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Soap-thickener induced local pressure fluctuations in a
grease-lubricated elastohydrodynamic point contact
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In several experimental investigations of grease-lubricated elastohydrodynamic (EHD) contacts indications of soap-thickeper forma-
tions that enter the contact area have been reported, for example by Kageyama et al. (1), Cann and co-workers (2-4) and Astrom and
co-workers (85, 6). While passing through a contact such soap-thickener lumps significantly disturb the film thickness by locally increas-
ing the surface deformation. These film-thickness fluctuations must be accompanied by pressure fluctuations, knowledge of which is
essential to increase insight in the phenomena determining service life and emitted noise of grease-lubricated contacts. In this paper the
authors present a combined experimental/numerical approach to generate insight into such pressure fluctuations. From a fringe pattern
obtained with optical intetl-ferometry (ball-on-disc apparatus) a film-thickness map is created employing image analysis. This map serves
as input to a numerical algorithm for the calculation of the pressure from force balance and elastic’;fe ‘ormation theory. Consequently,
no assumptions about the rheological behaviour of grease can be made.

The method was first tested out on an oil-lubricated contact. This test gave essential insiﬂht into the accuracy of the method proposed

here and in the magnitude of surface texture induced pressure fluctuations. Subsequently t

e approach was successfully used to estimate

the pressure variations resulting from soap-thickener formations in a grease-lubricated contact (between the same ball and disc).
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parabolic approximation of the
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1 INTRODUCTION

Elastohydrodynamic (EHD) lubrication is the type of
lubrication prevailing in so-called concentrated con-
tacts, for example the contact between two tooth flanks
in a toothed transmission gear or between rolling
element and raceway in a rolling element bearing. As
lubricants, mineral oil and lubricating greases are most
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widely used. This choice naturally depends on the
specifics of the contact, for example the environment in
which it operates. For example, most rolling element
bearings are lubricated with grease. In comparison with
oil, grease has the advantage of staying at the lubricat-
ing place, thereby acting as a seal, that is protecting the
contact against external contaminations. In addition, it
more efficiently damps vibrations that might occur in
the bearing. Disadvantages, on the other hand, are a
low cooling capacity and, partly as a result of that, a
limited use for high-speed applications.

Greases are semi-liquid lubricants consisting of a
lubricating oil, a thickener of some kind and additives.
The most commonly used thickener at present is soap
thickener which creates a structure of solid fibres in the
oil. This network of fibres retains the oil by capillary
forces and other physical bonds and gives the grease its
consistency. Depending on the composition of the
grease and on the manufacturing process, the soap-
thickener fibres are gathered in larger or smaller forma-
tions in the grease rather than being equally distributed.
Hence, greases are not homogeneous on a scale compa-
rable to the lubricating film thickness found in rolling
element bearings.

Reviewing the tribological literature, it shows that,
over the last few decades, EHD lubrication has received
much attention, both from a theoretical and from an
experimental point of view. The theoretical studies
usually involve the numerical solution of pressure and
film thickness in the contact, using some physical math-
ematical model built around the Reynolds equation to
describe the flow and the theory of elastic deformation
of semi-infinite bodies. The resulting algorithms were
initially used to perform parameter studies, that is
investigating the dependence of film thickness or trac-
tion on lubricating properties and load conditions,
assuming smooth surfaces.

The last decade has seen great improvement in
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numerical algorithms and as a result increasingly
complex simulations are performed now, for example
investigation of surface features and related transient
effects. On the other hand, the physical mathematical
models employed in the studies have changed relatively
little. Generally the lubricant is assumed to be fully
liquid, for example oil, and it is characterized by a vis-
cosity and a density, both depending on pressure and/or
temperature. More complex lubricant behaviour has
been considered but only by introducing quantities like
an effective viscosity and density, to ensure that Rey-
nolds equation in one form or the other can still be
used. Examples of this are numerical calculations on
grease-lubricated EHD contacts; see, for example,
Dalmaz and Chaomleffel (7), Bordenet et al. (8), Dong
and Qian (9) and Jonkisz and Krzeminski-Freda (10,
11), where the Reynolds equation is used and the grease
is regarded as a fluid.

However, from the above description of grease behav-
iour it seems quite unlikely that their rheological behav-
iour can be accurately modelied in this way, let alone
that the behaviour of a grease EHD lubricated contact
can be predicted accurately. No doubt this has contrib-
uted to the fact that most investigation dealing with
grease-lubricated EHD contacts are experimental. In
fact, the many experimental results that have been
published do confirm the complex nature of grease
behaviour and grease lubrication mentioned above. For
example, in some cases evidence of formations of
thickeners entering the concentrated contact have been
found. Kageyama et al. (1) observed local fluctuations in
the film thickness of their grease-lubricated point
contact. Cann and co-workers (2-4) detected a layer of
soap fibres in the track behind their grease-lubricated
point contact, indicating that soap-fibre formations
enter and pass the contact area. Astrom and co-workers
(5, 6) observed local film thickness fluctuations in their
point contact lubricated with grease. The fluctuations
were caused by soap-thickener formations that entered
and passed the EHD contact.

One of the techniques used in these experiments is
optical interferometry measurement of the film thick-
ness in the contact. A typical set-up is the ball and disc
machine, where a steel ball runs against a glass or sapp-
hire disc. The earliest machines of this type date back to
the 1960s; for example see Foord et al. (12) and
Cameron and Gohar (13). Although the design has
improved over the years, the basic principle has
remained unaltered and the technique is still widely
used nowadays; for example see Cann et al. (2) and
Kaneta et al. (14). A typical measurement result is a
fringe map, monochromatic or in colour, from which
the film thickness can be inferred. However, for an
understanding of the operation of a grease-lubricated
EHD contact the film thickness in itself is not enough.
For example, fluctuations of the film thickness, that is
local fluctuations of the surface elastic deformations, as
reported above must be associated with fluctuations in
the pressure distribution. These pressure fluctuations,
local and/or transient, will influence associated sub-
surface stresses and thereby the service life of the
contact. Furthermore, the pressure fluctuations can
induce vibrations in the bearing which will influence the
noise level of the bearing, unwanted in, for example,
gyro applications, and may have an additional adverse
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effect on its service life (bearing life). Thus, although film
thickness is an essential parameter for lubricated con-
tacts the pressure distribution is also of great interest.

In this investigation the aim is to estimate the pres-
sure distribution in a grease-lubricated contact and to
investigate the magnitude of the fluctuations mentioned
above. A combined experimental and theoretical
approach is introduced in which measured film thick-
ness maps are used as input for pressure computations
based on the elastic deformation equation. Wong et al.
(15) used a similar approach in their improved version
of the impact microviscometer introduced by Paul and
Cameron (16). In the impact microviscometer by Wong
et al. a steel ball impacts a glass hemisphere and the oil
trapped between the ball and the glass deform the sur-
faces elastically, producing a dimple in the middle of the
contact. The shape of the dimple was evaluated using
optical interferometry and the pressure distribution in
the dimple was calculated using the relation between
pressure and elastic deformation. Wong et al. only
investigated oil and because of the axial symmetry of
their pure squeeze problem, only pressures along the
contact radius was estimated, reducing the number of
discrete pressures to calculate to about 20. In the
present investigation no symmetry exists and thus the
entire contact area has to be mapped using about 4000
pressure points, which puts higher demands on the
numerical algorithms,

Evaluating the pressure distribution in a grease-
lubricated contact using the relation between pressure
and elastic deformation has the advantage that the pres-
sure profile in the contact is obtained without having to
make any assumption regarding rheological behaviour
of the grease. The approach is tested out and verified
using experimental and theoretical results for an oil-
lubricated contact. Subsequently it is applied for the
purpose stated above, that is to investigate the pressure
fluctuations in a grease-lubricated contact.

2 OPTICAL INTERFEROMETRY MEASUREMENTS

The ball and disc apparatus used is shown in Fig. 1.
The main parts are a steel ball with a diameter of 50
mm and a glass disc. The disc has a diameter of 100 mm
and a thickness of 6 mm. It is coated with a layer about
200 A of chromium on the side facing the ball. The ball

Camera | O O Light flash

Electric step
Microscope D motor

l[;, Glass disc ’

Steel ball

Optical
counter

Optical counter

Fig. 1 Ball and disc apparatus
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Table 1 Properties of the lubricants. The grease, G, is thickened with 23 per cent by weight of lithium-
12-hydroxysterate, giving it the consistency of NLGI grade 2

Viscosity at 20°C Viscosity at 20°C Pressure viscosity Density L.
and 150 s™* and 4860 s~ coefficient at 15°C Refractive index at
20°C and atmospheric
Symbol Pas Pas GPa~! kg/m3 pressure
(0] 0.72 0.72 32 913 0497
G 15.6 146 17* 847% 0.467

* For the base oil of the grease.

was rolling on the disc, driven via a belt by an electric
step motor, at a rolling speed of 58 mm/s. The loading
was achieved through a pneumatic cylinder, forcing the
ball in contact with the disc. The load on the ball was
82 N, resulting in a maximum Hertzian pressure of 430
MPa.

The contact between the ball and the disc was photo-
graphed through a microscope and the contact was illu-
minated with a light flash discharged through the
microscope. The flash time was about 0.3 ms, implying
that the surfaces moved 3 per cent of the contact diam-
eter during the exposure.

When lubricating the contact with grease, both disc
and ball were lubricated before the test and the pictures
were taken during the first revolution of the disc. The
pictures thus represent full film lubrication. After the
first revolution of the disc the contact is gradually
starved if grease is not continuously applied to the inlet.
The measurements were carried out at room tem-
perature, 23 °C.

Two lubricants were investigated in the ball and disc
apparatus, a mineral oil of naphtenic type and a lithivm
grease with a synthetic poly-a-olefin base oil. In the
following sections, results related to the oil experiment
and calculations will be referred to using ‘O’. Alterna-
tive ‘G’ will be used to refer to results for the grease-
lubricated contact. Specific details of both lubricants are
listed in Table 1.

3 IMAGE PROCESSING

The ball-on-disc experiment results in an interferomet-
ric fringe picture of the contact. The next step is to
obtain from this picture a map of film thickness values,
preferably with a small spacing, that is as small as the
fringe pattern allows. This conversion process from the
fringe pattern to the film thickness map should prefer-
ably be done automatically, that is using a computer
program including picture processing algorithms.

For the present study the pictures obtained from the
ball and disc apparatus were transformed to a photo
CD (compact disk) and from that to the computer
program. The reason for using a photo CD is that it
captures the picture with higher resolution than, for
example, a video recording. From the photo CD a
picture covering the contact area and its vicinity was
taken and about 500 times 500 points from that picture
were captured and evaluated in the computer.

A picture processing program [see Gustafsson et al.
(17)] calculated the spectral wavelength in each point of
the picture, using the local colour information. Subse-
quently the film thickness map was obtained using the
following formulae:

T )
—2n(q+2n> M
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In this formula A denotes the wavelength of the light,
A¢ the difference between the phase shifts due to reflec-
tion on the chromium layer and on the steel ball
surface, and g denotes the fringe order. In the
equipment used A¢ was calibrated to —1.2 radians,
[see also Foord et al. (12)]. The variation in refractive
index due to pressure was calculated using the Lorenz-
Lorentz relation (5, 12).

Each step in the transformation of the interference
picture from the original one seen in the microscope to
the representation of it in the computer has influence on
the colour information. The estimated spectral wave-
length calculated in the picture processing program has
to be verified with a calibration procedure performed
under the same conditions as the actual measurement.
In the present investigation the verification of the spec-
tral wavelength was performed in the same way as the
calibration of the phase shift difference. In a film thick-
ness interval between 0.1 and 0.7 pm, the accuracy of
the estimated spectral wavelength was very good. The
error in the film thickness evaluation stemming from
the image analysis is believed to be small compared to
other sources of error like the estimation of the
refractive index.

The main problem in the entire conversion procedure
as described here was the assignment of the fringe order.
For the results presented below this assignment was
done by hand. As a consequence of this manual step,
the film thickness map was limited to 65 times 65 points
which were subsequently used in the pressure calcu-
lations as described below. The resulting resolution,
however, is nevertheless expected to be sufficient for the
present study, as the film thickness disturbances
observed in grease-lubricated contacts are rather large
and therefore relatively smooth pressure fluctuations
are anticipated.

4 PRESSURE CALCULATION

Numerical simulation nowdays is a well-established
tool to investigate oil-lubricated EHD contacts [see, for
example, references (18) to (21)]. However, numerical
simulations of grease-lubricated contacts are rare, and
the few models and algorithms that have been presented
are of questionable applicability for the present study,
as they rely on the Reynolds equation and character-
ization of the grease behaviour in a global way, that is
as if it could be regarded as a fluid (7-11). These
assumptions are not likely to hold in the case of soap
formations entering the contact. This leaves only two
alternative ways to obtain information about the pres-
sure fluctuations: direct measurement of the pressure or
of the use of measured film thickness results. This latter
approach was adopted here.

Regardless of lubricant flow or rheological behaviour,
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the film thickness in an EHD contact will be the sum of
the undeformed gap geometry and the elastic deforma-
tion of the surfaces. Hence, it can be modelled as

2
HX,Y)=Hyo+ G(X,Y)+ e}

@ jm P(X’, Y)dX' dY’ @
) L I =X+ (Y = 1)

Furthermore, force balance is likely to be satisfied:

o0 00

J J P(X,Y)dXdY—z?n=0 3)
From these two equations, once the film thickness is
given, the pressure can be solved. In fact, as these equa-
tions are exactly the ones used to describe the so-called
dry contact, this problem is not new. The only differ-
ence is that in the dry contact the gap is closed (H = 0)
in the region of positive pressures whereas here the gap
has a specific non-zero geometry. As a result, with some
minor modifications [see reference (22)] the multi-level
algorithm as presented by Lubrecht and Ioannides (23)
to solve the dry contact problem can be used here.

Summarizing, the problem to be solved can be stated
as follows. Given a film thickness H(X, Y) and an unde-
formed geometry G(X, Y) find the pressure distribution
P(X, Y) that satisfies equation (2), subject to the bound-
ary conditions P = 0 and to the condition that P > 0 in
the domain (‘cavitation’). The constant Hy, in equation
(2) is determined by force balance.

For the numerical solution equations (2) and (3) were
discretized, assuming piecewise constant pressures; for

example see Lubrecht and Joannides (23) and Venner-

and ten Napel (20). The discretization error in this case
is of order d? if d is the grid spacing.

5 RESULTS AND DISCUSSION

With the ball and disc apparatus and the image analysis
program, film thickness maps were evaluated for one
oil, O, and one grease, G, both described in Table 1.
The film thickness map from the grease-lubricated
contact contains disturbances caused by soap-thickener
formations. Using the film thickness maps, consisting of
65 times 65 points, pressure maps were calculated for
both the oil- and the grease-lubricated contact.

5.1 Oil-lubricated contact

Given the right input, such as speed, load and viscosity,
the film thickness and the pressure in the oil-lubricated
contact can be solved numerically. In the present study
the solver developed by Venner (20, 21) was used to
verify the measured film thickness and the pressure cal-
culated from the film thickness. Contour plots of the
results from the numerical solution of film thickness and
pressure are presented in Fig. 2.

Figure 3 shows the measured fringe pattern. Figure 4
shows the contour plot obtained from the image pro-
cessing applied to this fringe pattern and the corre-
sponding pressure calculated as described in Section 4.
According to the measurements, the film thickness in
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0.5¢

1.5

0.5f

-1 -0.5 0 0.5 1 L5

Fig.2 Film thickness (H) and pressure (P) for the oil-
lubricated contact, calculated using the numerical
solver. The solutions were obtained in 513 times 513
points but here only 129 times 129 points are used for
presenting the results

the central part of the contact was 0.44 pm and the
minimum film thickness was 0.26 um. This is to be com-
pared with the predictions by the numerical solver
which states a central film thickness also of 0.44 pm and
a minimum film thickness of 0.24 pm. A comparison
between the results from the semi-experimental and the
fully numerical procedure is seen in Fig. 5.

As can be seen from Figs 2, 4 and 5, the film thick-
ness from the numerical solutions shows good agree-
ment with the measured film thickness. Acceptable
correspondence is also seen between the pressure calcu-
lated from the measured film thickness, and the pressure
from the numerical solution.

In the contact between the steel ball and glass disc,
surface texture will always be present and, even if the
steel ball is polished to an Ra of 0.02 pm, the surface
texture will appear in the film thickness measurements
and, consequently, also in the calculated pressure
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Fig. 3 Reproduction of the original colour slide from the
ball and disc apparatus, lubricated with the oil O

profile. Some of the small fluctuations in the pressure
seen in Fig. 5 are due to the surface texture of the steel
ball.

Other effects seen in Fig. 5 are pressure peaks at the
contact edges, for example the one at the inlet, X = —1,

They are due to the discontinuity created in the film

0.5}

-15 - . - : - .
-1 -05 0 0.5 1 1.5

thickness map when supplementing the values obtained
from the fringe pattern with values from the geometric
surface separation. This transition is needed because
outside the contact the surface separation will soon
increase above the detectabie film thickness using white
light optical interferometry. As pressure variations due
to this error will always be clearly recognizable they
need be of no concern.

These kinds of discontinuities in film thickness at the
contact edge are observed more easily at the inlet of
the contact because pressure is built up in front of the
contact edge and cause elastic deformations that make
the surface separation diverge from the parabolic
approximation.

5.2 Grease-lubricated contact

In the previous section it was shown that the result pre-
dicted using the numerical solver correlated well with
the measured film thickness map. However, film thick-
ness and pressure profiles of the grease-lubricated
contact cannot be obtained numerically. Therefore, reli-
ance is placed on the verification of the model for the
oil-lubricated contact, in order to judge which fluctua-
tions in film thickness and pressure are significant.
Figure 6 shows the measured fringe pattern for the
grease-lubricated contact. Figure 7 shows the contour
plot of the film thickness obtained from Fig. 6 using
image processing, and the pressure calculated from this
film thickness.

The film thickness map in Fig. 7 is distorted com-
pared to the normal horseshoe-shaped film thickness of
the oil-lubricated contact (see Figs 2, 3, and 4). Several
local changes in film thickness can be observed, like the
areas marked A and B, which show a local increase in
the film thickness. This is due to soap-thickener forma-
tions in the contact area.

The film thickness disturbances A and B are located
at the peripheral part of the contact. In Fig. 8 it can be
seen that disturbance B causes a pressure increase of
about 25 per cent over the Herzian pressure at that
point, reaching the maximum Hertzian pressure found

1.5 T — T y -

0.5

-1 -0.5 0 0.5 1 1.5

X
Fig. 4 Contour plot of the film thickness (H) in the oil-lubricated contact,
obtained from Fig. 3, and pressure (P) calculated from this film thick-

ness
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Fig. 5 Film thickness and calculated pressure at X =0 (left) and Y =0
(right), for the oil-lubricated contact (solid lines). For comparison the
results from the full numerical solution are also shown (dashed lines).
Pressure and film thickness are presented in dimensionless form

in the contact centre, 0.43 GPa. A film disturbance of
similar size and magnitude as B but located in the
centre of the contact would result in a local pressure
increase of 35 per cent or, in this case, up to 0.58 GPa.
The thickener formations have higher soap-thickener
concentration than the surrounding bulk grease and
thus the formations are expected to produce a higher

Fig. 6 Reproduction of the original colour slide from the
ball and disc apparatus, lubricated with the grease G
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refractive index. Measurement of the refractive index of
greases similar to the grease G in the present investiga-
tion, but with varying thickener content [see reference
(6)], show, however, that an increase in thickener
content from 0 (base. oil) to 33 per cent by weight (a
very hard grease) make the refractive index increase by
less than 1 per cent. A local increase in the refractive
index will imply a local overestimation of the evaluated
film thickness, in this case by 1 per cent. A conservative
estimate of the accuracy of the evaluated film thickness,
due to these variations in refractive index, would be +2
per cent.

All variations in film thickness are reflected in the
pressure distribution and a significant film thickness
fluctuation would mean a significant variation in pres-
sure. The pressure distribution is also sensitive to the
film thickness gradient. Abrupt film thickness changes
will induce pressure peaks in the pressure distribution,
seen, for example, in Fig, 5.

The pressure fluctuations found are significant. With
the grease used in this investigation, G, the film thick-
ness profile will be dramatically distorted, inducing sig-
nificant pressure peaks that are about 30 per cent
higher than the Hertzian pressure.

Finally, this method for pressure calculation in
grease-lubricated EHD contacts gives meaningful
results, provided that pressure fluctuations from surface
textures and film discontinuities due to the film thick-
ness evaluation are interpreted in the correct way.

6 CONCLUSIONS

Due to a lack of an alternative in the form of full
numerical simulations, calculating the pressure distribu-
tion in a grease-lubricated contact from a measured film
thickness profile is a suitable approach. When applied
in an investigation of soap-thickener induced pressure
fluctuations, as in the present paper, care must be taken
in interpreting the results, that is to distinguish them
from the fluctuations caused by surface textures and
errors in the film thickness map of the contact originat-
ing from various sources, for example limited know-
ledge of used parameter values, etc.
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-1 -0.5 0 0.5 1

Fig, 7 Contour plot of the film thickness (H) for the grease-
Iubricated contact, obtained from Fig. 6, and pressure
(P) calculated from this film thickness. A and B refer
to areas of local film thickness increase, caused by
soap-thickener formations

At some points the presented approach needs to be
improved, for example automated fringe order assign-
ment in the image analysis phase such that film thick-
ness maps with higher resolution and extending over a
larger region can be obtained. This would prevent
errors such as the pressure peaks due to matching of
measured film thickness and undeformed geometry in
the outer region (see Section 5).

With the grease studied here, a lithium grease with a
synthetic base oil, local pressure peaks about 25 per
cent above the Hertzian pressure were found. If the
measured local increase in film thickness appeared in
the centre of the contact, instead of at the periphery,
with unchanged geometry, the pressure peak was 35 per
cent higher than the maximum Hertzian pressure.
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