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
invention 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,

lubricant is typically req,oadPRRAITEYVEEY LUBRMICAS FORt he bearing. For
exanpl e, the bearing nmay Tncragde a pair ol nagnetic ifturd seals, several

capillary hol es or channel sMAagNEaGIC IISKCBRIVEISYSTIOM®M t hin the capillary
channels that is held in plate by a pbparrirer 11T m [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 nagnetic disk. The transducer may be supported
by an air-bearing slider that has I_MEEB attached to an act uat or
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charact er i $§lirkant Bvirg HoSKrehgigt BRclriRal pedin@tti€ity aThe RRERich dlfierelg@dbnge edge of
the slider and flows in the direction of the trailing edge of the slider.
The fl ow ofusapfa ghanga-eerdrl ad@ites to redugsrtbe slgetaicerhatgs odiadulyecant.ng surface of
the slider to lift the slider above the recording surface. As the spindle
notor reaches the operating velocity, the slider is naintained at a nom nal
flying height over the recording s{aesréOnt cushion of air. Then, as the
spi ndl e notor spins down, the flying nherght of the slider drops. -1 [00041
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one 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 above 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.



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 di fferences between conponents of the disk drive system 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 potenti al
difference that may build up between a rotor and a stator. [00071
Nevert hel ess, it has been found that |ubricant conductivity represents only
one of many factors that influences the static chargi ng behavi or of disk
drive systens. In particular, it has been discovered that disk drives that
enpl oy highly conductive |ubricants nay neverthel ess experience a
surprisingly high peak di scharge current because the |ubricants thensel ves
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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 disk
drive systemsimlar to the above disk drive system except that the system
is prone to experience electrostatic discharge between a nagnetic di sk and
a slider in operative association with the magnetic disk. Like the above
system the disk is coupled to a rotor, which, in turn, is 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 |lower relative
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additive for reducing charge accumulation in the bearing. For example, 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 | 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

spi ndl e-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 graph that

i as. 5 SO0Bh Fect iy eraPlobhd VWt e lBe) R Rl bR ke il
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the specif iré:v%tl&t%rpls %re]ldmglﬂl?e ﬂ%&%ﬁ%ﬁmﬁhé‘{vﬁﬁ three different oils A, NPG base oil, B, Oil
V,and C, Oil C.
[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 followng termnology is used in accordance with
the definitions set out below [0025] The term"lubricant” is used in its
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L AL hﬁoﬁﬁ]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] Cenerally, 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 magnetic disk is
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el ectrostatic properties placed in the bearing 60 may serve to isolate rotor
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exhibit di f[&%rﬁ)nt In any case, a lubricant is disposed within the bearing 60. In high
performance drives, the bearing may céntain 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, if a
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



el ectrical potentials. Since the magnetic disk 42 is depicted in electrical
connection to rotor, the disk 42 nmay be at substantially the sane potenti al
as the rotor. Thus, if a conponent of the disk drive systemin electrical
contact with the stator 58 is brought in close proximty to the disk 42,
uncontrol l ed el ectrostatic di scharge nmay take place between the disk and

t he proxi mate conponent, thereby danagi ng the disk 42. [00331 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 housi ng cover 14. Wen
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act uat or aemdofhe agtuatac hesdmbly 2hiackidpuang-blogk puagtbatonrotey 222pvete 3 ot or 22 are
head gi nbal , assenbl ies, 26. Each head qi | .assemhl y, 26 includes a__nounting
pl ate 28 af’{“é%ﬁﬁg? fagt ]é'telﬁerngfngaarcﬁla%l.a%ﬁg?icﬁ‘@ac egt{? ¥R facg%gorr%ﬂﬁti ng

plate 28 ajgfaRsr B ark Wadgiaital 3emblidsHN fthcRheddEinAlaREmBBCES ineRdedgam 30
is a slider 32, which carries a pair of magnetic transducers or read/wite

head 34. Omaduh8ngplatr28eattichéd totdematoe tacradr Admsketitoyh@énd aphosionstingplateoad
beans 30 and the sliders 32

js . a rotating ans for rotating.rot 22. The
rotati ng neasEe one ARRMeHES éb-véitté@‘eéé‘? fhepnd %@%HO? beagy sébsk?eﬂldtebgéct uat or

rotor 22 a -ﬁﬂ%@g . | j ' jecTel 38 and
t he voice gglll g’r%%%gé}egg?@ dtg?& gggf)éiag@b}ggﬂa%%g? . glﬁg%thapplas)gs a
force to tlie ftlat@tasentsge0pdpporite the lsadttetms 30 aad dietslides 32dt aastatinghaft 18.

[ 0034] Mounted within housing 12 is a rotor,in the formof, a_spjndl e shaft
40. Rot at a1¥aps Kr refahegiraley 2pi Hig retating meanpis shewn ap g ypise coll 39evhicha | y

mmgnet | o arardeass ptfunClollias o sHle R Wi i anRRERth ARRELe EOOTR, DN
FIG 3) ronaiast 3§wnddheksicd oil Iheredhskeydpdritaf aavierdoilymdtor thsgppliasacont r ol

circuitry for controlling the notor and the voice coil nmotor to allow
sel ective porse td baiasgyaer assambiedlifoiptateit Ao shertunierrshafid8di sks 42. [ 0035]

FIG 3 det %dﬁ]t he p%(t)un?c;d %qﬁinqlio%léing 43 (i:ska portci)rvirei‘ tRe o?rrrrlb Olf){i S%PH%TPJ si,h%lftn&. the
Rotatably attached to spindle shaft 40 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 S2. 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



internal 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

| oad 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 may 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 revol utions per mnute

may be achi : [ i - f rotation
of shar ¢ 4Bl Rind ueRidiEs By bad BroytdeRidihol fn RERAGEN bRarllg QU Bl D 81107
provi ded i frisMdindetviednhift danhd elevessEs from -8 lubricating capillaries 62

and provides lubrication in the journal bearing 60 to reduce friction
bet ween sh#03640 and FsoradVeSsiang doBgiouldt benapppicst that gidgrs32 may beoul d be

. ¢ gtgpu Si2 mey Shoul d
Moeve s, rrokaltt Fricen e Pindl Ve Yo fAONIRAERY S bR BB oo 10

t he spi ndl gleshiRblly cSirReRd %6 tHEepmdBRAhARS Sike sHash B2 angebé positismeyiifi ty to
di sks 42 while the disk are spinning for operability, any potenti al
di f f er ence praxemitg éndiskedZ phile the diskadre spidniag dosgrienabilety sinyenaterg @l deferenssul t i n

uncontroll ed el ectrostat.i j scharge. ,[ 00 The invention us overcones
t he probl e‘r%?Et“f%g %’E’E@e %ﬁ%ﬂ%@\w%ﬁ%ﬂéeﬁ lpéaﬁ WB‘?IFH‘a‘H‘(CQI.m %1e t he

hi gh- end S%fe%ﬁ&stﬂii@clﬁs&fa} e industry is mgrating fromball bearing to fluid
bearing spindle notors, the gap between the magnetic recording slider and
t he disk i $0085¢r easi fpefimention drus bPetcombs theyprablehe ssociAed ovith kgiwn dishral |

el ectrical | potenti al r.os he fluid bearing translates intq a high

el ectric fidaiva@&ce%@ ledhe L@Eﬁ.nd SIYefy &G@g%@dﬁﬁryow,mlgmsgmp%f resul ts
show t hat, 1qi I i i i [RYAT t hose
ving o | St B bERtp Al Rk tERRbenRAThe haphediaBE il

havi ng a hiaghtheadigd is\decrehging fromadvepd ra § hiny bi hess. PAtdoediaglyt @udll elbctriealuci ng

unwanted el ectrostatic discharge in disk drives. [0.0381 The | ubrj cant
typi cal |y Wagngalperass the flwid beareng transkatesputors high gleetyic Aigldpcaagsdhe air gap.

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
include at least a lubricating nediumand a charge-control additive for
reduci ng charge accunul ation in the bearing. 10039] For exanple, an oi
havi ng a desired viscosity nay serve as a |lubricating nmedium Conpounds
suitable as a |ubricating nmediuminclude, for exanple, perfluoropolyethers,
esters, synthetic hydrocarbons and hydrocarbons. In addtition, diesters,

pol yol “est fggepnd PokrkaLphaokalidaddieye R %@‘gglu@ﬁizlé\%f)l#'d's Jv&PHBhé NSt ances, a

si ngl e conpound may ex e appropriate viscosl wever, a bl end of
di fferent lubasstidg medlammrdkehpladvhapagentd ladditisedincludo titvaatiei dmiatd, ons. -9
[ 0040] The charge-control additive nay be solubilized or djssolved in the
| ubri cat i nglkieirdasemeticeapings. wligpmersdbersof Ayl coabinatiqpssheraelh Metear omat i ¢

amnes, a ' 1! 100/ r : i nations
Ther oot . el AR FmBELARR A4NIRTRLRaL IR ERanBRNRIRE' ) Dae
di octyl edi pheRHaphihpRming oigyhesRhérByf, 81tdiebingtidng @M tHefotdodiee OA pafifcularly
conbi nations of the forgoing. A particularly Ereferred char ge-contr ol
addi ti ve i prefaradrihgess-aontralndditivgosreemprisedind ap lohapmengfi phenplaaphihamine

di octyl edi phenyl am.ne. [.00411 In addition, the |ubricant may further
conpri se agl&cgﬂ%ﬁté{ﬁd\lﬂef’teg}b@ﬁ%nci ng additive sol ubilized or dissolved in the

| ubricatingyoagfli um  FPAdRNGHTSlubli&it nfa® Fovdedr ic¥inpisen Bamthicidtpeshianting may be
conprised of an aniline, an oligonmer thereof, a polyner thereof, or a
conbi nat i oaddifive $ndulfibzegodrmiigsolsad in e hehriating medemh ahaiexgmpledthiet | ves ar e
known in the art,. ex | es qQf. which are |i.st in U S Patent S.
5 641, 541, CoBaliinynnE 04HNC Y b ammring O tndincat et
fol Iowi ng_ BXRHRE thetertta doftifliitA oRthd @) dRnldipgf ity QpihRAy SKill in
the art w a conpl ete disclosure and description of how to I npl ement the
i nvent i on, additidesarekmoin imthe ad gekatpldsi afivthi¢thare $istep én OF S.itasint Nos. | nvent or s
d their i ti . EXAMPLE

regara as L1 sa1 S 74k 431" and 5886.854 cach to Diaz et al.

[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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10043] To determ ne the performance capabilities of various lubricants in
such inproved disk drives, various lubricant formul ati ons were prepared for
experinmental evaluation. In particular, the dielectric properties of the

| ubricants were characterized. Mtors were built with these formnul ations,
and the notor running voltage and peak discharge current were neasured. A
series RC equivalent circuit nodel was developed to relate the dielectric
properties of the lubricants to the peak discharge current and the electric
energy associated with the charge accunulated in the bearing. [00441 A

l'ubricant fgnmd @HBNSbR/E WaRAgtd QI Pl ik nfdhétiOreSRALLINIORYPr | sed of a

base oil with one or nore additives. The base oil used was neopentyl glycol
di capr at e (spiRGpscddpGFosmalation kKndwwaspreparzd domteining appr@<dpashahédityd of a

0 ool FRES Bl SPo b S AT s =
resonance (YRon Li@@ﬂi&%%cgﬂ %iorg&f)ﬁ’b{%&% L feredAS aPORPRALREE ﬁ@g&@& ni ng

approximately 0.5 w% o comercial conductivity additive sold under the
trademar k ebnt3ibity &( oljgohiddicfantoxidedtesbld Widar the tradérh&k(VANLURKE® 93CHI or ado) .
Formul ations referred to as Ol V were prepared containing an oligoneric
ant i oxi dantcoOBPRgng A& Wi h EcacH oy te WANL%@@{I%QHE@P?HG gy Hﬂ’héhbgo Wt %
reaction m_xf: ' | . di j amne in a
tetraester aﬁlﬁé @aﬂqrgér&?%rﬁa%#%@g% e'%a{ﬁ %‘%ggﬁgg‘ﬁ@& F%W%%Arufmal k,

Connect i cutQonn¥icugt iVanmtiofis dfdiommbiatibn OOV Iweve peparefepat d. a2, Batchl, Lot 2,
Batch Anber, and Batch Red. [00451 Additional additives were al so

i ncor por at é¥mpss axkBygRBedi | for evaluation. These additional additives

include: a g{,;g]kyl diﬁ&}ﬁ{i‘éﬂaﬂ gﬂg(iﬁ'ﬁes %r%e#?%&éc%s%r?ﬁt%%gé(oﬂ FIREONER . 157

from Ci ba Specralty em ca arry onmer cial  reagent

grade BHT, Tiese sdditaiathdditivedagande: @ldadieyl kksteaylr intiaekeld UBAEY the aaderh e
ener al di ne form of ol izomari c polyaniline with an unsubstituted phenyl ring

and R = CHBGADMRK® FhEGemddibn Spe@altyvehemicals (Liaragown, [pw sy guk); Bomageacial  The

222!{ ;: x: dl ggagglgfﬁtaérgji?(% g{'?% f;ghm%&?ial ?eé@%ﬁtegrgc?et %%&rig'zcgle a(%q"A]); %co{ ?heo A
emeraldine form of oligomeric polyaniline with an unsubstituted phenyl ring and R =
CH; (OAN). These additives were included in Oils 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 alkyl 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. Oil 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. Gl B contained Gl Awth the addition of an al kyl ated BTA t hat
resenbles item BT-LX from Johoku Chem cals, Co. Ltd (Tokyo, Japan). G| C
contained Ol B with a higher level of the aromatic amne. [00461 Additives
were mxed into the base oil with a conbination of stirring, sonication,
and mld heating with a heat gun. Stirring was either by shaking or with a

Vortex m xpipq7The coppurbdanieg dpkarie spewastopdlale Pechaldd WRNEGAE bZiheg Wi th
0.01 nol e of dodecyl benzene sulfonic acid to 2 grans of eneral di ne base.

For the pusposalishssedkygeicantenilheseanetorsavéronf theHexedstodntppeussdnn high-ed t he
resulting OAN was filtered out after mxing using an Pall Gel nan Laboratory

Acrodi sc CR'YS MAgne(is reqguling IefriViSi h 1 micron pol ytetrafl uoroet hyl ene
menbrane (P/ N 4226 from VR Scientific, 28143-928). -11 [0047] Fluid bearing
di sk drive spindle notors were prepared with sone of the above-di scussed

| ubri cant sSONTRERMITIIYVIYSVIRSSEREMENTSe fi xed stator type used in high-end

i i di sk dri .L PERM.TTIVIT URENMENTS [ 00481
e o ol ool T oo ARk PP A pee v e S TR Loer o
measur ed Ugjefdhrdd @i thk M [ndtFRmkats @ii@%@cgk Araly28ADYZLY mo&AD 700 ce2ihd@ Wi th

ceram c single surface sensors at 50C for 1 hour in nitrogen. Each sensor
cont ai ned sjogld sudheectensdest J0i&tfonk heuria Bitmgen o ketlesensen apotazred godd 5

m cronmeter thick. The el rodes . were s 1L mm t ch, sensor was
Teasur ed t HeREeh i Befn iR PRESReGHOY R BT 12 anigWIRed thick: JBF eFRETPor ce
transducer wapdsh Qddehd M4 KR sSRBFRAs MRERPESH LIBAREHE Yine#RdrihBIg! St ance
tenperature detection). 70049] Each sanple was spread onto a sensor's

surface, atrehsiheersterrsor thedsrce pressducaread tatletemeinb thet sensavfresphesecigermetRam

pressure causes, the sanple to enbed on the sensor surface. This conpels the
fluid to f epistapes KWEPSivE detseiQfen the el ectrodes.  Spri ng- | oaded

el ectrical (gyugpes t hahoRlinpt Was f5ead Chtb A8eARP SRkR e CAUAS tendbl Wad he sensor

positioned at the bottom of the oven. Ram pressure causes 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. [00501 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. 100511
When DEA neasurenments were perfornmed at several different tenperatures,
time tenperature superposition was enployed to extend the frequency range
of the measurenents by shifting along the, frequency axis, relative to the
50C data (timnme-tenperature super poskt'#&gf(.ﬁ[oowl The oil specific
conductivity was usually derived fromt 5d16§s factor data, some of which
is shown in FIG 4A by fitting wwth the limting |ow frequency formof the
| oss fact owhergurats thaloss fxt@, o ivihg spedifieeendyetivity, ehis theoghsoluig pamittigity 9ft he
specific cgnductivity,. eo is. the absolute permttivity of. free ace, and f
'S the exclEaish PHdduBRErndERISs do Soinf kies SialsPoiphytis QF

conduct i Vi tyndiRfifitPhveR 4R @uthidt&rifrbmane [R8 fdcRY ndastk@bt MERSWHRE idtheaklyHz,
which is nearly the same as the specific conductivity calculated fromthe
fit to thethtsameas e spheifinisondictiviy gacdatefl froguthedit.to fleoks] ovEntheevkder i ¢
charge in the o'% is derived fromthe relative permttivity. Typical values
of the rel 58 b@WﬁWFYivity, e', as a function of frequency are shown in
FIG 4B. T'[lﬁ)S%[mOt h qyE ¥RerRBafde ¥R JTRRWBHvVEd froth dhrelHtie pRERitti|tyaxat i on
time series wth four relaxation tinmes, wherein: E~-E + v'i 1+(2,r r {" [
)2 Here, sTypwsalttedudsiofthefrelatjue peynittbiitys §'vas agencetiont af\fregyer{cyfareshaval ined t he

dielectric n t), ) ) . .
F(f(? féa?hg smooth curves are from a manual fit to a discrete relaxation time series

with four relaxation times, wherein:

E . — ¢
g‘:eu+z L ‘

p 1+(277r,f)2.

Here, €, 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 " 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:

¢(0)=2.e,

[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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and is about 2 for non-polar hydrocarbons such as n-dodecane, E,,; is the

i h relaxation nmagnitude, and ti, is the i h relaxation tinme. Three

rel axation tines 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 relative permttivity is essentially the point
where the snmooth <curves interest the vertical axis in FIG 4B. At steady
state notor voltage, electrical charge stored in the bulk of the fluid
bearing oil is proportional to the do relative permttivity: E(a)--~E , ~
[0055] Tes{olfpanttasBients She YdltdgR reRmSIWEs fakéh WhBAEYNtSdtAIzahY Rlotdband peak
di scharge current on disk drive spindle notors while they were spinning at
10 or 15 wiRPRhe STiter axt grownd. Wi pealudiseduhrgaeureat, dmelegstamejemeasdet bagarent

El ectrical contact wg_?l rrade to the spi.nnin ;ob_or wth a cong ctive fiber
brush or aseélﬁ‘ﬁglrr_‘%er DeRBYLE VB toéltp‘&éﬁogl &t REGIRMER 250HECGPYifpedance
el ectromet ﬁérs&dﬁ?bér%xﬁé’rkﬁﬁﬁlﬁﬁ al?algé-to-gi%[tal_rdéﬂ%lﬁ@ cafh3foi’9111atl€§l§ TEAgigh&Rent s, the

vol t age readi ng was taken while ctontacting the notor hu w th the stator
as ground. cuFont pedrkg the swtialrdjschergertensientt wisenedoatict waetmade hetsvesethetstataur r ent
sensi ng node, The, anal og vql tage output fromthe_ el ectroneter acquired
by 2 per SuHHhe Eh EOIeR It A CBEIHEE g al YEARPPaF e o e
anal ysis. dhenhighgst arcdohanh Fﬁqrs.nﬂu&hﬁ% b&k%bﬁ'vo,%ﬁ%ﬁkaﬁcﬁz{rgé‘éﬁﬁé}ﬁ, when
contact was nade between the stator and tThe hub was recorded as the peak
di schar ge guare ¢t averagpivahies pf measucdmdrniteordatdedsafigemotarsr ent transi ent are
shown in FIG_ 5. Runnjng voltages V’arg{]d peak discharge currgnt, ip, are
the averagl038l ues of hediglegiienps factenand rejabie pempiffeyityfop yarious destppntshe
dielectric i 1 bt Vi r i icants are
shoun i 1 FPEoTgvh FERRS, B0l EaBoldeds BRI bE it ERICAE: MIETVERT Rec
base oil, oil ke Oill V Vomainirgi 2% NOAKPATBAS 9B and 031 (coanthinl STANISeIS0aI ni ng
STADI S- 450%. The_ specific conductivity, relative g{grm’ ttivity at 1 Hz, s'(1
he gnesifiovcondydivityt telajive pernpittnaty at 11, & (hElze anduiciteldivs wer e

Hz), and d
measur ed a%er?n?t%v?tg,dg’l(b)s,tfgrd thiesne l-lll-gr?clza%tsl\here measured at 50°C and listed in Table 1.
TABLE 1
oil ¢ (nS/m) ¢'(1 Hz) £'(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 59 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.



TABLE |
420, 000 Ori gi nal
7,300 a sum of

Gl

Vg 11.0 9.7 7,800
rel axati on strengths.
value d fromfit to | oss factor vs.
hydr ocar bon n-dodecane.

6d (nS/m s'(1 Hz)' s'(0)2'f NPG 0.1 2e 2 5b S 450 1, 000f

Viot 1555.93,300 VLot 2858.4
b estimated from1 Hz point.
frequency e val ue for
f fromrelaxation tinme fit.

typi cal

nonpol ar
g fromfit to |oss

factor and permttivity data only down to 1 Hz [00571 Variation in

el ectri cal
Ori gi nal

Gl

properties between oil
V, and O

| ots which are nomnally the sane,
V Lots 1 and 2 are attributed to uncontroll ed | ow

llevel s of [opsBuriti eiliBrlgiRRTEnRAIding d VAKRy b Wifetdnt 88diWeEBvREESENt i Nn such

smal |

anount that they

could not be identified by NMR spectroscopy

measur ementhsirasterized byiDISA. Theldieo68] prapdrtiéoriithesatoilo are lestedt iai Tabtey2,a vari ety

of differen

of these oll&reuysingle ppigyvy

addi.ti ves.

e characteri b . The dielectric properties
IHesl*ﬁTfFé’%tZ“}ned\ﬁﬁg"g’ﬁOgEﬁgl e point val ues were

obtained at 1 Hz, 50 C. TABLE 2 Additive(s) Concentration (%9 a (nS/m c¢' (1

Hz)
3.

vanl ube 9317 2 11.5 9.2

Irganox L57 1 0.2 2.8 BHT 0.7 0.2 3.1 0.1 2.0

TABLE 2
Additive(s) Concentration (%) ¢ (nS/m) ¢' (1 Hz)

vanlube 9317 2 11.5 9.2
Irganox L.57 1 0.2 2.8
BHT 0.7 0.2 3.1
0.1 2.0 3.1

OAN
0.5 6.0 3.0
0.05 0.7 2.3

BTA
0.50 0.7 2.4
See text, Oil A 0.6 2.7
See text, Oil B 0.1to1 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 Oil 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 Oil 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 0.5 6.0 3.0 0.050.7 2.3 BTA0.50 0.7 2.4 See text, Ol AO0.6 2.7

See text, Gl B0.1to10.7 3.0 See text, Gl CO0.7 3.0 [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 | oss factor data for
the whol e range of frequency between about 0.1 and 10,000 Hz, or the single
poi nt nmeasured 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/ m je)d e Clior Whiek# hiadred hotisysciiferR@ioptandbH@ucdlvity 163 We@é the sane
oil gives 11.5 nS/min Table 2. The sane holds true for the relative

perm ttiviolservedr Frdne NMRgperdtos@ily, i appdaeedoibainthe vligoanylirferloadh ablmically

three-rel axation.ti curve fit to the relative permttivity data gives 9.7
in Table 1¢aQﬁ§“ﬁﬁéH§6¢ﬂFrW§F8 “for the same oil gives 9.2 in Table 2.
[0060] Qi s l'ine WaSranRit28 pYALdURnRAHEEANKES tﬁe%%ci%%@nd&%ﬂfﬁ . The
filtered oll containing this additive was greenish tinted, due to the
optical absmstdadugivity, andtbe calatihecternmirttibisy dfalbfentairedait i apstamiol ardersiof it s
ener al di ne form & However, ewg? ?fter filtration, there was still a tendency
for sedi meMegiiwls lowgrdhan that &f P11 Sont ai ni ng OAN was -15 held at 100 C for
several hu hour ' ' oY e @bserved.
From NMR s eggfoscopé?e??Q%gggggggﬁgﬂg?g%ﬁg 0 |ggg%?¥¥ﬁgéﬁ?§§%%gﬁ?%alIy
react ed w additiveecahcasgiation beiseeniols. arffdOD6 Bit%Alré stafwit In€labikd? .t TheAnfeornded sone
increase in the specific conductivity and conducti vj tesx and the rel ative
permi ttivi Rgd s3mplps weisrpsenasef Hom angdot of W G passrasl agg the O11 V samples were

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 42
4.0 6.5 6.1

0.5 1.6 3
1.0 2.9 4.2
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
Oilv 1.0 2.6 3.6
2.0 3.9 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.

-16-



magni tude | ower than that of Ol S [00621 The dielectric properties of
VANLUBE(r) 9317 in NPG base oil with additive concentration between 0.5 and
4.0 wt% are shown in Table 3. The Anber and Red sanples were prepared from
one lot of NPG base oil and the G| V sanples were prepared froma
different lot of NPG base oil in Table 3. Again, single point values of
relative permttivity were neasured at 1 Hz, 50 C. TABLE 3 Batch Code
VANLUBE(r) 9317 (% a(nS/m s'(1 Hz) 0.51.8 3.6 1.0 2.5 3.7 Anber 2.0
3.04.2 406.56.1 0.51.63 1.02.94.2 Red 2.0 3.6 4.5 4.0 4.5 4.8
2.0 + 0. 5%Mbksk 1S Bk ¢uRtrines 0.5 3.0 4.1 Ol V1.0 2.6 3.6 2.03.9 4.4
4.0 5.8 5.1 [00631 Wth a 4-fold increase in concentration, the specific
conduct i vi t[Q0eK] VANIRE@ pedalihargercanseichloty fidnf Bhid teoridg frotats builtawithe

relative permttivity.at 1 Hz incre d less than.1. 7 tj i ori gi nal
Vel e, < 16 b iR G | oSG et ol 6 SRl ent
plots fromahlil d diees. PRer8Ricthieeitih totthbibnts of the current: initial transient(s)

which decay within 200 to 500 msec, steady state (run) current, and a high frequency

t he

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 i,, the magnitude of

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

Vo' (0)e,|.
TABLE 4
Motor RPM 0il Vo (mv) | ip(nA) | [ip/vo| (£5) | | vog'(0)g,| (C/m)
15k NPG -280 338 1.2 6.210"2
10k 270 1,264 4.7 1.010°
S
-230 1,378 6.0 8.5107
15k
V (2%) +140 36 0.26 9.710°
Additives in NPG base oil, 15 kRPM Motors
Additive(s) | Concentration% | Vo (mv) | ip(nA) | |ip/vo| (£4S) | | vo€'(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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three different oils are showmmn in FIG5 (Ais NPG Bis Ol
Vanl ube 9317,

current: i

nitial

state (run) current,

brush and the spinni ng notor
charge separation in the oil

current t

ransi ent,

and Cis Ol
transi ent (s)

and a high frequency
frequency noise is probably fromthe sliding contact between
hub. The steady state current
shear flow. Here only the peak of the discharge
|p was consi dered. The steady state runnlng voltage

I

Vwth 2%

Q There are three nmain conponents of the
whi ch decay within 200 to 500 nsec,
noi se component .

st eady
The hi gh

was al so 1

ecorded: Thre bLEduy stat [U””I”g vol dge and gak Ulbbnalge
current afe listed in|Tabl® 4, wherlei #00not okl upni W&ol tjage is vo, ru
not or peak discharge ¢urrent_is 1 p,| the maTgnltuu, of _the|notor peak
di schar ge |conduct ance|is i$P%¥ol, an ﬂﬂ@ spe dltic c e iln the oil is
~voc' (0)o] TABBEA4 Mmotor RPMG T Vo é %nA) diprvor (|, uS) ~ vo8' (0
(C/m) 150 NPG 280 338 1.95¢ 210-1p -2ﬁ k |2 26402 7 1.010-6 S -230
1,378 6.0 510-7__ 15K V (29 +140 Of ddl tijves i n NPG base
oil, 15 kRFS@FWc oPH Anddi ti ve(s) Conceﬂ'iﬁ t] o%l%l vp (i ip|(nA) dip/vol
vOc' (0) Eol [ rganox 4 20 Tow Tr ency measured BHT 0.7
-100 32 o.é%et%kmpéig - 150 339% -'300.5 Jkoo 1124 287 0.05 -190 41
See text, Oil C -330 0.25
0.5 +8 8 1.0
Vanlube 9317 1.0 +167 35 0.21
(Oil 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 Oil 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:

-18-
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BTA 0.50 -280 55 0.2 See text, Ol A -111 215 1.95 See text, Gl B 0.1 to
1 -80 18 0.23 See text, Gl C-330 81 0.25 0.5 +8 8 1.0 Vanlube 9317 1.0
+167 35 0.21 (Gl 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 notor was between -400
and +140 mV with the various additives. The running voltage polarity was
negative (wWth respect to the stator) except for the notors built with QI
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 discharge current exhibited a sty ong g endence on the additive
formulation. By far, the highest peak(/jlisehal 6 gurrent was with the Gl S
formul ation. There appears to be a rel atRonship bet ween the peak di scharge

current in TabI and . conductivit 0

PRI NCI PLESVEE A%I;hil “ts élﬁmaéwmébasca%aec %’p%rb‘{] ? it {‘?181 EPF ﬁgak he oil
di el ectri CelppR@hArk€and @néré‘)ﬁxrﬂﬁ@'ﬂuldjlbe%ﬁﬁébg% fiopbRdhal tORhd e RMtiveal ent
circuit, which is a reasona first approximation to describe electrical
di scharge ptremivenoe(0) accosdiogwp:in FIG 6. The rmt or self charges to a

vol tage vo, which is present until there i circuit between the
rotor and the stator, as in%%EGeEEeT §§ar {?F‘Pent measur ement. The
transient gyrent following the switch closing is: -18 i(t)=V~e-t/RC R

electric energy = VzVOZC = l/szoze'(O)so,

where €, = 8.85 x 102 F/m is the absolute permittivity of free space, and K is a
proportionality constant. The peak discharge current, i,, is proportional to the oil specific
conductivity, ¢

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. 6 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 Oil 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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where Ris the spindle resistance, Cis the spindle capacitance, and t is
time. The total electric charge and energy in the fluid bearing oil is
proportional to the dc relative permttivity, a (0) according to: electric
charge = vOC = Kvoa' (0)ao, and electric energy = V2v, 2C= % (v 2a' (0) 8a,
where ao = 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 = vo/R = KvOa. [0067] Fromthe RC nodel, it follows that the magnitude
(absol ute yieye) Of ¥hesm B&ﬁkcuwessﬁ?@ﬁ&ﬁm@r FRhok @bt Bk RIS t age.
lip/vol, pr portlona to the ol specif conductivity. er “wor ds,
charge st Of(ﬁdhd peak fiéschargk cofiductdcotd hank Ialm1dlrﬁ@xha1reat98 n®he Tlhisicokldyet hr ough

oil that has a higher conductivity. Hence, log plot of lip/vo vs. ais
i deal |y a &tnlaginghgs ﬁoilﬁéfsV\ftJIhSP§P‘<§1§éoﬂduc[ﬂMGGSIthﬁéthﬁ’éakO‘Hl19@@&?19@6@G?l? ent is

conpar ed W‘dfsgh é% (f‘oqldﬁé der 1‘5? xﬁﬁloch%ﬁr & tﬁesb@f( cﬂﬁlﬂg t&ge%ﬁh% 51Pgé8mlﬁ&?§1m rodel

above, the a eva ue o era curr to the

mot or vol t ggeulisofthepilr Thedaviatieh frb@ thé RCansdbletuveiitidteasansk the cohdidepgndent
of the electric charge. The quantity, jip/vol, is referred to here as the
peak di scﬁ@grgeée%bﬁiwdpax%@, anphige p@%skd hgtgwmgénfc@yﬁamr@as@é fardhe vRIY &0% bui | t

with the var or.mul a ed i Al og pl ot of
the peak df SISl Bo NEGARERIALLOTD e e BYRE aldbedR B e RabR®eh R & 7 The
proporti onghdrgd/ditxiResd @ectanim, vitfien Bé}em@exhlm%)e B@U%IQWettblﬂqﬁHés%hﬁbd by i ne,
which was fit through the G| S data point viation fromthe proportional

response i HerRGswdelyin thediseit eﬁbmndp@tﬂﬂm &t manbe tat 91 elgctroswiis gherge

di h d b |,
Sy o2 9°) OIS RS mghS B Gt B sPGRA T i tt Heal "BisPlaipior b’
(except f OEIeEtﬁ‘&téﬁd Ch‘ﬁrge IWfHeﬁ '&nnﬁtﬂr@@h WUSHehANcifLE ﬁaﬂﬁ@&aﬂ'ﬂ%hgﬁ R tallf rent,

and Red Batch 0.5% which had an wunusually | ow notor voltage).
of the oil, so the discharge does not track with the bulk oil conductivity. Aside from the

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 A/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), A/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 4/d is employed to calculate the fluid
bearing resistance R = 1/(c(4/d)), and the capacitance C = £'(0)g,(4/d). For the fluid
bearing motors built with type V oils (Table 1): 6.8 <R <13.7MQ and 0.38 < C<
0.94pF. 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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-19 [0069] The smooth curve sketched in FIG 7 shows what seens to be a
tendency for the peak discharge conductance to have a m ni num near 8 nS/m
This could be explained as follows. For specific conductivities higher than
about 10 nS/m the peak discharge conductance is controlled by the bulk
charge storage and dissipation through the bulk of the oil. The deviation
fromthe RC nodel curve increases as the conductivity decreases bel ow 10
nS/m and the peak discharge current even increased for the very | ow

conductivity NPG base oil. This type of deviation suggests that there is
anot her  chprggd 9&&&@%&&))&&2@&}% BRifivRbsdhctivey RASES Thik dugpedts dace rel ative
to that described by~ the nodel, in the limt of |Iow conductivity. It may

be t hat anfalosing agreximateciekatigeshiplérdhogpscidi chirge mothsrbehnbg:wi t h | ow
conductivity,Qils dus, tq air shear. Dissipation of the electrostatic charge
o then onty Chrisubi” s niheBe ey sopr iT R Forumt il v BE S EREC Bk o

the oil, sg.the di 1 I i IeVdeb V.
Aol de. 1 om R sl e e R AR Y
in FIG 7 §0Fdksts tAdthoughhtheye ategeacatinlindepemient frommana ahbibep dakeetiitivehar ge
conductance with an oil specific conductance ,gg ween 2 and 20 nS/ LDWLOO?O]
For hi gh cBefdRilIvityidogs nnear toHRcrprss eafss ipesrly avithhiha gpecinc eondycyien Flgm i A
6, vod LSS j t he
ol at e SopaRoEs BEPSONEL bYRLRAMR. e} Wislithe ol BB BRI, e Re
model fit waridthef Sparatlyrpteparedatiaples; and differeht cdntémetibns, bf GANI).UBBRI= |
3.3m The geonetry factor of the equivalent parallel plate capacitor wll
differ so %7a¥1}f1¥@rha’éerfélaact ual fluid bearing. This is because the actual
fluid bearing has cylindrical - N i SK. coni cal, regions which
provi de radial and axial s?‘%’(flﬁﬂ s?éfg%?éﬂéq“ﬁt;hv(};ineﬁ/mgeonetry factor A/d is
enpl oyed t Somalof tHeasampldiavdre hitld in beavéng 108X sdraateuFurmourts 6f hheup to and t he
capacitance C = ¢’ (OL,CO(A/dQ,., For the fluid, bearing motors built with type
V oi | s (Tabi480 hpursgwhichprlightsy meiggsed ibe eomsigctivity and permittivity.

o

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
Rc=2/(c.(A4./!.)), 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.~ 1071° S/m, A,=107"2 m?, and I, = 5% 107 m, then R, = 107 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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0.94F. Motors built with the Red Batch oils (Table 3) had 1.7 < R < 13.5 MO
[0071] The electric charge in the oil and the oil conductivity likely
originated fromthe sane charge carriers in the oil. The power |aw sl ope of
the specific charge in -20 the fluid bearing ve (0)sl versus specific
conductivity is 1.4. This suggests the follow ng approximte relationship
for the specific charge in the bearing: WOE (0)sJ = Ka312. The power | aw

sl ope of 3/2 is consistent with a volune to surface area napping, as if
bul k charge carriers accunul ate at the el ectrode (rotor and stator)

surfaces. teq0¢ekionl JrREUONEHEYTRS o8Ik pYanh RSIERE MEIRB e feb QR pAtEc@ARL her
the relative permttivity does appear to increase nearly linearly wth the

speci fi ¢ coordarniniation guritg disk dtivecdmpreant megfedsiiggarfd 4ssehblyhe rel ati ve
permttivi rsus the specifi onductivity for a wvariet separately
pr epar ed s%ﬁgs, anjnt R ee?‘égﬁljtbfec%ﬁtcsé’me_roitte‘eéﬁ g,eféBTfS %Nﬁ*ﬁéé(‘%ﬁcpé‘%’ﬁ? in NPG
base oil, gleftdicHe) dis@hagge’fac%sé%e, M Edp BerivBerHRE @ag,%&'f@re@érdiﬂgedli%m ﬁﬁiei’."er e

held in an oven at 100C for variousS anounts of tinme up to , 400 hours,

whi ch sl i gBrikfly statadeatssedhetdngticeloatehmie fielids gmuted efpetrong beagini toyioniP2REMENIRI ON OF
SPARK EROSI| ON, DAMAGE.[ 00731 One, popssi bi.lity is that th eak, di scharge
current, nERbifYaPqTAURS Hpmdhe © P%f?ngqrwgn& lwghl'ézmomw@e Rk ﬁ@bﬂ derithe
stator, coyld g r i it

petveen | hachamisa e B 3k Ao ReeLRRRERE pabvct BoBRARTRTR o BRIARE |
account theathsgeerity contact resistance. The asperity contact resistance is

Rc=2/ ((Y, (A /1}), where the factor of 2 accounts for the resistance of the
head over cH¥76] " whi cNifregengied sabon gversoath en smgneticicendigdissdyrRistBiuct i vi t y

as the dis er t RY L |e@| | Lhe ~ - ) ne,
and 1, z 5§0< iy[lg-lg)o[ﬁql S_ta}\?é ré’ '\ﬂf&%&m Cgicgé%cg%%ﬁeelg tZf ?Iils_,qmé #e@itrr%}g%ﬁé@r Cfagtﬁ fl ow
through the,QyRNoaat) 7ixn o8y /as Rfatdidg 21§t ball $n a V&QuhD! A HAB! flyink 40 74]
Magneti c recording di sk surfaces occasionally exhibit isolated defect sites,
whi ch appeaf nty thezerahgreofr @sichl vadtagt woald thed bé h2) @nld Ovmsolihisais mothin Megnet i ¢
recordi ng . q . .
range of motor running voltages measured for motors built with the 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



sliders sonetinmes show pitting renoval of ceram c occlusions as particles
fromthe ceramc slider body, usually near the trailing edges and coners.
These particles are often found enbedded near scratches in the disk
overcoat and magnetic layers. Fromtine to tinme in the disk drive industry,
notor charging is considered as a contributing factor in -21 the formation
of such defects. The nost |ikely explanation for these defects is
particulate contam nation during disk drive conponent manufacturing and
assenbly. [0075] It may be possible that sone of these defects could be
formed dur §ehar@dsQRHd £ic AhE nkRfiARIRLAT RiDetdife B, HAR RELRBR LN ace
magnetic recording disk and slider. Briefly stated, at sone critical

el ectric fimelafial,dfrit:t ed el ectrons begin to ionize material that is
evaporating fromthe cathode, form ng highly conductive plasma. This
electric are, which can be as short %i:v_d’o s a nanosecond, |eaves nolten
debris and craters on the cathode. ZE O7®)c Mi’t rogenat ed carbon overcoats on
magnetic recording disks typically contaih 10 to 15 atnP nitrogen. The
critical ekt V,tCRIieIR eltricd¥idyain thé béR@MENAIded, 1§ Widiat cdpabitPof thel2 to 17X
106 Vim for arcing to a steel ball in a vacuum™ For a slider flying at 10
nm the rasgécoimateriali da¢ actuhlitemperabng tise wdhbdhaignificantly lesthavtheThis i s

within the range of notor runping, voltage asur ed r ootors.buijt with
the var | ouB eIy GieARTeALs eI SHAT PO Fables ATE Pritiends diroBrBLUAehe wii ch
forms the @jcbir@ARIgRY SRREWERRA 1t 418 ufkidwA AT c%km&ec{e,qu‘éﬁﬂﬂaﬁvélg%&ﬁ’&é‘d.t he

critical voltage. Because t'he gap between the slider and the disk surfaces

i s | ess th&lowener, ddanekpestedgatneresise along witithe withll elgstraderisrgy. Tlad totale wi t h one

of the surfaces before coll.iding w th anoi her | ecul ven anmbi ent

pressure. é@mwteﬂgrgg 17 sy ‘Hﬂg’e Ve E‘(f—ave &2@?@@%@% H&Pi?tiﬁaaé@?upg{%r

t han one surf bei,ng.. ave t,ed he o r stajnless eel;.as im the
Shhdi BN PERR R BERL 2% LT ol eTBPpBt ERaifo o°

vacuum ar ¢ “di'sche _ urenent _
Sener 2t o0 LA 34 1010 S LS cSERORBRSRLIPI B8, A6
surface | ay&lio3e@0hi the @ependetsRioffit/es onan thivth@pe inyihe Sufioadnicpsndeacd 6n
L0077] The o(irrl(ilit:eilt(e:sa ell ‘[rgrllsei}t(i:grlr li)e('iw];énell)r(ijm;r(i)lry e?éc?rg?tgtricg s?urifar(]:g rcﬁa?rzg isn ‘Ell\fe tlimiS[:I gfg lros;\vaSi nd
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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conductivity of nitrogenated carbon, probably because there are fewer

el ectrons available for emssion 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 vo . [0078] Conditions for are discharge between

the disk and slider could potentially exist for nost of the oil

formulations listed in Table 4. If the fluid bearing fully -22 discharges in

the arc, the maxi num adi abatic tenperature rise, AT, in a volunme of surface

material, V, is: AT=2CV P where vo Cl2 is the electric energy in the

beari ng, ist t t ual

t enper at ur Z‘ﬂm@ge w | | lgﬁﬁsgﬁ?tpél@antqt%\]égggnt“?lglril)é er%nég:mr%ﬁ%{)fgeca%ge t he

asperity C@klllaﬁtheChTESFd’t@b(aﬂngRt altlwngh eslabighadtinives ssdipaissedadboveayive el ectric

charge. Since C..and V are unknown, AT cannot be quantitatively predicted.

However, Amduded i therlubricat ipaeiets selublesing inoluble pidit asanayebeemplogedirer gy

The tot aI A

may be pl otthﬁﬁgéﬁlg Ifs%ﬁlc FO@ e&%}ﬁgpec‘ﬁﬁy %%g%ﬂ}l tny uléﬁaﬁ %{r%gjt?ﬁl Qtﬁl%(s?ﬂ Iow

a, voC/ 2bapwmmdmmmretnhmnaﬁg Iu&snt;amaeslon@aglthlemahdstabésem:tsuﬁﬁifnelﬁtlgh a, v

2C/ 2 approaches direct proportionality to a. As with the two regions seen

|n t he depéﬁﬁ@ﬁ%s%ﬁ tp@p;mdcsrcdl@wnb@twtlm s change in the functional dependence
a indi ‘f@:&f f‘o”?{’g‘té bé) %té!‘oeaer{ﬂ P&gh h'e'u¥ve% 18§B£st ﬁtde&ﬁl%‘é&fr?ce charge

| n the Iim nduc iR charge i n conduct i vi ty
limt. [00¢8djuhdtiocnhiwiti thetﬁ?aeﬁa@gfebnﬁ%adoddaéﬂs ﬂfe?éblfdﬁéfcﬁrbgbdﬁg tediigaéess t hat
the peak discharge conductance has a mnimum near a specific conductivity
of 8 nS/ m imtpndednaillushatezod oahtimt tlﬂ@)frfcop«:/oathpmamnon ofdther @meptSs advantages

'nChe i o PRAMSRORN T Rt no ol Rt ol MR i Pty "9

specific cggﬁgﬁgi vity to the 1.4 power. Relative permttivity neasured at 1
Hz increased nearly linearly with specific conductivity for a wide range of
oils. [008(008Bhe el edtll paserits,patsint apphicatias, asipaiblicstianseited hereinsareo | ar ge t hat

negli gi bl e, : o
gty incorporated by reference in their entireties.
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charge could flow by this pathway. However, the electric field across the
air bearing of lowflying sliders over the range of observed notor running
voltage is close to the critical field for electric arc discharge from
nitrogenated carbon overcoats. Sufficiently energetic are discharge could
|l ead to pitting and debris generation. Thus, it should be evident that the
optimal additive for control in fluid bearing notors provides sufficient
conductivity to dissipate electrostatic charge with the |east possible
amount of electric energy stored in CLABMSI ui d bearing. -23 [0081]
Variations on the present invention will be apparent to those of ordinary

skill in the art. For exanple, although soluble additives as di scussed above
may be in q‘Mn the lubricant, partially soluble and insol uble additives
may be enp§g¥g§=és4 well in sone instances. For exanple, highly conductive

mul tiwall carbon nanotubes may be used as a conducti vity-enhancing
| ubricant as slong as the nanotubes are sufficiently dispersed so as to
avoi d sedi nent atli on. 4 dGBAfive systen compasingider st ood t hat while the invention

has been described. in njunction. w.th the preferred specific enbodi nents
t hereof, the foraeraglkarl?&' @%géﬁg?&alg egtlc:,\@lgk’i ntended to illustrate and not limt

the scope of the rbivrepipledio ik Aignasn@st;s, advantages and nodifications
will be apparent to those skilleg in the art to which the invention

pertains. [0083]asitpr foarasatebly rpfainemg thapibi;cat i ons, and publications cited
IGAREICRRE I N NG SC AR A N R
?'hZ k r O?O: ?ttHé beaHRY Rdsd@tdd@ofpanshimgl Bbatkig, a Shdt Yealifd, 4 Qpiddlakbyved et ai ni ng
bearing, a herringbone groove bearing, or wherein the bearing is formed from
surfaces that are embossed with grooves to create an internal pressure within a
lubricant;
a motor coupled to the rotor for rotating the magnetic disk via the rotor; and
the lubricant disposed in the bearing, wherein the lubricant is comprised of a
lubricating medium and a charge-control additive for reducing charge accumulation
in the bearing, and wherein the charge-control additive is comprised of
dioctyldiphenylamine, an oligomer comprising dioctyldiphenylamine, or a

combination of the foregoing.
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.
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a bearing that serves as an interface between the stator and the rotor,
wherein the bearing is selected froma journal bearing, a thrust bearing, a
spiral groove bearing, a herringbone groove bearing, or wherein the bearing
is formed from surfaces that are enbossed with grooves to create an
internal pressure within a lubricant; a notor coupled to the rotor for
rotating the nmagnetic disk via the rotor; and the lubricant disposed in the
bearing, wherein the |ubricant is conprised of a lubricating nmediumand a
charge-control &dditiThe digk drizeivysteny chelaige lactheneih dhé draring) it hghtvetar i ng,
and wherein the charge-control additive is conprised of
di octyl di ptl?g?ﬂffgan‘i ne, an oligoner conprising dioctyldi phenylam ne, or a
conbi nati on of the foregoing. 2. The disk drive systemof claim1,
conprising a plurality of rotatably nmounted and spaced-apart magnetic di sks
mount ed on the ot or Theudibk tdniae systemnof oleim rlotvdtesgintthe beagmets ¢ spirsks vi a
the rotor. 3. The disk drive systemof claim1l1, wherein the notor is
const ruct eV File the rotor at a rate greater than 3,500 revol utions
per mnute. 4. The disk drive systemof claim1l, wherein the bearing is a
journal bearing. -25 5. The disk drive systemof claim1, wherein the
bearing is a thriust Theadiskgdrige sphemdigkcldm vk syletam tdie beaing 15 avherein
the bearing is spi ral roove bearing. 7. The disk drive systemof claim
1, wherein ﬁ@g%%‘?grﬁﬁv?g "M8herri ngbone groove bearing. 8. The disk drive
systemof claimt, wherein the bearing is forned from surfaces that are
enbossed with grooves to create an internal pressure within the |ubricant.
8. The disk drive system of claim 1, wherein the bearing is formed from

surfaces that are embossed with grooves to create an internal pressure within the

lubricant.

9. The disk drive system of claim 1, wherein the lubricating medium is

comprised of an oil.

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

is solubilized or dissolved in the lubricating medium.

11.  The disk drive system of claim 1, wherein the charge-control additive
further comprises phenylnaphthylamine, an oligomer thereof, or a combination of

the forgoing.

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

is comprised of an oligomer of phenylnaphthylamine and dioctyldiphenylamine.
13. 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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9. The disk drive systemof claim1l, wherein the lubricating mediumis
conprised of an oil. 10. The disk drive systemof claim1l, wherein the
charge-control additive 1is solubilized or dissolved in the lubricating
medi um 11. The disk drive systemof claim1, wherein the charge-contro
additive further conprises phenyl napht hyl am ne, an oligoner thereof, or a
conbi nation of the forgoing. t2. The disk drive systemof claiml, wherein
t he charge-control additive is conprised of an oligoner of o

phenyl napht hyl adftne did diskcegyadisysiemy phralaim 183, wirieindithek capdugiviyst em of
claim1l, i n..the. i .18 further. [ f
conductiv??ﬁ&gﬁﬁgﬁgﬁﬁégg%gﬁ@@bgé %?H%ﬁﬁgﬁg?%%qﬁﬁgﬁgﬁ%gFPﬁ@%I conductivity
of the lubricant. -26 14. The disk drive systemof claim 13, wherein the
conductivity- enhancing additive is solubilized or dissolved in the

| ubricating medilam ihe disk diivk susteme of ydaiom 185 whereim 18 candycsivityt he

conIuct 1 SHRPRS %, 3000l SeoBTREURE b B BB g Fasheo™

thereof, or a combination of the forgoing.
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