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Abstract: Lubricant accumulation on the slider’s surface of a hard disk drive (HDD) has a
detrimental effect on its read/write performance. Air flow through the slider-disk clearance
moves some of the lubricant from the air bearing surface (ABS) towards the slider’s lateral walls
where it accumulates. In this article we show by numerical simulations that the lubricant
accumulation characteristics are strongly dependent on the slider’s flying height, skew angle and
ABS design. The lubricant flow on the slider’s surface is quantified numerically. Air shear stress,
air pressure and disjoining pressure are used as driving forces in the simulations. The lubricant
thickness profile and volume evolution are calculated for two states of the hard disk drive:
operating and at rest. In the first state, lubricant is driven by air shear stress towards the trailing
edge of the slider where it accumulates on the deposit end. In the second state, lubricant from the
deposit end flows back into the ABS driven by the action of disjoining pressure. Lubricant
accumulation on the four lateral walls of the slider is taken into account. The lateral walls are
unfolded to study the flow using a two dimensional lubrication model. The effects of flying
height, skew angle and slider design on the accumulation removal of lubricant from the ABS are

determined for the two states of the drive.
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1. Introduction

In order to achieve high recording densities, the air bearing clearance in a hard disk drive
(HDD) has been decreased down to around 2 nm [1]. At this ultra-low spacing lubricant from the
disk often transfers to the slider’s air bearing surface (ABS) forming a molecularly thin film that
imposes a significant disturbance on its flying stability [2-15]. Problems such as head
instabilities, disk lubricant depletion and increase in head-disk spacing occur when lubricant is
present on the ABS [16-25]. Moreover, it is expected that the lubricant transfer from disk to
slider will increase with the use of Heat Assisted Magnetic Recording technology, a possible
next generation of HDD [26-30]. To avoid this condition, modern sliders should be able to
remove the lubricant from the ABS as fast as possible. Hence, it is necessary to have a thorough

understanding of lubricant flow behavior and its driving forces.

The lubricant flow and migration dynamics on the ABS has been the subject of several
recent investigations [5, 15, 17, 18, 31, 32, 33]. In [15, 31] the pitch moment and air bearing
force were calculated numerically when lubricant droplets are located on the slider’s air bearing
surface. In [32] the lubricant thickness distribution on the ABS was simulated for diverse slider
attitudes and designs. In [5] the lubricant migration on the ABS was computed numerically
taking into account the evaporation of lubricant from the slider surface. In [17] there was
reasonably good agreement between experiments and modeling of lubricant dynamics on the
ABS for a slider at rest and during flying. In [18] the contribution of lubricant on the ABS to

magnetic spacing was calculated experimentally and compared with numerical simulations.

In this paper, we focus attention on the effects of flying height, skew angle and ABS
design on the accumulation characteristics of lubricant on the slider’s ABS and lateral walls. Our

approach is solely numerical based on two-dimensional lubrication theory. The lubricant



accumulation outside the ABS is studied by unfolding the four lateral walls of the slider, locating
them on the same plane with the ABS, then using the two dimensional model mentioned above.
Aiir shear stress, air bearing pressure and disjoining pressure are considered as driving forces in
the simulations. The lubricant profile and its volume evolution are calculated for two states of
the HDD: operating (flow) and at rest (reflow). In the first state, lubricant is driven by air shear
stress towards the trailing edge of the slider where it accumulates on the so-called deposit end. In
the second state, lubricant from the deposit end flows back into the ABS driven by the action of
disjoining pressure and surface tension. The governing partial differential equation is solved by
means of a finite difference numerical scheme. Four different ABS designs are considered in the
numerical simulations to compare the lubricant accumulation characteristics between them. The

ABS designs with shorter lubricant removal times are indicated.
2. Governing equations

In current HDD’s, the thickness of the lubricant film on the disk surface is of the order of
1 nm [34], and of similar order of magnitude on the slider surface when lubricant transfer has
occurred [4]. Even though this film consists of only a few molecules across its thickness, the
lubricant flow can be well described using continuum theory with a modified (effective)
viscosity [35, 36]. This approach yields adequate results when compared with experiments [18].
The value of the effective viscosity can be several orders of magnitude larger or smaller than that
of the bulk liquid [37]. Its actual value is strongly dependent on the slider’s surface chemistry,
roughness and air shear stress intensity. Within the continuum approach, the conditions of
operation in a HDD make it possible to use lubrication theory and thus obtain governing
equations for the flow on the slider’s surface. First, we proceed by applying a mass balance to an

infinitesimal control volume of lubricant as shown in figure 1, to obtain the equation,
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where h is the lubricant thickness, g; and g, are volume flow rates in the x; and x, directions
respectively. Under the lubrication approximation, the lubricant velocity components at the air

interface can be written as [38],
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where, v;, u, P, t; are the lubricant velocity in the x;-direction, effective viscosity, pressure
within the lubricant film and the x;-component of air shear stress, respectively. Here and
henceforth i = 1, 2. In equation (2) we have assumed a no-slip boundary condition at the slider-

lubricant interface.
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Fig. 1 Control volume depicting the mass balance of lubricant on the air bearing surface.

It is expected that as the film thickness h — 0, slippage at the interface will have a larger
contribution to the overall flow, therefore the assumption of a no-slip condition breaks down. For

the thinnest films, slippage can be accounted for by introducing a Navier slip boundary condition



in the model [39]. Here, the velocity at the solid-liquid interface is proportional to the velocity
gradient into the liquid. The constant of proportionality is the so-called slip length which is not
readily available to us from current literature. Consequently, we simplify the analysis by

considering only a zero slip condition in the lubrication model.

The volume flow rates g; are obtained by integrating (2) across the film thickness,
h
q; = j v;dx; = —1;h? — ——=——h3. (3)
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Substitution in equation (1) then yields
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Equation (4) is the evolution equation for the film thickness h. The pressure P within the

lubricant is obtained by a normal stress balance at the air-lubricant interface yielding
P=p-P;-P, (5)

where F,, Py, B, are the air, disjoining and surface tension pressures, respectively. The surface

tension pressure, also known as Laplace pressure, can be related to the lubricant thickness by [5]

(6)
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where y is the surface tension constant and h; is the slider’s ABS topography as seen in figure 2.
It can be shown, either by a non-dimensional analysis or by solving the governing equation (4),
that the surface tension effect is negligibly small compared to the other terms in (4). This
outcome is also found in [40]. For this reason, the Laplace pressure (6) was not implemented in

the following simulations.
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Fig. 2 Sketch of a typical head-disk interface.

For the film characteristics encountered in HDDs the disjoining pressure is expected to be

dominated by van der Waals interactions and expressed by [34]

A

P=—
27 (h+dy)3

(7)

where A is the Hamaker constant that describes the strength of the van der Waals interactions

and d,, is a molecular cutoff distance that accounts for the finite size of the molecules.

There exist an extensive variety of lubricants used in HDDs that differentiate themselves
in structural composition, functional end groups and molecular weight. In this paper, the values
of the material properties were not chosen to match a specific lubricant. However, the chosen
values lie within the range of those lubricant properties commonly found in the available
literature. Thus, the calculations were carried out using the material properties: d, = 0.3 nm,

p = 0.144 Pa - s [36], A = 5(1072%) J [41] . The air bearing pressure and air shear stress fields



were calculated using the CMLAIr air bearing solver [42]. We assumed that the lubricant on the
ABS induces a negligible change in air bearing pressure and air shear stress. Therefore, this
calculation was carried out only once for each simulation using a slider with no lubricant. In

other words, the air shear and air bearing pressure are considered to be time independent.
3. ABS model and boundary conditions

In order to study the lubricant flow and accumulation outside the ABS using the two
dimensional model (4), we unfold the four lateral walls of the slider (walls parallel to the x5
direction) locating them on the same plane with the ABS as seen in figure 3. By following this
approach, the lubricant accumulation on the deposit end as well as on the three other lateral walls

can be analyzed.
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Fig. 3 Slider’s (a) ABS design and (b) ABS with unfolded lateral walls.

Zero volume flow rate is imposed as the boundary condition on the four outer edges. The
air shear stress and air bearing pressure are set to zero (ambient) outside the actual ABS. With

these conditions, the lubricant evolution equation (4) is solved for h using a second order



accurate Crank-Nicolson finite difference scheme [43]. The resulting nonlinear system of

equations is solved by a modified Newton’s method [44].

4. Results

We simulate the lubricant migration on the surface of a slider with fixed attitude and
compare the results with those obtained when its flying height and skew angle are modified. Two
states of a HDD are considered: operation (flow) and rest (reflow). Four different slider designs
are employed in the simulations. For the initial condition we consider a 1 nm lubricant layer
lying uniformly on the slider surface, as seen in figure 4 for t=0 s. Under these conditions, the

volume on the ABS is calculated as a function of time.
4.1 Fixed attitude

The slider’s attitude is fixed at: minimum fly height (FH)=10 nm, skew angle=0°, pitch
angle=120 prad, roll=0 prad. The slider’s radial position and disk rotational speed are 18 mm and
5400 rpm, respectively. The simulation results are presented in figure 4. The plots show the
lubricant film thickness on the slider surface for selected times. Areas of accumulation are
clearly observable inside and outside the ABS. In particular, a relatively large lubricant build up
is visible near the center of the deposit end, outside the actual ABS. The film thickness on the
read/write element is thinner than that on the rest of the slider; however it could be covered by
lubricant due to a reflow process once the HDD is at rest as discussed below. Before discussing
the reflow process, it is insightful to analyze the individual contributions to the total flow of the
second and third terms in equation (4), namely the Couette flow due to air shear and Poiseuille
flow due to pressure gradients within the lubricant respectively. Both terms involve the thickness

parameter, h, hence their values change as the lubricant profile evolves with time. To compare



them we compute the ratio of the average magnitude of the Couette term, C, to the average
magnitude of the Poiseuille term, P, i.e. C/P. The averages are taken only over the ABS since the
air shear stress (hence the Couette term) is assumed zero outside the ABS. The ratio at times t=0
s, 10 s, 100 s, 900 s is C/P= 33.26, 1.10, 0.98, 1.04 respectively. Thus, we observe that initially,
when a flat film covers the slider surface, the shear stress dominates largely the flow process.
When the flat film deforms, the contribution of pressure gradients to the flow process become
more relevant. For times larger than zero in the above calculations, both terms are approximately
of the same order of magnitude. Since the Poiseuille term in (4) consists of disjoining pressure
and air bearing pressure, the latter is regarded here as fixed in time, which implies that the
disjoining pressure plays a role in the flow process of the same order of importance as the air

shear stress.
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Fig.4 Lube thickness at different times for an operating HDD.



We now simulate the lubricant reflow when the HDD is at rest after 900 s of operation. In
this condition, the air bearing pressure and air shear stress are suppressed from the governing
equation (4). Here, the lubricant is driven only by the action of disjoining pressure. The
simulation results are presented in figure 5. The plots show the lubricant film thickness on the
slider surface for selected times during reflow. It is observed from figure 5 that lubricant
accumulated on the deposit end diffuses evenly in all directions due to the action of disjoining
pressure. This process drives lubricant from the deposit end back into the ABS, contaminating
the read/write element. The lubricant continues to diffuse until the film thickness reaches a
steady state at approximately t=3000 s. The lubricant profile at the final state is almost a uniform

film of 1 nm thickness equal to the initial condition shown in figure 4 for t=0 s.
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Fig.5 Lubricant thickness profile for a HDD at rest.



4.2 Effect of flying height

The effect of flying height on lubricant flow is now considered. Here, we simulate the
film evolution on the slider’s surface under the same flying conditions given in the previous
section but with minimum flying heights of 10 nm, 50 nm, 100 nm and 150 nm. These values
were chosen so as to minimize changes in air bearing pressure and air shear stress due to the
migration of lubricant on the ABS since, as discussed in section 2, the air bearing stress and
pressure are assumed fixed in time for each simulation. Calculations are performed for the cases
of flow and reflow mentioned above. The results are shown in figure 6 where lubricant volume
on the ABS is plotted as a function of time. The volume was calculated and normalized only over
the actual ABS, i.e. the amount of lubricant on the lateral walls was not included. Therefore, the
normalized volume can increase to more than unity due to lubricant from the lateral walls

entering into the ABS.

>
reflow

0.99

0.98

Init

0.97

vol / vol

0.96
----- FH=150 nm

---------- FH=100 nm
0.95 -~ FH=50 nm
—FH=10 nm
0.94 ‘ ' ' ‘
0 300 600 900 1200 1500 1800

time (s)
Fig.6 Lubricant volume on the ABS for selected flying heights.



We observe in figure 6 that the volume decreases with time during HDD operations
(flow). In this case, lubricant is removed from the ABS mainly by the action of the air shear
stress. On the other hand, when the drive is at rest (reflow) the volume increases with time due to
lubricant from the deposit end flowing back into the ABS driven by disjoining pressure. It is also
observed in figure 6 that a smaller flying height results in a faster lubricant removal during HDD
operations. In particular at t=900 s, more lubricant is moved out of the ABS as the flying height
is reduced. Computing the average air shear stress over the ABS we obtain 127.9 Pa, 111.8 Pa,
98.1 Pa, 88.6 Pa for the minimum flying heights of 10 nm, 50 nm, 100 nm, 150 nm respectively.
We note that decreasing the slider’s flying height induces an increase in air shear stress that

speeds up the lubricant flow process.
4.3 Effect of skew angle

To study the effect of skew angle on the lubricant flow we select the following values of
skew angle: 15°, 7°, 0°, -7°, -15°. In this case, the slider’s flying attitude is not fixed, i.e. its FH,
skew, pitch and roll angles are dependent on the radial position of the slider on the disk. The
relation among radial position, skew angle and minimum flying height are given in table 1 for

the particular HDD configuration considered in our study.

Table 1. Relation among slider’s radial position, skew angle, minimum flying height and
average air shear stress.

Radius (mm) | Skew (deg) | min FH (nm) | Air Shear (Pa)
25.254 15 6.849 186.30
21.161 7 7.647 155.00

18 0 9.094 131.23
15.311 -7 10.666 112.31
12.83 -15 11.511 95.91




The simulation results are presented in figure 7. The plots show the lubricant film
thickness on the slider’s surface for skew angles of 15°, and -15° at time t=300 s. It is clear from
this figure that one of the effects of skew angle is to mobilize more lubricant towards the sides
(top and bottom) of the slider. Moreover, for this particular slider design, the flow process is

intensified as the skew angle increases.

1

(a) Skew = 15° (b) Skew = -15°
Fig.7 Lubricant profile at t=300 s for skew angles of (a) 15° and (b) -15°.

This is observed clearly in figure 8 where the volume of lubricant on the ABS is plotted
as a function of time for the selected values of skew angles. The plot shows that, during HDD
operations, a faster lubricant removal corresponds to a larger (more positive) value of skew
angle, i.e. more lubricant is removed from the ABS as the skew angle increases from negative to

positive values.
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Fig.8 Lubricant volume on the ABS for chosen skew angles.
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To explain this behavior, we observe in table 1 that more positive values of skew angle
correspond to smaller flying heights (for this particular slider design, figure 3). From table 1, we
observe that a reduction in flying height induces an increase in average air shear stress that

enhances the flow as discussed in section 4.2.
4.4 Effect of slider design

We analyze the effect of slider design on the lubricant migration process. To this end we
choose the four ABS designs presented in the first row of figure 9. The flying attitude of the four
sliders is fixed with the same values given in section 4.1. The plots show the lubricant film

thickness on the slider surface at times t=100 s and t=900 s. It is observed that the lubricant



distribution is slider dependent. In particular, at time t=900 s, sliders 1 and 4 accumulate a
relatively large amount of lubricant near the center of the deposit end, next to the trailing end

center pad.
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Fig.9 Lubricant thickness profile at times t=100 s and t=900 s for chosen ABS designs
corresponding to: (a) slider 1, (b) slider 2, (c) slider 3, (d) slider 4.

On the other hand, sliders 2 and 3 spread this lubricant across the width (x, direction) of
the deposit end, i.e. they have a larger area of distribution. The way in which lubricant is
accumulated on the deposit end may have implications on how fast the lubricant is removed from

the ABS as discussed below.

In figure 10 the lubricant volume on the ABS is plotted as a function of time for the four
slider designs. As observed, the curves corresponding to sliders 1 and 4 (and sliders 2 and 3)
show similar trajectories, i.e. they are close to each other. Moreover, during HDD operations
(flow), sliders 2 and 3 remove more lubricant from the ABS in a shorter period of time than

sliders 1 and 4. The average air shear stress over the ABS is 127.9 Pa, 184.3 Pa, 202.4 Pa, and



135.4 Pa for sliders 1, 2, 3 and 4 respectively. We notice that the average air shear stress is larger
on sliders 2 and 3 than on sliders 1 and 4. This observation is in agreement with the behavior of

the volume plots shown in figure 10, namely that sliders 2 and 3 have a faster clean up time.
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Fig.10 Lubricant volume on the ABS for chosen slider designs.

Since air shearing plays an important role in determining the lubricant flow
characteristics, we can gain further insight into the migration process by analyzing the air shear
stress profile on the ABS. In figure 11, the vector field and intensity of the air shear stress are
plotted for sliders 1 and 3. Besides the fact mentioned above, namely that slider 3 has a larger
average shear stress than slider 1, we indicate a few important differences between their shear
profiles. In figure 11a, we note that the magnitude of the air shear stress along the trailing end
edge of slider 1 is close to zero except on the center pad where it is the largest. From this
characteristic, we expect the largest accumulation of lubricant on the deposit end near the center

pad, in agreement with the profile shown in figure 9a. Also along this edge we note two regions,



above and below the center pad, where air shear is directed towards the interior of the ABS, i.e.
approximately along the -x; direction. On the other hand, in figure 11b we observe that the air
shear stress on the trailing edge of slider 3 is all directed away from the ABS towards the deposit
end. Moreover, the shear stress magnitude is relatively large, around 300 Pa, all along the trailing
edge and it is the largest on the center pad. Here, we expect a large accumulation to exist all

along the trailing end on the deposit end, in agreement with figure 9c.

Pa
1500

1000

500

(@) Slider 1 (b) Slider 3
Fig.11 Vector field and magnitude of air shear stress for (a) slider 1 and (b) slider 3.

For the reasons exposed above, it is plausible to relate the time for lubricant removal, on
a particular slider design, to the magnitude and distribution of the air shear stress on the ABS.
These shear stress characteristics determine the extent of area on the deposit end where most

lubricant is accumulated. Therefore, we can use the lubricant accumulation profile on the deposit



end as an indicator of a slider’s speed in removing lubricant from the ABS. As it is observed in
figure 9a,d accumulation on sliders 1 and 4 occurs largely in a small area near the center of the
deposit end and the average magnitude of shear stress is smaller than sliders 2 and 3; therefore
lubricant is removed from the ABS at a relatively slow rate which is clearly depicted in figure
10. On the other hand, figure 9b,c shows that accumulation on sliders 2 and 3 occurs all along
the trailing edge on the deposit end and the average shear stress is larger than sliders 1 and 4;

consequently lubricant is removed from the ABS at a higher rate as demonstrated in figure 10.

5. Conclusions

It is shown that lubricant accumulation characteristics on the slider surface are strongly
dependent on the slider’s flying height, skew angle and ABS design. The lubricant thickness
profile and volume evolution on a slider’s ABS are calculated including the effects of air shear
stress, air bearing pressure and disjoining pressure as driving forces. Changes in flying height,
skew angle and slider design are taken into account in the numerical simulations. It is concluded
that a smaller flying height contributes to a faster lubricant removal from the ABS due to an
induced increase in air shear stress. It is observed that when the HDD is at rest, lubricant
accumulated on the deposit end flows back into the ABS driven by the action of disjoining
pressure. It is found, for a particular slider design, that increasing the slider’s skew angle has the
effect of enhancing the lubricant flow process due to a decrease in the slider’s flying height. The
lubricant migration process is significantly dependent on the ABS design. It is found that slider
designs that accumulate most lubricant on a broader area on the deposit end and have larger
values of air shear stress remove lubricant from the ABS at higher volume rates than those
designs where accumulation is concentrated near the center of the deposit end and have smaller

values of average shear stress.
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