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CONTACT RECORDIHG SLIDER FOR USE IN A LUBRICANT
CONTAINING INFORMATION STORAGE SYSTEM

BACKGROUND OF THE INVENTION
1. Technical Field:

This invention relates generally to the slider component
of an information storage system and, specifically, to an
improved slider having a controlled textured surface which
improves the performance and reliability of the systen.
Preferably, the slider is suspended on an incompressible
fluid on the disk of a computer disk drive.

2. Description of the Related Art:
In a disk drive or direct access storage device, the disk

files are information storage devices with at least one

rotatable disk storing information on concentric data

tracks. A trénsducer reads information from or writes
information to the various tracks on the data disk. The
transducer attaches to a slider, forming the head. The
suspension in turn connects to the actuator arm. “ The

actuator arm positions and maintains the head over the
desired track during read and write operations. These

parts are assembled into the actuator.

In a traditional disk drive system using a compressible
fluid, the rotation of the disk creates a cushion of air
over the disk that allows the slider to lift off and float
over the disk. The actuator arm suspensien provides di-
mensional stability between the slider and the actuator
arm by compensating for the force of the air between the
slider's air bearing surface and the disk surface. The
suspension controls slider flexi%ility relative to its

direction of motion while resisting out-of-plane movement.
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2 .

This action keeps the slider close to the disk surface
without allowing contact between themn.

In a disk drive using an incompressible fluid system, an
incompressible fluid replaces a compressible fluid. For
instance, a liquid lubricant in a self-replenishment lu-
brication system replaces the air film in the air-bearing
disk drive. The sliders do not flocat above the disk in
this system, but are supported by the liquid. These slid-
ers glide in a lubricant during track following, like a
water skier gliding in a layer of water at high speed.
There may be several milliliters of lubricant in such a

disk drive.

During operation the slider pushes away extra lubricant in
the out-of-piane direction perpendicular to slider motion
and the pad actually rides on only a small layer of lubri-
cant. With each pass of the slider during track following
some of the displaced'lubricant is lost from the track. As
in snowskiing, the amount of available lubricant diminish-
es after multiple runs or tracks over time. The quantity
of lubricant actually available depends on the amount of
initial lubricant and the amount of time passed. Fof an
initial lubricant thickness of 70 to 100 A, up to three
quarters of the lubricant is displaced after several days
of track following.

In order to understand the importance of the slider design
and its influence on the current invention, it is neces-
sary to study the dynamics of the slider movement: in the
disk _Iubricant during track following. - The foilowing
theorv and theoretiéal derivations describing slider move-

ment in the lubricant follow the principles of fluid me—'
chanics. These derivations show seVg;al factors and their

effects on a slider during operation.
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The ensuing lubrication theory from the prior art is based
on the principle of using a compressible fluid such as air
as a lubricant. The theoretical derivations rely on the
classic Reynolds equation for air lubfication with the
following assumptions: (1) gravitational and inertial
forces are negligible, {2) the fluid is Newtonian and the
flow is laminar, (3) the fluid viscosity is constant, (4)
nonslip boundary conditions are obeyed at the walls, (5)
the fluid~film thickness is much smaller than other typi-
cal bearing dimensions, (6) the surfaces are smooth, and
(7) surface tension effects are negligible. The following
is from the summary found in Mee, C.D. and Daniel, E.D.,
Magnetic Recording Handbook, 454-~462 (1989).

One Reynolds equation derivation for a slider bearing is:

g dy, @ 30D _ OPH .15 Sph

where X,y = spatial coordinates
t = time
p and 4 = pressure and viscosity
h = lubricant thickness
U = velocity of moving bearing surface.

A nondimensional form of the Reynold's equation uses the
nondimensional length scales:

=_:.£- =_X-H= a
* B'Y L' hmin

where B, L and'hmin are the breadth, width and minimum
spacing of the slider bearing. The nondimensional pres-

sure and time scales are:
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where R,is the ambient pressure outside the bearing. Next,
substitute the nondimensional scales into Equation 1 to

obtain the following nondimensional form of the Reynold's

equation:
d B2 3 op JdPH oBPH _
ox 729y 9y  9X  oT (2)
where B/L = slenderness ratio
A = bearing number, and
0 = squeeze film number, defined by:
BZ
A=60Ug B o=12pw 0y
p‘ in p‘ in

where @ is an appropriate freguency.

The above form of the Reynolds equation 2 describes the
pressure as a function of spacing in a compressible,
time-dependent air bearing. Under steady conditions,.the
equation reduces to:

a 9P B? 8 3 0P _y OPH
ax PHaaX T2 BYP ayAax (3)

Slider bearing design requires calculating the pressure
distribution as a function of bearing design parameters.

The pressure distribution in the fluid 1lubricant is a

function of the spacing h. If one assumes the bearing is.
infinitely long (L = © ) under steady flow, one can solve
for the pressure field. All other quantities needed for

the design of the bearing, such as total load, pivot loca-

tion, air flow and total frictional force derive from the
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pressure field solution. - If the coordinates and velocity
components are as shown in Figure 3, the Reynolds equation
reduces to

3 o3 P ) OPH

——

ax = ox = ax (4

with boundary conditions: P = 1 at X = Q,1.

For small bearing numbers, Egquation 4 simplifies to the

equation appropriate for incompressible fluids:

d H’Ja_P=._a_Ii ’

—

dX  8x ox

Defining the spacing variation in the fluid lubricant as:

H=1+X-KX
(3)

where:

By~
K=-L 0=y -1 (6)
th ¢

Integﬁating Equation 5 twice with respect to X, and using
the boundary conditions of Equation 4, one obtains the
pressure distribution in a steady, infinitely Long,.incom—
pressibLe bearing asé

x(1-0"

P=1+A Z+10 _(1+K—m2

(7)
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A plane inclined slider bearing in an incompressible fluiqg
generates a pressure increase. ' The pressure increase is
proportional to A , or equivalently, to the velocity U and
the fluid viscosity p , and inversily proportional to the
square of the minimum spacing hmin'
After calculating the pressure, the load per unit length
is calculated from

Wt o (p-1)ax (8)
o 0
resulting in
_ATIn(1+K) _ 2 _
7([ 2+K] (9)

The pivot position x at the zero moment point, is given by

=_. - xdydx - 10
wle f (P P& ( )
resulting in

_2(3+K) (1+K) In(1+X) -X(6 +5K) (11)
2K[(2+K) 1ln(1+K) -2K]

T 1K (12)
_E[mmin2+K
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and the frictional force by

1=‘—ff«.-clyr:xf.x-r""“‘L 41“‘;"”-2%] (13)

As the bearing number increases, the left side of Equation
4 decreases compared with the rlght side. With an infi-
nltely large bearlng number A, this equation reduces to

.

8PH_ : (1)

Equation 14 is only a first-order differential équétion,
compared with the Reynolds eguation, which is second-or-
der. Therefore, only boundary condition can be satisfied.
Integration this equation with the boundary condition P =
1 and X = 0, then

i (15)

and the pressure distribution for large bearing numbers is
independent of wvelocity and fluid wviscosity. The load-
carrying capacity is also independent of velocity as given
by

w°=-g-;-;,-]:ln(1{+1)-1 o ] (16)

The variation of load for an infinitely long, plane slider
bearing is a function of the bearing-number for several
values of HL’ where H_= hL/h .. *The lcad is proportional

L min
to the bearing number in an incompressible, small, bearing
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number region and independent of the_bearing number is a

compressible, infinitely large, bearing number region.

For a typical prior art, air slider bearing in a magnetic
disk file, the bearing number is on the order of 100,
assuming a typical- breadth of 5mm, a flying height of 1
pm, and air with a viscosity of 1.8 x 10_5Pa—s. The typi-
cal prior art slider bearing is neither incompressible nor
infinitely large. The dependence of the load-~carrying
capability on the bearing number is modified by the length
of the bearing. Short bearings experience side flow with

a decrease in pressure.

A closed-form solutioﬁ of the compressible Reynolds Equa-
tion 4, for the case of the infinitely long, plane slider

" bearing replaces dP/dX by dP/dX, and adds ‘a new dependent
_variable = PH. Separating wvariables, integrating, and

rearranging, one obtains a solution

A
H,-1

yi-—D e, =cHIE () (17)

The function f(y) is complicated with different forms
depending on the value of the bearing number A. Constants
<4 and <, must be determined at the boundary conditions.
Solving this equation for K = 1 and pressure as a function
of the position in the breadth direction, A =+ @ for
infinitely large bearing numbers, whileA — 0 for the small

bearing number limit.

When the spacing between the slider and the disk decreases
to the submicrometér levels such as near contact record-
ing, information storage systems, ;Pe Knudéen number (the
ratio of mean freé path to_bearing-separation) reaches a.
value of the order of 0.1 pr larger. Under these condi-

tions, the air film deviates frim continuum-flow assump
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tions, allowing slip boundary conditions at the walls.
Slip implies that the velocity gradient in the aijir film
has decreased. The apparent viscosity of the air dimin-

ishes along with the load-carrying capacity of the slider.

From the kinetic theory of gases, gas viscosity tends
toward uniformity of mass velocity due to the motion of
the molecular motion from one point to the next. Momentum
and energy are tfansported and the conditions at the be-
ginning and end of each free molecular path equalize. At
sufficiently low pressures, the mean free path of mole~-
cules becomes comparable to the physical dimensions of the
system, and the transport of momentum -is no longer a
free-path phenomenon.

An air slider bearing at very close spacing encounters a
similar situation. The mean free path becomes a signifi-
cant portion of the dimensions.

If the gas departs only slightly from the ideal state, the
approximate expressions for viscosity are still obtainable
using classical kinetic theory. Assuming flow between
parallel flat plates one of which is moving with veloéity
U, and considering the momentum exchange of molecules at
the walls, the gas near a wall slip relative to the wall
with a speed

where # is the fraction of molecules entering the wall, 2-§
is the portion of molecules that is reflected specularly,

k is a numerical factor on the order of 1 A is the mean

free path, and du/dz is the velocity gradient of the gas.
When applied to an air slider bearing, one obtains the
Reynolds equation modified for boundary slip, )
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3 ap, 3y, 8K\, 8 ap 18
ax{mJ %" 81’(1 PH)] Aaxpm" 3T (18)

where K, = A/h, is the Knudsen number based on the ambient
mean free path and minimum spacing.

If one plots the pressure distribution in a plane slider
with 2 minimum slider-disk spacing of 0.2 pm, a substan-
tial reductlon in the pressure occurs due to slip.

The derivation of.ihe slip-flow boundary condition is only
for the case of pure shear flow between parallel plates.
In the case of a slider bearing, the slider moves at a
pitch angle @ . Therefore, the flow is not the same as
two parallel plates and strong pressure exists. Therefore,
the slip-flow boundary conditions must be applied with
caution.

The lubrication theory discussed above can be used to
demonstrate the advantages to be gained through the use of
the improved slider design of the invention. Specifically,
the improved design of the invention as described in the
Detailed Descraption, when used with an incompressible
fluid lubricant system, provides significant advantage
over prior art, air film disk drives. Air f£film disk
drives have many problems. One problem concerns the abra-~-
sion of the disk that leads to disk drive failure.

One object of the invention is to reduce the tendency of
the contact recording slider to force the lubric¢ant to
flow perpendicular to the direction of travel and thinning
the lubricant dur;ng track follow.

Another related object of the invention is to improve the
ability of the slider to continually ski on the lubricant.
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SUMMARY OF THE INVENTION

The invention relates to an ‘improved slider for informa-
tion storage systems that use incompressible fluids. The
slider has a face region that faces the inforﬁation stor-
age medium and the incompressible fluid during operation
of the information storage system. The face region has a
leﬁgth, a width, two opposite sides extending across the
length and two opposite ends extending across the width,
and perpendicular to the sides. The slider has at least
one end with a partially controlled, textured surface.

The partially controlled, textured surface is preferably
on bearing pads located at least partially within the
trailing end and fhe opposite leading end of the slider's
face region. The bearing pad's controlled textured sur-
face may form a pattern of uniform ridges and grooves with
an amplitude between about 20 to 50 nm and spacing between
ridges at about 100 to 500 nm. The slider is preferably a
skiing slider for use within a lubricated computer disk
drive.

BRIEF DESCRIPTION OF THE INVENTION

The novel features believed characteristic of the inven-
tion are set forth in the appended claims. The invention
itself, however, as well as a preferred mode of ﬁse, fur-
ther objects and advantageé thereof, will best be under-
stood by reference to the following detailed description
of _an' illustrative embodiment when read in conjunction
with the accompanying drawings, wherein: )

Figure 1 is an exploded view of a disk drive or direct

access storage in which the invention could be used.
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Figure 2 is a schematic view of a head suspension assembly
with a -slider attached to the suspension of the actuator
arm.

Figure 3 is a close;up side view of a trailing end bearing
pad resting in lubricant during operation.

Figure 4 is a close-up side view of the posterior portion
of trailing end bearing pad in lubricant during operation.

Figure 5 is a view of a textured bearing pad in one of the
configurations of the invention.

These drawings are not intended as a definition of the
invention but are provided solely for the purpose of il-
Justrating the preferred embodiments of the invention
described below.

DETAILED DESCRIPTION OF THE INVENfION

The invention describes a slider for use in an information
storage system that uses an incompressible fluid. Since
the slider is supported in the lubricant or incompressible
‘fluid, it is a near contact type slider. Preferably, the
incompressible fluid system is a self-replenishment lubri-
cation system for.computer disk drives. In this disclo-

sure, the terms "incompressible fluid" and "lubricant" are

interchangeable.

The slider has a face region that faces the information
storage medium and the incompressible fluid during opera-
tion of the information storage system. The face region
is defined by a ;ength, a width, two opposite sides ex~
tending across the length and two opposite ends extending
across the width. .-
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The following is a brief outline of a fluid mechanical
analysis for 1lift and maximum pressure cémpleted on a
contact recording slider with bearing pads as described in
the background. See,'Mee, C.D. and Daniel, E.D., Magnetic
Recording Handbook, 454-462, (1989). Substituting the
values for A and K in the derivation of the incompressible
Reynolds equation, Eq. 9, for a plane slider bearing on a
Newtonian, ihcohpressible fluid to the terminal trailing
end, W, of the slider, traveling at some pitch angle, «a ,
the lift of the bearing pad can be written as:

1nf P ]
= SBULB h-aB) 2 (19)
] oB 2h +aB

where:p equals the absolute lubricant viscosity, U equals
the linear velocity, hL equéls the lubricant thickness, B
equals the breadth of the rear bearing pad in contact with
the lubricant, and L equals the bearing pad width. 1Id.

The maximum pressure P under the slider is approximately:

p=_SpUB%a _ (20)
(2h1““B> 3

Id.

The angle of attack or pitch of the rear bearing pad of
the slider, a, hL
problem. By assuming:

and B are three unknowns in the model

1. the rear end of the rear bearing pad to be .
square and a = 300 pgrad,

2. the normal load supported by the trailing end,

W, to be on the order of 2 gf,
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3. the rear bearing pad width L is 100 pm,

4. an absolute lubricant viscosity p of 1072 Pa-s,
and,
5. a linear wvelocity U of 10 m/s,
one obtains the result that B = 1 um for a lubricant

thickness hL of S0 A. If the lubricant thickness is re-
duced to 20 4, the length of the slider in the lubricant
reduces to 0.5 um. Thus, only a very small portion of the
trailing end "skis" in the lubricant. This analysis as-
sumes,'of course,_that the slider surface'and disk surface
are infinitely rigid.

The pressures associated with the above conditions range.
from 200 ~ 800 MPa. Thus, a very large pressure gradient
exists perpendicular to the direction of slider motion
{out-of-plane flow). This gradient is responsible for the
lubricant depletion under the slider.

The slider of the invention has at least one controiled
textured end. Preferably, the slider has a trailing end
with a controlled textured surface and/or a textured bear-
ing pad on the trailing end. During operation, the trail-
ing end of the slider is supported by the information
storage medium, for instance, a disk in a disk drive. The
trailing end is the part of the slider closest to the
information storage medium during operation. In an incom-
pressible fluid system, the trailing end is suppoited by
the fluid. In a self-replenishment lubrication system,
the trailing end skis in the lubricant. A contact record-
ing slider with a trailing end bedring pad having a con-
trolled, textured surface is most preferred.
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The slider of the invention has a leading end opposite to
the trailing.end. Preferably, the slider has two bearing
pads on its leading end. The bearing pads on the leading
end may be textured in a manner similar to the trailing
end bearing pad. Controlled textured froqt_bearing pads

are preferred.

The controlled textured surface of the invention's slider
has a roughness that is by design and is deliberately
generated before or after forming the slider. All sliders
have some random roughness after manufacturing. To pro-
duce a uniform and smoother textured surface, sliders are

lapped or polished, often using some type of abrasive.
Sliders are further treated, such as sputter or acid
etched or plated, to textureée their surfaces.

For the slider of the invention, the controlled textured
surface can be textured after the initial smoothing or
lapping, using any abrasive technique known to the indus-
try. For example, abrasive lapping with 100 pgm diamond
paste, sputter etching, or masking a pattern then etching.
If the texturing is done before carbon sputtering and the
etching of the rails, the controlled textured surface
should be protected, preferably by masking.

A controlled textured surface having a pattern is pre-
ferred. The controlled textured surface forms a pattern
of roughness extending lengthwise across the width of the
face region of the slider. Most preferably, the pattern
has regular intervals and heights. The controlled tex-
tured surface may have peaks and valleys, ridges and
grooves, lands and grooves, saw-toothed or shark-toothed
patterns, and the like. Although no exact dimensions are
currently preferred, an amplitude or height of about 20
to 50 nm with a peak-to-peak spacing of about 100 to 500
nm 1is appropriate. There are. currently no preferred

lengths of valleys or grooves.
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For the purposes of the present invention, the slider is
made with any material used to make sliders, for example,
ceramics, such aé a mixture of alumina and titanium.car-
bide, polycrystalline two phase material of spinel type
ferrites. The slider may incorporate many physical fea-
tures, for instance, bearing pads, rails, etched surfaces,
grooved surfaces, and combinations thereof. Slider bearing
pads, either alone or in combination with other physical
features, are preferred. The slider may be used in any
type of information storage system that utilizes an incom-
pressible fluid, although the self-replenishment lubrica-
tion system is preferred.

The invention described in this-application is useful with
information storage systems, for example, disk drives of
direct access storage devices. Figure 1 is an exploded
view of an example of an information storage system. It
should be noted that although a rotary actuator is shown,
the 1invention described herein is applicable to 1linear
actuators. The disk drive 10 includes a housing 12; and a
housing cover 14 which, after assembly, is mounted within
a frame 16. Rotatably attached within the housing 12 on
an actuator shaft 18 is an actuator arm assembly 20 in-
cludes an E block or comb like structure 22 having a plu-
rality of arms 23. Attached to the separate arms 23 on
the comb or E block 22, are load springs 24. Attached at
the end of each load spring is a slider 26 which carries a
pair of magnetic traﬁsducers or the head. On the other
end of the actuator arm assembly 20 opposite the load
springs 24 and the sliders 26 is a voice coil 28.

Attached within ‘the housing 12 is a pair of magnets 30.
The pair of magnets 30 and the voice coil 28 are key parts
of a voice coil motor which applies aiforce to the actua-
tor arm assembly 20 to rotate it -about the actuator shaft
18. Aalso mounted within the housing 12 is a spindle shaft
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32. Rotatably attached to the spindle shaft 32 are rotat-
ing media 34. In Figure 1, eight disks are attached to
the spindle shaft 32. As shown in Figure 1, the rotating
media 34 are attached to the spindle shaft 32 in spaced
apart relation. An internal motor (not shown) rotates the
disks 34. '

Figure 2 portrays one type of slider 26 of the invention.
The slider has a face region 36 that faces the information
storage medium, such as a disk, and the lubricant during
operation and lies in the lubricant at rest. A ieading
end 37 crosses the face region 36 at one end. A trailing
end 38 extends across the face region 36 at the end oppo-
site the leading end 37. Bearing pads 40, 42 extend from
the face region 36. Two front bearing pad 42 lies within
the trailing end 38. The slider attaches to a load beam
44,

Figure 3 demonstrates a rear bearing pad 42 of a slider
during operation of the information storage system. The
posterior portion of the rear bearing pad 48 skis in the
lubricant 46 at a pitch. This small portion of the slider
is the actual trailing end 38.

Figure 4 further demonstrates the posterior portion of the
rear bearing pad 48 shown in Figure 3 skiing in lubricant
46. The arrows show the minimum height of the Ilubricant
46. '

Figuré S illustrates a preferred controlled textured,
pattern 50 of the invention. A controlled.texture&, rear
bearing pad 42 of a slider has a textured surface on the
trailing end 38 .in shark toothed pattern 50 across the
width, with each "tooth" represenfing' a groove 54, 55.
This textured surface also has a ﬁattern 50 of ridges 52
and grooves 54, 55, with a 100..nm spacing between the
ridges. The grooves 54, 55 extend lengthwise from the
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slider end 56 forming a triangular shape, with the base of
the triangle at the slider end_ 56. The length of the
grooves 54 from the slider end 56 is not critical.

An invention has been provided with advantages. A slider
with the textured surface of the invention reduces the
tendency to drive the lubricant in an out-of-plane direc-
tion (perpendicular to the direction of travel). The high
pressure gradient under the slider determines the rate of
the lubricant driven in the 6ut-of-plane direction. If
the slider successfully maintains tracking to a very high
degree of accuracy, a series of ridges should form in the
lubricant due to the'out-of-plane flow from the controlled
textured  surface. - For some amount of non-repeatable
runout a continuous shuffling of the lubricant takes
place. For a skiing slider with a bearing pad, the length
of the fluid driven in the out-of-plane flow depends on
the ridge spacing, rather than the width of the bearing
pad.

Reducing the length of fluid in the out-of-plane flow
diminishes lubricant thinning. First, the settling time
of the ridges formed in the lubricant during tracking
should decrease. Second, reflow may sufficiently reduce
the ridges between passes. Third and most significant,
asynchronous motions between passes of the slider during
operation may eliminate gross lubricant movements. In
other words, continuous track following merely shuffles
the lubricant under the slider, rather than creating a net
outwafd migration over time.

While the invention has been particularly shown and de-
scribéd with reference to a preferred embodiment, it will

be understood by those skilled inh- the art that wvarious
changes in form and detail may be made therein without

departing from the spirit and scope of the invention.
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CLAIMS

1. An improved slider for an information storage system
having an information storage medium including an
exposed surface at least partly covered with an in-
compressible fluid; the improved slider comprising:

a face region which is exposed to the incom-
pressible fluid located on the exposed surface
of the information storage medium during opera-
tion of the information storage system, the face
region having a length, a width, a pair of op-
posing sides extending across the lgngth of the
face region, two opposite ends which extend .
across the width of the face region and perpen-
dicular to the opposing sides; and

at least one of the opposite ends having a par-
tially controlled, textured surface.

2. An improved slider for an information storage system
having an information storage medium including an
exposed surface at least partly covered ‘with an in-

compressible fluid, the improved slider comprising:

a face region which is exposed to the incom-
pressible fluid located on the exposed surface
of the information storage medium during opera-
tion of the information storage system, the face
region having a length, a width, a pair of op-
posing sides extending across the length of the
face Tregion, two opposite ends which extend
across the width of the face Tegion and perpen-

dicular to the opposing 51qes
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at least one of the opposite ends having a par-
tially controlled, textured surface; and

at least one bearing pad located at least par-
tially within at least one end and having at
least a partially controlled, textured surface.

The slider of claim 2 further comprising at least one
of the opposite ends having a partially controlled,

"textured surface.

The slider of claim 2, wherein the slider is for a
self-replenishment lubrication system.

The slider of claim 2, wherein the textured surface
has an amplitude between about 20 to 50 nm.

An improved slider for an information storage system
having an information storage medium including an
exposed surface at least partly covered with an in-

compressible fluid, the improved slider comprising:

a face region which 1is exposed to the incom-
pressible fluid located on the exposed surface
of the information storage medium during opera-
tion of the information storage system, the face
region having a length, a width, a pair of op-
posing sides extending across the length of the
face region, a trailing end extending across the
width of the face region and perpendlcular to
the opp051ng sides;

a selected one of éhe trailing end and the lead-
ing end having a partially controlled, textured

surface; and
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aE least one bearing pad located at least par-
tially within the selected one of the trailing
end and leading end, and having at least a par-
tially, controlled, textured surface.

7. The slider of claim 6, wherein the slider is for a
self-replenishment lubricant system.

8. The slider of claim 6, wherein the trailing end has
at least a partially controlled, textured surface.

9. The slider of claim 6, wherein the leading end has at
least a partially controlled, textured surface.

10. The slider of claim 6, wherein the trailing end and
the leading end have at least a partially controlled,
textured surface.
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