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Lubricant rheology governs the friction in any lubricated contact. In hydrodynamic
lubrication, the genesis of friction is well-understood. However, when asperity con-
tacts occur, the situation becomes more complex. In this ““mixed’’ lubrication regime,
it is known that lubricants can deviate dramatically from Newtonian behavior, but
the source of this effect has not been identified. In particular, the question arises
as to whether the non-Newtonian behavior of the lubricant is due to the extreme
thinness of the film or to the very large shear rates to which it is subjected. In the
current work, we analyze friction force measurements in the magnetic slider/disk
interface to help resolve this question. Because of its precision geometry, the slider/
disk interface is ideal for such an investigation. Results of the analysis indicate (1)
the lubricant retains its bulk viscosity in films as thin as 11-12 molecular diameters;
(2) the rheological state of the lubricant is determined by a parameter we introduce
here as the “‘Newtonian’’ shear stress, and (3) the rheology of the lubricant at high

Newtonian shear stress may indicate a newly discovered property of liquids.

1 Introduction

In classical hydrodynamic lubrication, the shear stress is
given by the product of viscosity and shear rate. It is therefore
a simple matter to determine the friction force. However, when
the opposing surfaces are separated by very thin films of lu-
bricant, the situation is more complex. A consideration of the
large shear rates encountered with ultra-thin films quickly leads
to the conclusion that the lubricant exhibits non-Newtonian
behavior. For example, consider a magnetic slider/disk inter-
face that operates with a 10 nm-thick lubricant film' having a
viscosity of 1 Pa-s. If the relative sliding speed is 1 m/s, the
corresponding shear rate is 10° s™' and the predicted shear
stress is 10° N/m”. For a bearing area of 3 mm® the predicted
friction force is 300 N. Such large friction forces are never
observed. In fact, to the authors’ knowledge, a friction force
exceeding 1 percent of this value (i.e., 3 N) has never been
reported for the given slider area. Clearly then, the Newtonian
model breaks down. )

In non-conformal contacts, as in rolling-element bearings,
the lubricant experiences large pressures (typically, 10° to 10
Pa) and this has motivated investigation of lubricant rheology
at high pressure (Bair and Winer, 1979; Bair and Winer, 1982;
Hutton, 1985; Evans and Johnson, 1986; Ramesh and Clifton,
1987; Bair and Winer, 1992). These investigations have shown
that highly pressurized lubricants exhibit a limiting shear stress

' Typically, a commercial magnetic disk operates with 1-4 nm of lubricant
(Bhushan, 1990). The thickness of 10 nm was chosen for illustration.
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that depends on both temperature and pressure. In contrast
there has been relatively little reported in the literature on the
rheology of lubricants in conformal contacts which operate at
much lower pressures. A lubricant in a typical magnetic slider/
disk interface, for example, experiences an average pressure
of about 50 kPa if it supports the slider load over the entire
bearing area. Lubricants at such low pressure may behave quite
differently from what has been observed at high pressure (Wi-
ner and Bair, 1987; Bair and Winer, 1992). In the present
work, we conduct a detailed analysis of friction force data
obtained in a recent study (Streator and Gerhardstein, 1993)
along with some additional measurements for added insight.
The purpose of this analysis is to understand the low-pressure
rheology of liquid lubricants when applied in very thin films.

2 Experimental

2.1 Test Apparatus. The test apparatus is shown sche-
matically in Fig. 1. The friction force is acquired via a strain
gage force transducer. The slider is spring-loaded against the
disk by means of the slider suspension. A separate load cell
was used to measure the slider load (at the appropriate de-
flection) prior to placement on the disk. A micrometer stage
allows for accurate radial positioning of the slider. The disk
is clamped to a servo-controlled spindle which provides good
speed control in a low-speed range (0.06 to 60 rpm). The test
stand is situated beneath a clean air hood in order to minimize
contamination from dust. Data acquisition is accomplished via
an A/D card in a personal computer.

2.2 Test Materials. The lubricants used consisted of four
branched-chain perfluoropolyether (PFPE) lubricants. Rele-
vant lubricant properties are listed in Table 1. The sliders were
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Fig. 2 Slider geometry

ceramic composite sliders made of AL,O3-TiC. Both “*100 per-
cent”’ and ‘“70 percent’’ (reduced area) sliders were used in
the tests. The overall slider design is illustrated in Fig. 2 and
specific slider dimensions are given in Table 2. As observed in
Fig. 2, the slider has two rails which, during normal read/
write operations of a disk drive, facilitate the development of
a hydrodynamic air bearing. According to vendor specifica-
tions the slider rails had a positive crown of less than 50 nm.
The disks used for the tests were untextured, 95 mm thin-
film magnetic disks with carbon overcoat. The disks were re-
ceived unlubricated from the vendor. Surface roughness meas-
urements on a sample disk by stylus profilometry yielded a
roughness average (Ra) value of approximately 4 nm.

2.3 Test Procedure. Lubricants were applied to the disk
using a dip-coating technique described previously (Streator
and Johnson, 1992). The dip-coating process involves sub-
merging a disk into a dilute solution of lubricant and then
raising it from the bath at a constant speed. The concentration
of the lubricant and the rate of withdrawal determine the
resulting film thickness (Buttafava et al., 1985; Scarati and
Caporiccio, 1987). As the disk emerges from the bath it draws

2

Table 1 Lubricant properties
DYNAMIC MOLECULAR
LUBRICANT | VISCOSITY (Pa-s) WEIGHT
@26°C)
143AD 1.96 8,250
143AX 0.566 4,800
143AY 0.195 3,000
143AZ 0.054 1,850

Table 2 Slider dimensions (see Fig. 2)

SLIDER DIMENSIONS IN mm BEARING
TYPE AREA
A B c mam)
100% 4.06 3.81 0.381 29
70% 284 2.59 0.254 13

up a certain amount of solution. The volatile solvent, Florinert
FC-77, quickly evaporates leaving behind a thin lubricant film.
For a given withdrawal rate, the film thickness is proportional
to the lubricant concentration (Buttafava er al., 1983). In the
present work, lubricant concentration was varied between 0.05
and 2.0 volume percent and the withdrawal rates ranged from
2 to 8 mm/s. With these conditions, lubricants were applied
in thicknesses from 23 to 80 nm.

The relationship between lubricant thickness and withdrawal
rate was determined via a set of ESCA {Eleciron Spectroscopy
for Chemical Analysis) measurements conducted by an outside
vendor. The ESCA data were also used to calibrate measure-
ments obtained via ellipsometry {(Hu and Talke, 1988). The
ellipsometry measurements were then used to provide rough
verification of the target lubricant thickness. To avoid cross-
contamination, a single lubricant type was applied to a given
disk.

After lubricating the disk to a desired film thickness and
performing ellipsometry, the disk was clamped to the spindle.
The slider was then loaded to a desired normal force (60 to
280 mN) and the disk was rotated at a desired speed. The
friction was sampled for one complete disk revolution. Ten
different sliding speeds were investigated: 0.25, 0.55, 1.15, 2.5,
5.5, 11.5, 25, 50, 115 and 250 mm/s. The speeds were varied
in either ascending or descending order. Between each lubricant
application, the slider was cleaned of any lubricant.

All tests were conducted in ambient temperature (26-29°C)
and humidity (19-55% RH).

3 Theoretical

3.1 Hydrodynamic Lubrication. To model the slider/disk
interface, we assume the applicability of Reynolds equation
and that the lubricant is isoviscous. The validity of the iso-
viscous assumption is established later. For simplicity we treat
the slider and disk surfaces as ideally smooth and flat. In reality
both have some degree of roughness and curvature. As seen
in Fig. 3, the slider has a short tapered section at the leading
edge. However, for the film thicknesses applied (23 to 80 nm)
the contact area between the slider and lubricant does not
involve the tapered portion. With reference to Fig. 3, the Reyn-
olds equation for each slider rail is given by

9,300\ 0 ( 39\ _ dh
ax<h 6x>+6z<h 0z _6”de (0

Since the width of each slider rail, transverse to the direction
of sliding, is much smaller than the rail length (Table 2), we
neglect the first term on the right-hand side of (1) in favor of
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Fig. 3 Schematic of slider/disk interface in hydrodynamic lubrication.
Upper portion of figure gives front view of interface. Lower portion gives
bottom view of siider.

the second term.? The remaining equation may be solved for
the pressure distribution, p(x, z), beneath each rail, yielding
3uU dh

X, 2y=—"35 (22— ~Zo—a 2

px, z) e dx(z Z2)(z~zo—a) 2

where p is the dynamic viscosity, U is the sliding speed, & is

the film thickness, z, is the inner-edge location of a given rail,

and a is the width of the rail. Integrating over each rail and
combining the result, we obtain

3
wUa 1
Wy=~—>11-— 3
Y < c‘) 3
where Wy is the hydrodynamic load exerted by the film, 4,
and A, are the inlet and outlet film thicknesses, respectively
(Fig. 3), and c= hy/h,.

With the assumptions leading to Reynolds equation, the flow

field is a combination of Couette and Poiseuille flow, and the
shear stress, 7, exerted on the slider is given by
ulU hp
I bt o 4
h 2 dx @
After making use of (2) in Eq. (4), the (hydrodynamic) friction
force, Fy, may be found by integrating the shear stress over
each slider rail, yielding

pUA(Inc  3d (-1~
h \c—1 8L? c
where A is the total bearing area, and L is the length of the
slider (Fig. 3).

From Eq. (3) we see that the slider must have positive in-
clination (i.e., ¢>> 1) in order to achieve positive load support.
For any positive value of inclination it can be shown that the

Fn= ®)

*The analysis presented here departs from that appearing in Streator and
Gerhardstein (1993), in which the authors assumed one-dimensional flow in the
direction of sliding. Owing to the shape of the slider rails, the analysis of the
present work is more appropriate and leads to a more accurate estimation of
the load capacity of the bearing.
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line of action of the hydrodynamic load (i.e., the center of
pressure) is to the right of the line of symmetry. For a slider
pivoted at its center, the hydrodynamic moment then opposes
positive slider inclination. The friction force, Fp, also exerts
a moment opposing positive slider inclination. Moreover, any
torsional stiffness of the slider at its pivot point acts as a
restoring force, resisting positive inclination. Since all of the
moments are in the same direction, there is no value of ¢>1
that satisfies moment balance for the idealized geometry de-
picted in Fig. 3. We expect, therefore, that the actual slider
operates with ¢= 1 since load support exists only to the extent
that the slider or disk geometries deviate from the ideal (i.e.,
perfectly smooth and flat).

Further evidence for nearly parallel surfaces (i.e., c=1) is
obtained by considering typical values of the various operating
parameters, such as W=.15 N, p=0.2 Pa-s, U=10 mm/s,
h,=40 nm, and ¢ =0.381 mm. Using these values in (3) gives:

1
0.00434=1 -2 6)

The above equation is satisfied for ¢=1.0022. Using the def-
inition of ¢ (=#h,/h,) and recalling 4, =40 nm, this value of
¢ yields A; — b =0.09 nm, which says the two heights differ by
atomic distances. Thus the film thickness is constant to the
degree that the slider and disk surfaces are smooth and flat.

Using a Taylor’s series in (5) and retaining terms of first
order in ¢—1, it can be shown that the friction force is ap-
proximated by

wUA c—1
Fy= 1- 7
u= ( 5 > N
Thus with c— 1=0, and k= h,= h, we have simply
pwlUA
== &
H="" (

3.2 Viscous Heating. The foregoing solution of Reynolds
equation, as expressed in (3) and (8), assumed a constant vis-
cosity throughout the film, the validity of which we shall now
show. The Energy equation (see, for example, White, 1986) is
given by:

DT )
c,——=kVT+® 9
Py Dt 9
where p is the density, ¢, is the specific heat, 7 is the temper-
ature, ¢ is time, k is the thermal conductivity and & is the
viscous dissipation function. Assuming steady, Couette flow
(see Eq. (8)) with no temperature gradients other than across
the film, Eq. (9) reduces to:
4’7
O=k—=+® 10}
dy2 (1)
where the y-axis is aligned normal to the interface. An upper
bound for the viscous dissipation is the square of the velocity
gradient multiplied by the viscosity at ambient temperature,
which we denote as u,. Thus
2

2
Integrating (10) and imposing the ambient temperature, 7, at
the walls, we obtain

D=y, (1%

2

U~ 2
hy—y~)

The maximum temperature rise in the film occurs at y=h/2,

giving

Ty -T,=

P‘oUZ

8k

AT max = (13)
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Fig. 4 Shear thinning data of Fomblin YR from Cantow et al. (1986)

The fractional change in viscosity due to the change in tem-
perature is estimated by

Au_1 du

< AT, =BAT
fo o dT n max max

(14

where (§ is the viscosity-temperature coefficient of the given
Iubricant. Combining (13) with (14), yields

2
%SBNOU
po 8k

From vendor specifications, we have, for the highest viscosity
lubricant, §=0.06 K™*, u,=2.0 Pa-s (@26°C), and k =0.09
W/m-K. Then using U=0.25 m/s (the highest sliding speed
used), we obtain

Au_BroU*_ (06025

w8k 8(0.09) ’
Therefore the effect of viscous heating on the viscosity is neg-
ligible.

3.3 Shear-Thinning. Cantow et al. (1986) investigated the
rheology of Fomblin YR at room temperature (25°C) and
atmospheric pressure. Fomblin YR, a branched-chain PFPE
liquid, is quite similar in structure to the lubricants used in the
present study and it is expected to have similar shear-thinning
behavior. Results of their measurements are illustrated in Fig.
4 (the data points were actually read from Bhushan (1990) who
referenced the above work and provided a more readable
graph.) The figure shows the fractional reduction in viscosity
as a function of the shear stress. The symbols represent actual
measurements, while the solid line is a linear regression of the
measured data. Cantow et al. (1986), and Bhushan (1990)
presented these data as viscosity versus shear rate, but the form
presented in Fig. 4 will prove more convenient for subsequent
calculations.

To apply the data of Cantow et al. (1986) to the lubricants
of our study, we make the following assumption (Streator and
Gerhardstein, 1993): At the same shear stress, each of the four
lubricants experiences the same fractional reduction in viscosity
as that of Fomblin YR. The validity of this assumption is
investigated later by comparison with experimental measure-
ment, The shear-thinning assumption is expressed mathemat-
ically as

(15)

(16)

E=rn)

Ho
where p is the actual viscosity, g, is the nominal or “‘low-
shear’’ viscosity at the given temperature, 7 is the shear stress
and r(r) is the shear-thinning function plotted in Fig. 4. In
its current form, (17) cannot be used to predict the viscosity

amn
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Fig. 5 Friction force versus Newtonian shear stress at thr_ee values of
the appiied lubricant film thickness, h,, for each of the _Iubncants. Each
data point is the average friction over one disk revolution.

from the operating conditions, since the shear stress is not
known g priori. We must reformulate (17) to determine the
actual viscosity, u, and the shear stress, 7, from specification
of the shear rate. Assuming Couette flow (see Eq. (8)), the
shear stress is given by
wU  pop,U U .
7=”—=—°—=r(7)uo;=r(7)uov
where ¥ is the shear rate. We now define a ‘‘Newtonian’’ shear
stress, 7, as

(18)

To = oY (19)

This Newtonian shear stress is the shear stress that would result
if the lubricant remained Newtonian (i.e., if no shear thinning
occurred). From (18) and (19), we obtain

L=r(r) (20)
TO
which can be written as
-
= 21
(s 2y

Using the equation for the regression line in Fig. 4 we obtain

T

T2.142-0.3144log,7

We can invert (22) numerically to determine the actual shear
stress, 7, for a given value of the Newtonian shear stress, 7,.
The viscosity, if needed, may be determined from (17). The
predicted (hydrodynamic) friction force, Fy is then given by

Fy=71A (23)

(22)

To

4 Results and Discussion

4.1 Theory Versus Experiment. Figure 5 shows the results
of friction measurements for several values of applied lubricant
thickness, sliding speed and nominal viscosity. The load was
.15 N and the slider area was 2.9 mm?. These measurements
were reported in Streator and Gerhardstein (1993)3 but here
the data have been normalized with respect to the Newtonian
shear stress, 7,. In calculating 7, (=u,U’h,), the nominal
viscosity was computed using the measured ambient temper-
ature along with viscosity-temperature data supplied by the
lubricant vendor. The measured friction data are indicated by
the symbols and each data point represents the average friction
force over one complete disk revolution. The parameter A,
denotes the applied lubricant thickness. The solid line is the
theoretical friction force calculated from Eq. (23) and incor-

*In this paper, the slider bearing area was incorrectly reported as 3.1 mm?
The correct value is 2.9 mm?>.
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Fig. 6 Friction trace for one disk revolution with 40 nm of Krytox 143
AX. The sliding speed is 11.5 mmis. The operating conditions correspond
to sliding in the hydrodynamic regime.

porates the shear-thinning data of Cantow et al. (1986) (Fig.
4). The dashed line represents the friction force that would
result if the viscosity remained constant—that is, with no shear
thinning. As observed, the measured friction forces agree well
with the theory over a range of Newtonian shear stresses (10*
to 6 X 10° Pa) when shear thinning is taken into account. With
the exception of Krytox 143 AY at 23 nm, all of the measured
friction forces are within 20 percent of the theoretical value.*
While the disk surface roughness (~4 nm) is appreciable com-
pared with the thinnest film (23 nm), the foregoing results
suggest that neither surface roughness nor waviness has a sig-
nificant effect on the average friction force.

Above a Newtonian shear stress value of 10° Pa, the friction
force data essentially collapse on a single curve. This result
suggests that the degree of shear thinning for all lubricants is
determined by a single operating parameter, namely the New-
tonian shear stress, 7,. Moreover, in the range 10*
Pax<7,<6x 10’ Pa, the friction force data validate the earlier
assumption that, at the same shear stress, each of the lubricants
of the present study experiences the same relative decrease in
viscosity as the lubricant (Fomblin YR) studied by Cantow et
al. (1986). Outside of the central region of the graph, the
measured friction departs dramatically from the predictions
of Reynolds equation, the reasons for which will be discussed
in later sections.

Figure 6 shows a typical friction trace around the sliding
track in the hydrodynamic regime (10*°<7,<6x10° Pa). As
seen in the graph, the friction force varies considerably around
the sliding track. This feature is likely caused by local, dynamic
variations in the lubricant film thickness and may be related
to surface roughness and/or waviness. Based on ellipsometry
data, the applied film thickness showed much smaller variation
around the disk.

Returning to Fig. 5, we note that the agreement between
theory and experiment in the central part of the graph is evi-
dence that the lubricant retains its bulk, continuum properties
in confined films as thin as a few tens of nanometers. This
fact is significant when one considers the sizes of the molecules
used in the study. For example, Krytox 143 AD, whose mo-
lecular structure is shown schematically in Fig. 7, has a number
average molecular weight of 8250, corresponding to an average
n (Fig. 7) of 48.9. Each monomer unit consists of one C-C
and two C-0 bonds as part of the chain structure, giving 147
as the number of bonds in the entire molecular chain. Assuming
the molecule is in the form of a random coil, we have, following
Atkins (1990),

*For each experimental run, the disk speeds were varied in descending order.
Comparison measurements taken in ascending order exhibited similar trends but
with more spread in the data.
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Fig. 7 Chemical structure of Krytox 143 lubricants
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where R, is the radius of gyration, /is the average bond length,
and N is the number of bonds in the chain. Using N =147 and
/=0.14 nm (Lide, 1992), we obtain R,=0.98 nm. Taking 2R,
as a representative molecular diameter, we obtain 2.0 nm as
the approximate thickness of a single molecular layer. In Fig.
5, the thinnest film tested was 23 nm, which, based on the
given molecular size, corresponds to about 11-12 molecular
diameters. To the authors’ knowledge, this is the smallest num-
ber of layers for which a liquid’s bulk viscosity has been ob-
served in simple, Couette flow. On the other hand, previous
studies with squeeze films in the surface force apparatus (SFA)
(Chan and Horn, 1985; Israelachvili, 1986; Israelachvili and
Kott, 1989) have reported bulk behavior with films as thin as
10 molecular layers. Couette-type measurements with the SFA
have also been performed, but these have occurred with films
consisting of less than 7 molecular layers and have indicated
that the effective viscosity may be enhanced by several orders
of magnitude with films this thin (Israelachvili et al., 1988:
Israelachvili and Kott, 1989; Gee et al., 1990; Granick et al.,
1991). Nevertheless, extrapolation of these results to thicker
films suggests that bulk behavior should be recovered. when
the film thickness reaches about 10 molecular layers—at least
for the types of molecules investigated (Israelachvili et al.,
1988; Israelachvili and Kott, 1989).

4.2 Mixed Lubrication. For Newtonian shear stresses, 7,
less than about 4 % 10° Pa (Fig. 5) the measured friction force
deviates considerably from the theoretical prediction, showing
greater deviation at lower values of the Newtonian shear stress.
In some cases, the friction force exceeds that of an unlubricated
interface, which is about 40-50 mN (see Fig. 11). The source
of these effects is discussed below.

In any given sliding test, the external load, W, is constant
and is, in the hydrodynamic regime, equal to Wy of Eq. (3).
Within the hydrodynamic regime, the lubricant thickness, 4,
is equal to the applied thickness, #,. Therefore, as the speed,
U, is decreased, the value of ¢ must increase to maintain
Wy=W. (The viscosity, u, changes somewhat due to shear-
thinning, but does not vary nearly enough to compensate for
a large reduction in U.) Since ¢ is very close to 1 (see section
3.1), a slight increase in ¢ can change W, by a large factor.
For example, if ¢ increases from 1.0001 to 1.001, W, increases
by a factor of ten (Eq. (3)), thereby accommodating a factor
of 10 decrease in U for a fixed load. However, as noted earlier,
with an ideally flat slider and disk, there is no finite value of
¢ consistent with moment equilibrium. Hence there is a min-
imum speed, U, for which ¢ will have reached the maximum
value attainable for the slider/disk separation at the applied
film thickness. Below this value of U, the actual film thickness,
h, must decrease below the applied thickness, #,. At sufficiently
low speeds, the hydrodynamic load, Wy, is.incapable of sup-
porting the external load and the slider comes into contact
with the disk.?

Both full-film conditions and slider/disk contact may occur
within a given revolution of the disk. Figure 8 shows the friction

24

*Here we define ““contact’® as the development of isolated regions of high
pressure (i.e., at surface peaks). However, contact does not imply complete
penetration of the lubricant film. It is possible that a monolayer of lubricant
remains between the slider and disk at their points of closest approach.
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Fig. 8 Friction trace for one disk revolution with 80 nm of Krytox 143
AZ. The sliding speed is 0.25 mm/s. The operating conditions correspond
to sliding in the mixed lubrication regime.

trace over one revolution of the disk for 80 nm of Krytox 143
AZ with the reduced-area slider (Table 2) and a sliding speed
of 0.25 mm/s. The sliding condition gives a Newtonian shear

stress value, 7,, equal to 170 Pa which, from Fig. 5, represents

an operating point well into the mixed regime. The large var-
iations in friction force observed in Fig. 8 are caused by re-
peated transitions from full-film conditions to instances where
appreciable load is borne by the asperities. The lowest friction
force observed (1.3 mN) is consistent with full-film lubrication:
if we assume an average height, 4, of 12 nm, where the slider
just clears the asperities, the average shear rate will be about
21,000 s~ !, and the predicted friction force (23), assuming
Newtonian behavior, will be 1.5 mN, showing excellent agree-
ment.

The data of Fig. 8 also include friction forces greatly in
excess of the lowest values. The increase in friction above the
minimum points indicates transfer of load from the lubricant
film to the asperity contacts. This process can be seen more
clearly by considering the balance of forces in the mixed regime
(Fig. 9):

Wy+ We=W+ W, (25)
where Wy is the hydrodynamic lift, W is the load supported
by the asperity contacts, W is the external load, and W, is the
adhesive force. The hydrodynamic lift, Wy, should be rea-
sonably approximated by (3) even when the slider and disk
surfaces are in contact,’ although ¢ (= h,/h,) would be difficult
to pin down. The adhesive force, W,, which may be attributed
to capillary effects or to intermolecular attraction (Stanley et
al., 1990), acts as an additional external load in the interface
(Matthewson and Mamin, 1988). As of yet there is no theory
which provides the value of W, in a dynamic contact. There
is some evidence, however (Streator et al., 1991; Streator and
Johnson, 1992), that W, depends both on the sliding speed
and on the applied lubricant film thickness.
With reference to Fig. 9, the friction force, F, is given by

F=Fy+F, (26)

where Fy is the tangential force contributed by the lubricant
and F; is the friction force sustained at the asperity contacts.
Assuming Couette flow, Fy, is given by (8), where A represents
an average film thickness. At the asperity tips, we expect no

®Since the interface is rough, there will be an average slider/disk spacing of
about 10 nm even when the two surfaces are in contact. The analysis presented
here assumes that the bulk viscosity is not changed when the film is 10 nm thick.
This assumption seems reasonable for the Krytox 143 AZ which, owing to its
smaller molecular weight (1,850) has a smaller molecular diameter (~0.9 nm).
Thus a 10 nm-thick film represents 11 molecular layers and this many layers of
Krytox 143 AD (i.e., 23 nm) was shown to exhibit bulk behavior (Fig. 5).
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Fig. 9 Force balance in the mixed lubrication regime (see text for def-
initions of terms)

more than a monolayer or so of lubricant and it has been
shown (Streator et al., 1991) that the friction coefficient is
virtually unchanged by such a thin film. Thus,

Fo=fW=f(W+W,~ Why) @n

where f is the unlubricated friction coefficient. Using (3), (8),
(26) and (27) we arrive at

F ulU & ! i
—hA+f W+Wa—;uU2h2 2

When slider/disk contact is maintained so that the film thick-
ness, 4, is minimal (about 10 nm), it is seen from (28) that the
friction force, F, depends on the product of velocity and vis-
cosity. Assuming that, on average, ¢ and W, are independent
of the product pU, Eq. (28) suggests that the friction force,
F, should normalize with respect to uU in the mixed lubrication
regime. This feature is evident in Fig. 5 for each value of the
applied lubricant thickness (23, 40 and 80 nm). Equation (28)
also predicts that, as the speed and viscosity are decreased, the
hydrodynamic effects diminish, whereby the friction force ap-
proaches the product of the unlubricated friction coefficient,
£, and the effective load, W+ W,. Since, in Fig. 5, the three
curves separate according to the applied lubricant thickness,
h,, it suggests that W, is a function of this quantity. The
adhesive force is evidently sensitive to the amount of liquid at
the periphery of the interface. When the interfaceis ““flooded,”
the adhesive force is small (Streator et al., 1988; Streator and
Gerhardstein, 1993), but when there is just enough liquid to
cover the interface, strong adhesion occurs (Yanagisawa, 1985;
Matthewson and Mamin, 1988).

(28)

4.3 Lubricant Rupture. At a Newtonian shear stress of
about 6% 10° Pa (Fig. 5), the friction force achieves a maxi-
mum. Following Winer and Bair (1987) and Bhushan (1990),
it was proposed (Streator and Gerhardstein, 1993) that this
peak in the friction was evidence of lubricant rupture. Given
a shear stress, 7, and pressure, p, it can be shown that the
maximum principal stress, gy, is given by

0;=7=p 29

If we assume that o; is limited by some tensile strength, o,
of the lubricant, then we have from (29)

Tmax =P + O (30)

For the data of Fig. 5, the average pressure is 0.052 MPa and
the maximum shear stress is 0.28 MPa. From (30) this gives
g, =0.23 MPa. However, this value corresponds to the average
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Fig. 10 Comparison of lubricant rupture model with experimental data
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Fig. 11 Friction force versus sliding speed on an unlubricated disk

shear stress around one disk revolution. The maximum ob-
served shear stress over the sliding track would be a more
appropriate measure of the limiting tensile strength. In a recent
paper (Streator, 1993), a value of ¢,,=0.3 MPa was used with
considerable success in predicting upper bounds for stiction in
the magnetic slider/disk interface.

Equation (30) predicts that the maximum shear stress de-
pends linearly on the contact pressure, assuming the lubricant
tensile strength itself is insensitive to pressure. Figure 10 shows
the limiting shear stress (averaged around one disk revolution)
plotted against the quantity, p+o,. The data were obtained
from friction measurements with the reduced-area slider (Table
2) at varying load (60, 140, and 280 mN). Each data point is
the average of two separate measurements. The dashed line
shows the prediction from (30) where we have used ¢,,=0.23
MPa, from above. Reasonable agreement is found between
the predicted maximum shear stress and the experimental data.

At values of Newtonian shear stress exceeding the point of
lubricant rupture, the lubricant experiences dramatic shear
thinning (Fig. 5). Because the friction remains normalized with
respect to the Newtonian shear stress, the data of Fig. 5 suggests
that full-film conditions are still maintained at the applied film
thickness, 4,, within this rupture regime.

Since the sliders used in the present study are designed to
fly on an air bearing, the question may arise as to whether the
friction reduction at the higher speed can be attributed to the
slider beginning to take off. Figure 11 shows friction force
versus sliding speed under unlubricated conditions for the en-
tire range of speeds used in the present work. The ‘‘error’’
bars indicate one standard deviation above and below the mean
in the friction signal. The increase in the size of the error bars
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Fig. 13 Rheological behavior of lubricants (based on data of Fig. 5)

at the higher sliding speeds indicates friction-induced vibration
(Streator and Bogy, 1992). As indicated in the figure, the
average friction force is virtually unchanged up to the highest
sliding speed, indicating full slider-disk contact.

Further evidence for the lack of a transition to a hydro-
dynamic air bearing is indicated in Fig. 12. This figure shows
the friction record for one disk revolution in the case of 40
nm of lubricant 143 AX at a sliding speed of 0.25 m/s, taken
at a temperature of 28.7°C. These operating conditions yield
a Newtonian shear stress of 3.0x 10° Pa and therefore cor-
respond to a data point in the regime of decreasing friction
(Fig. 5). Since the friction remains high for the complete rev-
olution, there are no instances where the slider is supported
by an air bearing.

Another possible explanation for the reduction in friction
force at the higher speeds is that slip occurs at the slider/
lubricant interface at high values of Newtonian shear stress.
However, in the case of slip, one would not expect the friction
force to normalize with respect to the same parameter (7,) that
governs the shear-thinning behavior at lower values of New-
tonian shear stress (Fig. 5).

Figure 13 shows the dependence of actual shear stress on
Newtonian shear stress for the four lubricants investigated.
Below the rupture point, the curve is based on the inversion
of (22). Beyond the rupture point, the curve is a linear regres-
sion through the experimental data of Fig. 5. We propose that
Fig. 13 characterizes the rheological behavior of this class of
lubricants.



4.4 Explanation of Previous Friction Measurements. The
rheological curve (Fig. 13) helps to explain some puzzling re-
sults of previously acquired friction force data. Streator et al.
(1991) measured the dynamic friction in a slider/disk interface
lubricated with several PFPE liquids. In one set of tests (see
Fig. 5c in the above reference) the friction force was found to
decrease significantly as the sliding speed was increased. In the
above named paper, this behavior was attributed to a time-
dependent adhesion mechanism. However, the results of the
current test suggest this drop in friction arises from the rheo-
Jogical behavior of Fig. 13. To illustrate: the friction with
lubricant ““L1”’ (Fomblin Z03) decreased from 0.53 N to 0.11
N7 when the sliding speed was increased from 0.12 m/s to 1.2
m/s. At the mean temperature used in the test (25°C) the
viscosity of Fomblin Z03 is 0.043 Pa-s. The applied film thick-
ness was 6 nm. Since the disk used was very smooth (about 2
nm Ra), it is conceivable that this film thickness achieved full-
film conditions. At 0.12 m/s the Newtonian shear stress was
then 8.6x 10° Pa which predicts an actual shear stress of
1.6 x 10° Pa according to Fig. 13. This value yields a predicted
friction force of 0.46 N, given the slider area® of 2.9 mm’,
This result compares well with the measured friction (0.53 N).
At 1.2 m/s the Newtonian shear stress was 8.6 x 10° Pa and
the predicted shear stress (Fig. 13) is 4.1 X 10* Pa, yielding a
predicted friction force of 0.12 N. Again good agreement is
found with the experimental value (0.11 N). Apparently, even
this 6 nm-thick film of Fomblin Z03 exhibits bulk, continuum
behavior.

5 Conclusions

Friction measurements were performed in the slider/disk
interface with several perfluoropolyether lubricants at lubri-
cant thicknesses ranging from 23 to 80 nm. The friction data
were compared with the solution of Reynolds equation for a
two-dimensional slider bearing. Several important observa-
tions were made:

1. The measured viscosity of the lubricant was indistinguish-
able from its bulk value in films as thin as 23 nm. In the
case of the highest molecular weight lubricant, this thick-
ness represented 11-12 molecular diameters.

2. The rheological state of all lubricants was determined by
a single operating parameter introduced here as the “New-
tonian’’ shear stress. The Newtonian shear stress is the
product of the shear rate and the nominal, or low-shear,
viscosity.

3. At high values of Newronian shear stress, the actual shear
stress peaks and then decreases dramatically with increas-
ing shear rate for a given lubricant. This rheological be-
havior, evidently reported here for the first time, may
indicate a newly found property of liquids.

The foregoing results have implications for a number of
tribological systems. Low-pressure, conformal contacts (i.e.,
journal bearings, piston-cylinders, etc.) often operate in a mixed
lubrication regime. The observations of the present study sug-
gest that the friction in these systems may be governed by the
bulk, continuum behavior of the lubricant rather than by prop-
erties specific to ultra-thin films.
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