batch CodeVANLUBE@ 9317 (% 6(nS/ms' (1 Hz) 0.51.83.6
Anbel. 02.53.7 r2.03.04.2 4.06.56.1 0.51.63 1.02.94.2 Red2.03.64.5 4.04.54.8
2.0 + 0.5% al kyl ated BTA4.87.0 0.53.04.1 G| V1.02.63.6 2.03.94.4 4.05.85.1
[00631 Wt hveyrbR Pise¢nsREECaGGRENTFsCONcentration, the specific conductivity
of VANLUBE(r) 9317 increased by 3-fold to 4- foId and the relative
permttivitiP0ed] 1 Hz Typicalpesledisthargeasrenhplotsifram ﬂmidelsea’ring nootorgibudt withl ue.

from 1 ui o BEEARGENGrDr aehpre m 16,2 Rt RRchERe SrLRFAH 78 Gl T

5 (A is NPGudir isofPd). \I‘hWetsz'e ﬁlr/ée\{ﬂﬁ‘iln%ﬁlp%f%éﬂf of ﬁ@gu&‘edtsl(l%dl u'shsiddig) e are

three nmain conponents of the current: i1nitial transient
which decay within 200 to 500 msec, steady state (run) current, and a high frequency

noise component. The high frequency noise is probably from the sliding contact between
the conductive brush and the spinning motor hub. The steady state current is attributed to

charge separation in the oil shear flow. Here only the peak of the discharge current
transient, i, was considered. The steady state running voltage, v, was also recorded.
The steady state running voltage and peak discharge current are listed in Table 4, wherein
motor running voltage is v, running motor peak discharge current is iy, the magnitude of

the motor peak discharge conductance is [i,/v,|, and the specific charge in the oil is

[voe'(0)e-
TABLE 4
Motor RPM Qil Vo (mv) [ ip(nA) | [ip/vol (£65) | | voe" (D), (C/m)
15k NPG -280 338 1.2 6.21072
10k 270 | 1,264 4.7 1.010°
S
-230 1,378 6.0 8.3107 -
15k
V (2%) +140 36 0.26 9.710°
Additives in NPG base oil, 15 kRPM Motors
Additive(s) | Concentration% | vo (mv) | iy (nA) | |ip/Vo| (£5) | | voe'(0)g,] (C/m)
Irganox L57 1 =220 43 0.20 Low frequency
: measured
BHT 0.7 -100 32 0.32
OAN 0.1 -150 34 0.23
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whi ch decay within 200 to 500 nsec, steady state (run) current, and a high
frequency noise conponent. The high frequency noise is probably fromthe
sliding contact between the conductive brush and the spinning notor hub.
The steady state current is attributed to charge separation in the oi

shear flow. Here only the peak of the discharge current transient, ip was
consi dered. The steady state running voltage, vO, was al so recorded. The
steady state running voltage and peak di scharge current are listed in Table
4, wherein notor running voltage is vo, running notor peak discharge

current is|ip, the maghitu of thsg rip di sc ge conductance 1 9
lip/vol, apd_the specitic gﬁsarqe I n tgb(gl I ?@Iﬁ VOCB%) TABLE 4 Mot or
RPMO lvo (fv) ip (nA) |ip/ (1 9l v_%](C)Egi
15kNPG- 2808381.2f4 210" | 2_10kS-2701, 2644, 71.|Q10-6 [15k- %01 8786.08.~ 10"2 V
(299 +14036p. 269. 71 0- Addi tigv in NFG_?g@e oi g 15 kI?P@/I Nbi ors Additive(s)
Concentrat lon%ao (mv) ip (nA) lip/vdl (ps)l ]i: (O E0l (/M Irganox L57
1-220430. 2Demdkk asiyanty -100320. 32nmegapur ¢d BT 0. 71%N 0] 1- 150340. 23 417
0. 5-400112p.28 BTAQ. 05 190410. 22 0. 30-280580. 2 Sele t exf | A-1112151. 95
See text, [OSkeB&t0ilB - 801BP:12B -80 18 0.23
See text, 01l C -330 81 0.25
0.5 +8 8 1.0
Vanlube 9317 1.0 +167 35 0.21
(011 V. Red 2.0 +268 57 0.21
Batch) 4.0 212 | 45 0.21
2.0+ 0.5% BTA +49 15 0.31
[0065] The voltage on a running motor was between -400 and +140 mV with the

various additives. The running voltage polarity was negative (with respect to the stator)
except for the motors built with Oil V, in which case the polarity was positive. Notably,
the motor voltage was not dependent completely on oil conductivity and permittivity. In
contrast, the peak discharge current exhibited a strong dependence on the additive
formulation. By far, the highest peak discharge current was with the Qil S formulation.
There appears to be a relationship between the peak discharge current in Table 4 and the

specific conductivity of the oil in Table 3.

PRINCIPLES OF APPLICATION

[0066] A model was developed for relating the oil dielectric properties to the peak
discharge current. An RC equivalent circuit, which is a reasonable first approximation to

describe electrical discharge phenomenon, is shown in FIG. 6. The motor self charges to

a voltage v,, which is present until there is a short circuit between the rotor and the stator,
as in the peak discharge current measurement. The transient current following the switch

closing is:
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See text, Ol C 330810.25 0.5+881.0 Vanl ube 93171.0+167350.21 (Gl V,
Red2. 0+268570. 21 Bat ch) 4. 0+212450. 21 2. 0+0. 5%BTA+49150. 31 [ 0065] The
voltage on a running notor was between -400 and +140 nV with the various
addi tives. The running voltage polarity was negative (wWth respect to the
stator) except for the notors built with Gl V, in which case the polarity
was positive. Notably, the notor voltage was not dependent conpletely on
oil conductivity and permttivity. In contrast, the peak di scharge current
exhi bited a strong dependence on the additive fornulation. By far, the
hi ghest peak di scharge current was with tRhe Q'II/ é formul ation. There
appears to be a relationship between flip=péak d‘z charge current in Table 4
and the specific conductivity of the oil ¥n Table 3. PRI NC PLES OF
APPLI CATI %@fgﬁ : | he: Qi ' ric
properti eg\l{v%é}tgﬁgk g%a %ge‘gﬁgapgg\tgigﬁggﬂ?ﬁﬂg\ﬁé ec?t% va Eﬁ’ﬁirlé??gﬁ% @,&HV\A‘H ch
i s a reasondédtdc thargé ampgareonyi imehé floidtbearinkesit is prep@tiesdine trldcdedbar ge
phenonmenon, is.shown in FIG 6. The notor self charges to a voltage vO,
which is prSS@HtivitnE(0) 395e14ng € a short circuit between the rotor and the
stator, as in the peak disch L Current a t. The transient
current following the switch @{? ggiéﬁs;%%v‘gﬁis%&?@@’v e-t/RC R where Ris
t he spi ndl eamdesi stance, Cis the spindle capacitance, and t is tinme. The
total electric charge and energy in the fj ui earing oil is proportional
to the do relative permittieBiE ew&oﬁ%‘%ﬁ%ﬁ@f&@}w ectric charge = vOC

= KvOc’ (0) CQnere £, = 8.85 x 102 F/m is the absolute permittivity of free space, and K is a

proportionality constant. The peak discharge current, iy, is proportional to the oil specific
conductivity, o:

peak discharge current = i, = vo/R = Kv,0.
[0067] From the RC model, it follows that the magnitude (absolute value) of the
peak discharge current ratio to the motor voltage, |i,/v,|, is proportional to the oil specific
conductivity. In other words, charge stored in the bulk of the oil will discharge more
quickly through oil that has a higher conductivity. Hence, a log-log plot of |i,/v,| vs. ¢ is
ideally a straight line with slope 1.
[0068] The peak discharge current is compared with the dielectric properties of
the oil below. From the RC model above, the absolute value of the ratio of the peak
discharge current to the motor voltage is proportional to the oil conductivity, and is
independent of the electric charge. The quantity, |i,/v,|, is referred to here as the peak
discharge conductance. The peak discharge conductance for motors built with the
various oil formulations is listed in Table 4. A log-log plot of the peak discharge
conductance vs. oil conductivity is shown in FIG 7. The proportionality expected from
the RC model is shown by the straight line, which was fit through the Oil S data point.
Deviation from the proportional response increased with decreasing specific conductivity.
The peak discharge conductance increased at low conductivity for the NPG base oil,
while it leveled off for the other oils with conductivity below Qil V (except for the Oil A,
which had an unusually high peak discharge current, and Red Batch 0.5% which had an

unusually low motor voltage).
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and electric energy =/2v02C = %v 2c' (0)c0O, where co = 8.85 x 10-12 F/mis
the absolute permttivity of free space, and Kis a proportionality
constant. The peak discharge current, ip, is proportional to the oil

specific conductivity, a: peak discharge current = ip = vjR = Kvoa. [0067]
Fromthe RC nodel, it follows that the magnitude (absolute val ue) of the
peak di scharge current ratio to the notor voltage, ji,/vOl, is proportional

to the oil specific conductivity. In other words, charge stored in the
bul k of the oil will discharge nore quickly through oil that has a higher

conduct i vi tqoossﬂence, 'Bhd $60dtRBurivk SketeHed!ih PIG O shosws hdt Seemhi@&el dterdenty ai ght
line with slope 1. [0068] The peak di scharge current is conpared with the

di el ectri c for Bisaeak discharge eandueipncede have 2 Frvimunh acar@ nidate | Thishenndd be he

voi tage 1 & PPRBADARAN A OForee T BERAEFORRRE CoriE ol N by el of cne

el ectric chisdh@rge Daadet@itt iis gontdollgd Mﬁthe busk ElRk gy dieelgé ond@ksipafontth®upeak
di scharge conduct ance. The peak di scharge conductance for notors built with

the  vari outhe bik f Sheil. aThedey ationifrase ghe K6 o] eurve inarenss 5 dog gsInguctiityt he

peak di schajge cqnductan VS . 10i | ndyctivity . is shown in FL.G 7. The

D opor t 1 on S HRT L RS i ritpeaf gttt Kk Tt B0 e Yof oGy Y e,
whi ch was fdohdbAveyNPG Bese@il. Thisleipa oP@éviktion Jopéstd thenthéreQdhddiBer
proportional response increased with decreasing specific conductivity. The

peak di schathgeseidsrhaearrehanipmy which dneeaseoin inpatarceireiatiye foghat descmled tyase
il, while,j . £ . Ol .t al v
R ] L il L S e

and Red BatditeldpSon Weimbtohhgh @ith laun usnthlctivity o)y dGelt0hirsabira@Hsipatibl of GR69]
The snmooth curve sketched in FIG 7 shows what seens to be a tendency for

the peak dioeurgsigtc shaae isttherenly dhrpughethy extemahtitsuile athe thay throuphithe bykl d be

ﬁé}" ai ned ag tﬁ@&i‘l,%‘é’%he FnarRefel St ERRUMNG tn¥ blhliSsi Lrd0&Evily Ak AP RN, 0
m the pea

details of the mechanism, the smooth curve with the minimum in FIG. 7 suggests that
there is a shallow minimum in the peak discharge conductance with an oil specific
conductance between 2 and 20 nS/m.

[0070] For high conductivity oil, the peak discharge conductance is given by:

Vo
where the geometry factor 4/d is the ratio of the area 4 to the plate separation d of the
equivalent parallel plate capacitor. From the RC model fit to the Oil S motor data point
(solid line in FIG. 7), 4/d=13.3m. The geometry factor of the equivalent parallel plate
capacitor will differ somewhat from the actual fluid bearing. This is because the actual
fluid bearing has cylindrical and parallel disk, or conical, regions which provide radial
and axial stiffness. The equivalent geometry factor A/d is employed to calculate the fluid
bearing resistance R = 1/(c(A/d)), and the capacitance C = £'(0)e,{4/d). For the fluid
bearing motors built with type V oils (Table 1): 6.8 <R <13.7MQand 0.38 < C <
0.94puF. Motors built with the Red Batch oils (Table 3) had 1.7 <R <13.5 MQ.

[0071] The electric charge in the oil and the oil conductivity likely originated

from the same charge carriers in the oil. The power law slope of the specific charge in
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di scharge conductance is controlled by the bul k charge storage and
di ssipation through the bulk of the oil. The deviation fromthe RC nodel
curve increases as the conductivity decreases below 10 nS/m and the peak
di scharge current even increased for the very low conductivity NPG base

oil. This type of deviation suggests that there is another
char ge/ di scharge nechani sm which increases in inportance relative to that
described by the RC nodel, inthe limt of |ow conductivity. It may be

that an electrostatic charge develops on the notor hub with | ow
conductivit ' (@ ‘%Hlﬁér : SS1 I oft 4 hey.: atic
charge is ttﬁgﬂhk@ﬁ?é&%ﬁ? ﬁﬁ‘gh@?ﬁrﬂ e ef?%érari]éa? ’@?‘Ir‘ﬂé‘ﬁl tl,9 li’4é.t Eglrs% %%etr?{sﬁ E‘Lf ough the
bul k of t hiellowing spprdxdimairslationship fdodwr spedifit charje i thl bedringbul k oi |
conductivity. Aside fromthe details of the mechanism the snmooth curve

with the miikickl FKEl e The powghlost dorafid/2 isrongisteat Wit A yplusi teisHITARATEH t he

peak 1 Sona e @ANAPCRM LIB0 LUl SRR s RRLHGIPUEE HELIERA:S, o0
is given byjp01y] vO wARheughhkeygomeidrally mdemsndéitdions ohhanotindrj the eélafite ar ea

A to the plate separation d of the equivalent parallel plate capacitor.
From t he ROSHHEYILY decsiappeasdo mcrease peariyrlingat y witbithg specidis| coadygtivityi FremG,

7), A/ d=13. . tEy : : ' t I
chbaci tor AFIng FpEERl o CRElRE pel I oK B prBAEE bR ucRl fors
because t hevasietyusf sepdrhulydpropared senpless and Hiffesknt cadceanatigay &l VANLAIBE® or

coni cal, regions_which provide radial and axial stiffness. The equival ent

geonet ry fattdin NF§ base@ipl oyed to calculate the fluid bearing resistance

R=1/(a(A/d)), and the capaci € =n £ (\0; . For the fluid
bearing notors built with ty%«g @r}zh:e?gﬁb(q‘gr%1xg)[fi?(l%%n< R <13.7 MSZ and 0. 38
< C < 0. 94Fomd\bff the sarhiplie$ et Held inhen dRend aBRICCT for VaridufabloenB)ofhiatk Wp 6 < R <
13.5 M 0. 100711 The electric charge.in the oil and the oil conductivity
likely ori glisfg%]TéfalfsstIB?h SliebilY ipgscas thseopdictivity and ReqHBIVEY| . The power | aw
sl ope of the specific charge in -20 the fluid bearing |IvOE (0)cOl versus
specific conductivity is 1.4. This suggests the

PREVENTION OF SPARK EROSION DAMAGE

[0073] One possibility is that the peak discharge current, measured just after
grounding the spinning motor hub to the stator, could flow through the carbon overcoat in
an asperity contact between the magnetic recording slider and the disk. This did not take
into account the asperity contact resistance. The asperity contact resistance is
Re=2/(6{A4./1.)), where the factor of 2 accounts for the resistance of the head overcoat,
which is assumed to be the same thickness and conductivity as the disk overcoat. With
typical values of 6.~ 10°1° S/m, Aczlﬂ'I2 mz, and I, ~ 5% 10 m, then R, = 10" Q.
Consequently, electric current flow through the overcoat in an asperity contact is
negligibly small.

[0074] Magnetic recording disk surfaces occasionally exhibit isolated defect sites,
which appear to be the result of local melting and vaporization. Magnetic recording
sliders sometimes show pitting removal of ceramic occlusions as particles from the
ceramic slider body, usually near the trailing edges and corners. These particles are often
found embedded near scratches in the disk overcoat and magnetic layers. From time to

time in the disk drive industry, motor charging is considered as a contributing factor in
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foll ow ng approximate rel ationship for the specific charge in the bearing:
Jvo,' (0)c0] = Ka3/2. The power |aw slope of 3/2 is consistent wwth a vol une
to surface area napping, as if bulk charge carriers accunul ate at the

el ectrode (rotor and stator) surfaces. [0072] Although they are generally
I ndependent from one another, the relative permttivity does appear to

I ncrease nearly linearly with the specific conductivity. From the |linear
regression fit of the relative permttivity versus the specific
conductivity for a variety of separately prepared sanples, and different

concent r at i §B%ormfioN NIRRT cts, HEmbd 1ik‘ﬂ§ ePg}%ﬁaﬁHn' for fiesd &efE&%gs qu?'é'cu'ratg' 5a,
wth ain nS/m Sone of the sanples were he In an oven at 1 or

vari ous anowmisnioticn dwringgliskodrive, cé@fpohent msanufidviermgsanid gldeimbly.ncr eased t he
conductivit d permttivity. ,PREVENTI ON SPARK EROSI ON DAVAGE [ 0073]
ne possi biﬁbp?gl i s _tmétmatym? %’é%lgled @éﬂ@?ﬁ@%ﬁﬁ ﬁiéﬁR‘Etf’c b fmed sings ¢ or
grounding tdectsiehiiafRlaelosDifk b MRnlAAY magiideddrits Wi AA e
carbon overcoat I1n an asperity contact between the nagnetgc recordlng

sl i der and Bheflydstated, aflsome diidcal electrkieeld,ientitiechelectrnis bepia tas@ezd myteciaint act
resi stance. The asperjty contact resjistance is c=2/ ( ) where the

(A TLL))
factor of 2hatls gyaomatng frqm the Gathode rming highly consgi e BAtBt J,fhls\fe}fﬁcew i s

assuned to ekl AV t .di .
Wi typi o VaFh EA: b hogRES asERaRERRH, Il REIShIKGRKE! PR
R, 1017 S2.catlédasequently, electric current flow through the overcoat in an

asperity co t is egligib smal | . [0074] Magnetic recordi ng di sk
Surtaces odSt¥flonal | yﬂES%%F%?t?‘l %/ag'aqrhwac%_rwa%} iggecording gﬁ{(%@iﬁéféﬂytp be
the result ohuliP¢6ko MPhirion BitAREn Y FROLHZS] LIRBrric YREDR) 'sﬁni'iae%%gep&ed ;Mbgﬁr S
sonetimes show pitting renoval” of ceramc occ]I usions as particles fromthe

ceranic sl ifiléfs b0ty 1BSLE Vim Tepdrcing@o bistk] balinedgesuantoeElR: Syinghese
particles are often found enbedded near scratches_in_the disk overcoat and
magnet i ¢ | a8, thepangeof gatiead voligaeavould thea beil2R @1 TQ @ V. nbhis isyithindher

charging | Sraﬁé’éqéfi AP gm?lﬁlgavo(ftggés%ga%}eﬂ%(f A5 biliR withthe various oil
formulations listed in Table 4. Increased pressure, which forms the air bearing between
the disk and slider, could increase the critical voltage. Because the gap between the
slider and the disk surfaces is less than the mean free path of air, ions will probably
collide with one of the surfaces before colliding with another gas molecule even at
ambient pressure. Both the slider and disk surfaces are carbon overcoated rather than one
surface being overcoated and the other stainless steel as in the vacuum arc discharge
measurements. Since the plasma for the arc is generated by ionization of moieties being
desorbed from the surface by electrons, arcing should be sensitive to the type of disk
lubricant, surface layer composition, adsorbates, and other types of contaminants.
[0077] The critical electric field for discharge increases with decreasing
conductivity of nitrogenated carbon, probably because there are fewer electrons available
for emission to initiate the arc. In addition, the site of the cratering could be on either the

slider or the disk surface, depending on the polarity v,,.

[0078] Conditions for arc discharge between the disk and slider could potentially
exist for most of the oil formulations listed in Table 4. If the fluid bearing fully
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the formation of such defects. The nost |ikely explanation for these
defects is particulate contam nation during disk drive conponent
manuf acturi ng and assenbly. [0075] It may be possible that sonme of these
defects could be formed during electric arc discharge across the air gap
bet ween the magnetic recording disk and slider. Briefly stated, at sone
critical electric field, emtted electrons begin to ionize material that
is evaporating fromthe cathode, form ng highly conductive plasma. This
electric arc, which can be as short-lived as a nanosecond, |eaves nolten
debri s and GLaRiS iPthelaRS thRblIffif adiBiBlerhbiiARenR! 8. S MAAMEYPLERRES ON
magneti c recording disks typically contain 10 to 15 atnfonitrogen. The
critical elmaterialc?fiseld for sinmilar nitrogenated carbon filnms is 12 to 17
x 106 VIim for arcing to a steel ball in a yacuum For a slider flying at
10 nm the range of critical voltage WDQQQJ£Een be 120 to 170 nV. This is
within the range of notor running voltages imeasured for notors built with
the various oil formulations listed in Tabfe 4. Increased pressure, which
forms the ablierb@RC/NH thEEIBE0 enérige hdﬂﬁlbemd% ahd @Fﬁs the Gedtapdisty SR t he
critical voltage. Because the gap between the slider and the disk surfaces
i s | ess thasrfepemaiesal. f Thecachal femiferagine rise avill bgisignifinentuissy thapdhd i de wi t h

one of the . e f | di ] ot her gas | ecul ep, at

o ent - pr JOSTAREBRRSEHE SRk Pl b nt 15 Pl BO0a B Biiste BV EF 18 o
rather tharelec cligd. aSiacde) agl P Grabed, AN eadndeboyietitfivalyPredisted! eel as
in the vacuum are di scharge. neasurenents. Since the plasma for the arc is

gener at ed byowenerZAl isgipestedits) inereess aengnvith thedetabdectrie snsrere Toetqtelce by
el ectrons, I I . LLi ot f_di ' .
surface | ayeg'%c(ﬁlég%begésr t}ll tg?\ ,ﬁﬁh sﬁ%rr$i éﬁt%?’ﬁaWay@g%@&@’p%%) %J;plg{otg‘?ga‘sln? ﬁgltﬁ?%q
[ 0077] The hidi 3 Crnfth&lififf Mawdi sC | bt si ng
Condutt i vi g BrIaE borRhERUE), In ELRI(TIoB o LT B2 abPobaRS propirtidhafigios
el ectrons adijh & Ienit bPhigh, §FCPNapRodchbd digdce pfdrpertﬁfnﬁl-itylta 20l WitRthe thide

S

site of the cratering could be on either the i der or the disk surface,
dependi ng orgiphesesslim thetdgpendenaof8ivo.l@anitkis shange on therfunetionshdgpgaddnse waen
e ok o PRV PRl SRR e i o v
conductivity, to bulk charge in the high conductivity limit.

[0079] In short, the experimental data provided above indicates that the peak
discharge conductance has a minimum near a specific conductivity of 8 nS/m. This may

be accounted for by a transition from primarily electrostatic surface charge with very low
conductivity oils to bulk charge in the higher conductivity oils. The electric charge
increased with specific conductivity to the 1.4 power. Relative permittivity measured at

1 Hz increased nearly linearly with specific conductivity for a wide range of oils.

[0080] The electrical resistance of asperity contacts is so large that negligible

charge could flow by this pathway. However, the electric field across the air bearing of
low flying sliders over the range of observed motor running voltage is close to the critical
field for electric arc discharge from nitrogenated carbon overcoats. Sufficiently energetic
arc discharge could lead to pitting and debris generation. Thus, it should be evident that

the optimal additive for control in fluid bearing motors provides sufficient conductivity to

dissipate electrostatic charge with the least possible amount of electric energy stored in

the fluid bearing.
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-22 discharges in the arc, the maxi nrum adi abatic tenperature rise, AT, in a
vol une of surface material, V, is: I AT-21 VCCV P where vifl2C 2 is
the electric energy in the bearing, and Cp is the heat capacity of the
surface material. The actual tenperature rise will be significantly |ess
than the maxi mum because the asperity contact does not |ast |ong enough
to dissipate all of the electric charge. Since Cp and V are unknown, AT
cannot be quantitatively predicted. However, AT is expected to increase
along with the total electric energy. The total electric energy in the
fluid beari[8d81)v 2C 2¢¥ariRng On st présbni dvention Wil i apphedt thosefdfedinay  of
specific condlijctivity. In the limt of lowa, v'C/ 2 approaches

propor t i onaikilf {p the agp For exnple, altheugh selybleaddifives ag dispussed sboysgpanbes
direct pro i |4 . i i i
dependencegg’?lh{i?d; vtg% Yuct))trrll(e%r?’ ?Eﬁlﬁ%lwciogl}%gglll&nm?%lgﬁlgﬁﬁg{ﬁ?g%%gygégg&i’g@ﬁgg on a
i ndi cat es awtli msintd iastaies WEenexaniphs highyy edreiattivsihakivallssarioraRnotibeg@ay N
the limt of lo conductivity, to bulk charge in the high conductivity
limit. [0075Msedagheepductivisy-gshsasingdviirantasisiongas heramotbey areisufficdentlys” t hat
t he peak i: el agg{@;&g& Qéﬁ?rﬁelﬁ ot M Ni num near a specific conductivity
of 8 nS/'m I's may e accounte or by a transition fromprimrily

el ect r ost at[0082ur f acdt sharbgenderstood eray whilethecianehtiohihas byencddseritied ibul k
charge in the, higher conductivity ojls. The electric charge increased with
specific o FRBLBERGR Wﬁtﬂaﬁ PR Hfd&p%ﬁ%?mb@mapﬁ%erﬁéﬂ thederegping deseantieads at
1 Hz incre r: i r BWYR iJelc, t Mt 1 ange
of oi 15, [ ODG0|Ra sk R ! e SRR O e SOBRI, Nhdrksblls Fodink e 210
t hat negl i gindlmodifitmioge wilbbié dpparowtdthosdisksiigubinhinayrt tdHahiehehic invirdiosl ectric
field across the air bearing of low flying sliders over the range of
observed md¥8A1%unni ng voltage is close to the critical field for electric

arc di scharggggg)r om ni Afi 3eRAR! Sfiert ApPRALONE b Blticatilsldifeh RBl Y arRNer geti

incorporated by reference in their entireties.
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arc discharge could lead to pitting and debris generation. Thus, it should
be evident that the optinal additive for control in fluid bearing notors
provi des sufficient conductivity to dissipate electrostatic charge with
the | east possible amount of electric energy stored in the fluid bearing.
-23 [0081] Variations on the present invention wll be apparent to those of

ordinary skill in the art. For exanple, although soluble additives as
di scussed above nmay be included in the lubricant, partially soluble and
i nsol ubl e additives nmay be enployed as well in sone instances. For

exanpl e, highly conductive nultiwall ceatilams nanotubes nmay be used as a
conducti vi té-enhanci ng | ubricant as slong as the nanotubes are sufficiently
di sper sed AfMy avoi d sedi nentation. [0082] It is to be understood that
while the invention has been described in conjunction with the preferred
speci fic enbodi nents thereof, the foregoing descriptionis intended to
illustrate and nitAldisk drivebgstemapempoikinghe i nvention. O her aspects,

advant ages and nodi fications will be apparent to those skilled in the art
to which the inv"eWL‘Elt@mYnH’é‘PfeQi%neF‘Og@@] Al'l patents, patent applications,

and publications, ¢i ' :ngorporated by reference in their
entireties. QAI%@%Q@E?&&T%%%?&;@%H ve systemconprising: a
rotatably nmount egstamgfietrotatablysi¢taining thetrotor,coupl ed to the magnetic disk; a

stator for rotatably retaining the rotor; a bearing that serves as an
interface betweehbqaHEg shaipervesaspniniripes batween thepgiorapd greggiaro t he rotor

for rotating the, magneti i i ; « Az ri Lsposed in
t he beari ng, vvh:ar el n t% %ﬂé}:ﬁfﬁ%}fﬁ?ﬂ%gdﬁr tl%g ?%%%g g%' ﬁg?“ﬁd‘g‘fjﬁértﬁ‘%ﬁ?ﬁ%‘?‘ﬁedi um
and a char ge- cord lubticad disposed if dre beadng,iwigreih shiegebdacmt isudoaiprized oha

lubricating medium and a charge-control additive for reducing charge accumulation in

the bearing.
2. The disk drive system of claim 1, comprising a plurality of rotatably mounted
and spaced-apart magnetic disks mounted on the rotor, such that the motor rotates the

magnetic disks via the rotor.

3. The disk drive system of claim 1, wherein the motor is constructed to rotate the

rotor at a rate greater than 3,500 revolutions per minute.
4. The disk drive system of claim 1, wherein the bearing is a journal bearing.
5. The disk drive system of claim 1, wherein the bearing is a thrust bearing.

6. The disk drive system of claim 1, wherein the bearing is a spiral groove

bearing

7. The disk drive system of claim 1, wherein the bearing is a herringbone groove

bearing.
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the bearing. 2. The disk drive systemof claim11, conprising a plurality of
rotatably nmounted and spaced-apart nagnetic di sks nounted on the rotor,
such that the notor rotates the magnetic disks via the rotor. 3. The disk
drive systemof claim1l, wherein the notor is constructed to rotate the
rotor at a rate greater than 3,500 revolutions per mnute. 4. The disk
drive systemof claiml1l, wherein the bearing is a journal bearing. 5. The
di sk drive systemof claiml1l, wherein the bearing is a thrust bearing. 6.
The disk drive systemof claim1, wherein the bearing is a spiral groove
bearing 7. The d§ sthddisly 8rivy/$isRM Of clginPl WHereiWAIRS Riafink REfoRREd Hrofh dusfades
herringbone groove bearing. -25 8. The disk drive systemof claim1,

wher ei n t hethitere embosssd ithrasobvies tmersate fan dgernal prassuce witkinidbe Bibdcaitt h gr ooves
to create an internal pressure within the lubricant. 9. The disk drive
systemof claim1, wherein the lubricating nediumis conprised of an oil.
10. The di sk driyeTry&biedied systetl 6T daimMSiIRirén tREluBASH IR ThQIMM Q4 caflptideVe
is solubilized or dissolved’in the l|ubricating medium "11. The di sk drive
syst em of oMfanmill, wherein the charge-control additive is conprised of

di octyl edi phenyl am ne, an oligomer thereof, or a conbination of the
foregoing. 12. The disk drive systemof claim1l, wherein the charge-contro
additive is conyy i pRAi dPRERHeRARIAM BRI fin #He BhiddQUBRirol RK@RSis Or a
conbi nation of the forgoing. 13. The disk drive systemof claim12,

wher ei n t hesobtbalizgd-or disselatd addie ubyisating medinmher conpri sed of

di oct yl edi phenyl am ne, an oligoner thereof, or a conbination of the

f or egoi ng.

11. The disk drive system of claim 1, wherein the charge-control additive is
comprised of dioctylediphenylamine, an oligomer thereof, or a combination of the

foregoing.

12. The disk drive system of claim 1, wherein the charge-control additive is
comprised of phenylnaphthylamine, an oligomer thereof, or a combination of the

forgoing.

13. The disk drive system of claim 12, wherein the charge-control additive is
further comprised of dioctylediphenylamine, an oligomer thereof, or a combination of the

foregoing.

14. The disk drive system of claim 1, wherein the charge-control additive is

comprised of an oligomer of phenylnaphthylamine and dioctylediphenylamine.
15. The disk drive system of claim 1, wherein the lubricant is further comprised

of a conductivity-enhancing additive for enhancing the electrical conductivity of the

lubricant.
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14. The di sk drive systemof claim1l, wherein the charge-control additive
is conprised of an oligoner of phenyl napht hyl am ne and

di octyl edi phenyl am ne. 15. The disk drive systemof claim11, wherein the
| ubricant is further conprised of a conductivity-enhancing additive for
enhancing the electrical conductivity of the lubricant. -26 16. The disk
drive system of claim 15, wherein the conductivity-enhancing additive is
sol ubilized or dissolved in the lubricating medium 17. The disk drive
system of claim15, wherein the conductivity-enhancing additive is
conprised of an ggifdfsk am&éfgemclﬁlﬂﬁfﬁgfher&n ﬂﬁ'&ﬁﬁ@ﬁa&hﬁsﬁﬁnmg

conbi nati on of the forgoing drive system conprisin

rot at abl y residittveds miglulhmcbordilssb]ved im ttedubricatinglrediuno t he magnetic disk, a
notor coupled to the rotor for rotating the nagnetic disk via the rotor, a
stator for rotatably retaining the rotor, a bearing that serves as an

interface between TH&iH &I sydRMh 6%1ﬁ10f§'ivhe?c1ﬁ ﬁﬁlcﬁﬁ@lﬁlﬁlvﬁ% leHRdrcgnt 1 n the

bearing, and a slider in operative association wt ghetic d| sk,
wher ei n theidslyszteemmraprpsedrmé an eniginpemi cigomer teeot raqsilphectheiest lvarnge bet ween

a magnetic di der,, the inprovenent conprising replacing the
repl aceabl &° Fﬂ’b‘?ﬁ“@&r’i’?t t!E’Fg':’étng“epl acenent |ubricant having a |lower relative

el ectrical permttivity. 19. The disk drive systemof claim 18, wherein the
replacement lubricant has an electrical conductivity equal to or greater
t han the repl aceldblls aJdJuiicrdruecrwstechoniﬂmmgj@dotaﬂ&hlymogyeﬂmgmén@dlakmm&r

wherein the re z% nment bl’l ant | s q ed of.a lubri atin (&il um and
A char ge- cEPBH S thTReRels disks italer FRSHbIdhS Fye FREHE 6 sk

bearing. 2L, fﬂé%ﬁ'}r %IQH 4.4 rét)(ﬁb@%@fm ﬁie%t%@ 1a B@ﬂﬁﬁ%lﬂ%t 5&%504%%@11%&963 rol
additive is conprised of an ol i gonmer of phenyl naphthyl am ne and

di oct yl edi ptetsmgenahe stetor 2ad th"éhetom asﬂcplamab& lsbei¢amtringthe bbaring, 48] a slidarét n t he
repl acenent_ | ubricant ductivit nhanci ng

additive fdpe Hsﬁtgﬁoﬁlﬁhfnﬁ gltﬁlt@%wg%egﬂc k w%erem fhe sysQem 1S prone o &4 eXperience

electrostatic discharge between a magnetic disk and a slider, the improvement comprising
replacing the replaceable lubricant with a replacement Jubricant having a lower relative

electrical permittivity.

19. The disk drive system of claim 18, wherein the replacement lubricant has an

electrical conductivity equal to or greater than the replaceable lubricant.

20. The disk drive system of claim 18, wherein the replacement lubricant is
comprised of a lubricating medium and a charge-control additive for reducing the charge

accumulation in the bearing.

21. The disk drive system of claim 20, wherein the charge-control additive is

comprised of an oligomer of phenylnaphthylamine and dioctylediphenylamine.
22. The disk drive system of claim 18, wherein the replacement lubricant is
further comprised of a conductivity-enhancing additive for enhancing the electrical

conductivity of the replacement lubricant,
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conductivity of the replacenent |ubricant. -27 23. The disk drive system of
claim 22, wherein the conductivity-enhancing additive is conprised of an
aniline, an oligonmer thereof, a polyner thereof, or a conbination of the
forgoing. 24. The disk drive systemof claim 18, wherein the replacenent

| ubricant reduces electrostatic discharge between the nmagnetic di sk and
the slider fromat |east about 200 nA to no nore than about 50 nA 25. A
di sk drive systemconprising: a rotatably nounted magnetic disk; a rotor
coupled to the magnetic disk; a stator for rotatably retaining the rotor; a
bearing that serves as an interface between the stator and the rotor; a

nmotor coupled to the rotor for rotating the magnetic disk via the rotor;
and a |ubri cant23dindedde sybtembefanldimgd2, wierean thetchaduativity-eahancigs a DC

| at t t t t 25 000 at 50 C. 26.
e i o a0 S FomBritedior ah ke, Miedieber Ineleoh ity Gl Qehr oo

permttivi td(ml,bsnﬂféng,rfg@tﬁf gdifan about 10,000 at 50 C. 27. The disk drive
system of claim 25, wherei n the lubricant is conprised of a |ubricating
medi um and a charge control additive for reducing t he charge on the

bearing. 28. Th stem 27, er |n t he, char ge-control
nddi tie 1o comdi el iy SReataitk Mk TGt e Sediess
aromatic a@lé&%staﬁé dRBNarg€ BétReARihe A ghBEE &'@1& anthe 3Bder Thsin di ﬁ:ﬁstcibbmemyst em
of claim28, wherein the charge-control additive is conprised of

ol i goner ofnﬁpmwmmh@m?btaﬁﬁﬁ@Aand di octyl edi phenyl ani ne. 30. The d| sk
drive systemof claim25, wherein the lubricant is further conprised of a
conductivity-enhancing additive for enhancing the electrical conductivity

of the 25. A disk drive system comprising:
a rotatably mounted magnetic disk;
a rotor coupled to the magnetic disk;
a stator for rotatably retaining the rotor;
a bearing that serves as an interface between the stator and the rotor;
a motor coupled to the rotor for rotating the magnetic disk via the rotor; and
a lubricant disposed in the bearing, wherein the lubricant has a DC relative

electrical permittivity no greater than about 25,000 at 50 °C.

26. The disk drive system of claim 25, wherein the DC relative electrical

permittivity is no greater than about 10,000 at 50 °C.

27. The disk drive system of claim 25, wherein the lubricant is comprised of a

lubricating medium and a charge-control additive for reducing the charge on the bearing.
28. The disk drive system of claim 27, wherein the charge-control additive is

comprised of an oligomer of aromatic amines, alkylated aromatic amines, or any

combination thereof
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| ubricant. 31. The disk drive systemof claim29, wherein the
conductivity-enhancing additive is conprised of an aniline, an oligoner
t hereof, a polyner thereof, or a conbination of the foregoing.

29. The disk drive system of claim 28, wherein the charge-control additive is

comprised of an oligomer of phenylnaphthylamine and dioctylediphenylamine.

30. The disk drive system of claim 25, wherein the lubricant is further comprised
of a conductivity-enhancing additive for enhancing the electrical conductivity of the

lubricant.
31. The disk drive system of claim 29, wherein the conductivity-enhancing

additive is comprised of an aniline, an oligomer thereof, a polymer thereof, or a

combination of the foregoing.
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