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Abstract 
The rheology of soap thickened greases has been investigated in a cone and plate 
rheometer and a model that includes base oil viscosity and temperature has been 
suggested and fitted to the results. 

With the use of a bouncing ball apparatus, the pressure coefficient of the limiting 
shear stress of the greases was determined. It is related to friction in EHL and the 
results verified the friction reducing properties of the soap thickeners of the grease. 

Film thickness in EHL of a grease lubricated point contact was measured in a ball 
and disc apparatus. The initial film thickness was thicker than the fi lm thickness 
given by the base oil. After some seconds of running the film thickness dropped far 
below the base oil film thickness, because of insufficient replenishment. 

Replenishment was studied by looking at the distribution and flow of lubricant 
around the contact in the ball and disc apparatus. Primary reservoirs and primary 
bands close to the track of the contact, on the ball and the disc, contained small 
amounts of grease that constituted a potential supply of lubricant to the inlet of the 
contact. The majority of the grease was pushed away from the contact initially and 
seemed no to participate in the lubrication. 

Soap thickener formations were observed entering the contact in the ball and disc 
apparatus and cause a local increase in the film thickness that disturbed the normally 
horseshoe-shaped film thickness map. For lithium greases, the amount and size of 
the film disturbances were found to be connected with the manufacturing process 
of the grease and the soap thickener content. 

A method to evaluate the pressure fluctuations induced by the film thickness 
disturbances was proposed. The method was verified by comparing film thickness 
measurements from an oil lubricated contact and the pressure profile calculated 
from that, with the results from a fully numerical solution. Good agreement was 
found. The method was applied to a grease lubricated contact and showed significant 
variations in the pressure, caused by the soap thickener formations. 
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1 Introduction 

Lubrication plays an important role in many different situations from the hinged 
kitchen door to the rotating parts in a space probe or a satellite. The use of lu
bricants has accelerated, for understandable reasons, in the same dramatic way as 
the use of machines and technology. From one of the first documented appear
ances, the lubrication of a sleigh carrying the statue of T i in Egypt, year 2400 B.C., 
to the lubrication in cars, wind power plants and space crafts. Today numerous 
things depend on lubrication for problem-free duty and the demand on the lubri
cant is steadily raised through more and more advanced machine elements, tougher 
working conditions, need for environmental compatibility, increased service life and 
reduced price. 

What is a lubricant? It is defined as a material used to separate two surfaces 
in relative motion thus reducing friction and wear. To reduce friction and wear is 
indeed the most important aim of a lubricant but many other functions are also 
part of its duty. A lubricant can provide cooling capability, i t serves as an additive 
carrier, protects the surfaces from rust, takes care of contaminants and acts as a 
damper. A lubricant can be almost any kind of material, the most common being 
mineral oil. Other normal lubricants are graphite, PTFE (polytetrafluoro ethylene), 
vegetable oil, synthetic oil and grease. The following sections of this thesis focus on 
grease, a very interesting lubricant with specific and valuable properties. 

The optimisation of lubrication and determining which lubricant would achieve 
the desired performance are complicated tasks. Choosing the wrong lubricant or 
neglecting lubrication in the construction process can result in serious and expensive 
damage. The practical approach to choosing the right lubricant is often trial and 
error. The more scientific way is to find the answer through gaining knowledge 
about lubrication and lubricant behaviour. This thesis comprises five investigations 
that aim to increase our knowledge of grease lubrication, i.e. form the base of the 
scientific way of solving problems in lubrication with grease. 

1.1 Lubricating grease 

Lubricating greases are semi-liquid lubricants consisting of a lubricating oil, the base 
oil, thickened with 5 to 30 percentage by weight of various types of thickeners. They 
usually also contain several additives like oxidation inhibitors, EP (extreme pressure) 
agents, and corrosion inhibitors. A more thorough description, or definition, of 
grease is given by Sinitsyn [1]: 

Grease is a lubricant which under certain loads and within its range of 
temperature application exhibits the properties of a solid body, under
goes plastic strain and starts to flow like a fluid, should the load reach 
the critical point, and regains solid-body properties after removal of the 
stress. 
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Although lubricating grease constitutes only three per cent of the total amount of 
lubricants manufactured in the world it is a widely used lubricant. For example, 
grease is the most common lubricant in rolling element bearings. In many applica
tions the consistency of grease makes it advantageous compared to oil. Grease has 
the ability to stay in the lubricating place and to act as a seal to prevent the entry 
of contaminants and water. Grease is normally applied once or at certain intervals 
to the lubricating place. 

The base oils used in greases are different types of lubricating oils such as naph
thenic or paraffinic mineral oils, synthetic hydrocarbons, diester oils, silicon oils, and 
perfluoroalkyl ethers. The most common base oils are mineral oils. They provide 
adequate lubrication properties for a wide range of applications at a reasonably low 
price. Under more severe conditions, like extremely high or low temperatures or in 
demanding environments, a more specialised, synthetic base oil must be used. Using 
a more expensive, synthetic base oil can also reduce the friction and improve the 
wear resistance, thus defending the higher cost. 

The most common thickener type is soap thickener, especially the lithium salt 
of 12-hydroxystearic acid, lithium-12-hydroxystearate. The soap thickeners form a 
structure of dispersed particles in the oil, which retains the oil through capillary, 
adsorption, and other physical bonds. The soap particles have colloid size (1 nm - 1 
urn) along one or two of their axes. A typical lithium-12-hydroxystearate fibre has 
a diameter of 0.2 urn and a length of between 2 and 20 urn. 

The soap-thickened grease is a two-phase system and consequently has more 
complex flow behaviour compared to an oil. The viscosity of a grease not only 
varies with temperature and pressure, but also with shear rate, shearing time, and 
pre-treatment. The rheology and lubricating ability of greases have been the subject 
of several papers. Many rheological properties important for the understanding and 
prediction of the lubricating characteristics of greases are not fully mastered, for 
example the limiting shear stress of grease, which governs the frictional behaviour. 

Paper A, summarised in Chapter 2, focuses on the rheology of soap-thickened 
grease. The aim was to study how three different soap thickeners influenced the 
relationship between shear stress and shear rate and the pressure coefficient of the 
limiting shear stress of the base oil. The pressure coefficient of the limiting shear 
stress of the lubricant is related to the friction coefficient of the lubricated contact. 

In all the Papers A, B, C, D and E the investigations have concentrated on 
lithium grease, the today most common grease. Other soap-thickened greases also 
considered are lithium complex and sodium greases. Generally also two types of 
base oils have been used, a naphthenic mineral oil and a synthetic poly-a-olefin base 
oil. 

1.2 Grease in elastohydrodynamic lubrication 

Hydrodynamic lubrication exists when the geometry of the moving surfaces and the 
viscosity of the lubricant build up a pressure which carries the load and separates 
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the surfaces. If the pressure in the contact is high enough to significantly elastically 
deform the surfaces, then the lubrication is elastohydrodynamic (EHL). A typical 
example of EHL is the contact between the ball and the race in a ball bearing, where 
the pressure can reach several GPa and the elastic deformation of the surfaces is 
several orders of magnitude larger than the thickness of the lubricating fi lm sepa
rating them. Studies of EHL presented in literature have so far focused more on the 
case of oil as a lubricant. Grease has a more complicated non-Newtonian rheology, 
which, furthermore, depends on shear history, and both the thickener type and the 
base oil must be considered. 

Papers B, C, D and E all consider grease in elastohydrodynamic lubrication. 
Paper B, summarised in Section 3.2, deals with the flow of grease around the lubri
cated contact and investigates possible reflow mechanisms, essential to maintain a 
sufficiently large lubricating fi lm. Papers C, D and E investigate the disturbances 
of the lubricating film that appear when soap thickener formations enter and pass 
the contact area. The phenomenon is observed in Paper C and verified for higher 
contact pressures in Paper D, both summarised in Section 3.3. The f i lm thick
ness disturbances are connected with pressure fluctuations in the contact. These 
pressure fluctuations are estimated numerically from the measured film thickness 
disturbances in Paper E, summarised in Chapter 4. 

2 Grease rheology 

An understanding of the rheology is needed to explain the behaviour of the grease 
in many situations. A more precise description in the form of a rheological model 
is needed in flow calculations of for example hydrodynamic or elastohydrodynamic 
lubrication. 

As already mentioned, grease has a complicated non-Newtonian rheology. The 
apparent viscosity varies not only with temperature but also with shear rate and 
time. At low shear rates grease is highly viscous, and to achieve flow at all the shear 
stress has to exceed the yield stress of the grease. At high shear rates, 104 — 106 s _ 1 , 
the apparent viscosity approaches the viscosity of the base oil. 

Oils and greases have a limited ability to transfer shear stresses. The shear stress 
in a lubricant, i.e. a grease, can only be raised up to the limiting shear stress at 
a specific pressure and temperature. The existence of a limiting shear stress has 
been reported by several researchers, see for example Jacobson [2], Bair and Winer 
[3, 4] and Höglund [5]. The pressure dependence of this limiting shear stress can be 
expressed with equation (1) from Johnson and Tevaarwerk [6]. 

TL=T0+1P (1) 

Ti is the limiting shear stress, r 0 the limiting shear stress at atmospheric pressure, 
7 the pressure coefficient of the limiting shear stress, and p is the pressure. At 
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pressures in the GPa range the pressure-dependent part, 7p, becomes dominant. 
The 7-value can then be compared with a friction coefficient. Higher 7-values lead 
to higher shear stresses (friction forces) at a certain pressure (normal load). 

Rheological properties that influence film thickness and friction in EHL are ap
parent viscosity at high shear rate and the limiting shear stress. 

2.1 Cone and plate rheometry 

In Paper A a conventional cone and plate rheometer was used to investigate the 
grease rheology at atmospheric pressure and three temperatures, 40, 70, and 95 °C. 

Because of the relatively high shear rates used in this investigation, nothing 
can be said about the yield stress of the different greases. To reveal that another 
measuring method must be used. Hamnelid [7] and Gow [8] have measured yield 
stresses of fresh soap-thickened greases and found yield stresses of about 400 Pa at 
25 °C. After shearing, the grease structure is changed, homogenised, which reduces 
the initial yield stress of the fresh grease. The measurements presented in Paper A 
were evaluated for homogenised, presheared greases. 

In Figure 1 examples of results from the measurements are shown. The results 
were also fitted to a mathematical model proposed by the authors of Paper A. The 
model, shown in equation (2), is a modification of a relation presented by Bauer et 
al. [9], to include temperature dependence. Equation (2) relates the shear stress of 
a grease with shear rate, base oil viscosity and temperature. 

r = Ty + aTD + b(ecAT)Dn (2) 

t is the shear stress, r y the yield stress, a? the base oil viscosity at the temperature 
of interest, D the shear rate, b is a constant at all temperatures, c the temperature 
dependence of b, A T the temperature difference from the reference temperature 
(40 °C), and n the power law exponent. The solid lines in Figure 1 represent the 
model fitted to the measurements. Because of the relatively high shear rates in the 
measurements, the yield stress, t v , was omitted when fitting the model. As long 
as the model is not used with shear rates below 50 s _ 1 , the yield stress will not 
influence the results. At the low shear rates found for example in central lubrication 
plants, a different model is needed. The temperature dependence of the shear stress 
of the grease was found to be slightly smaller than the temperature dependence of 
the shear stress of the base oil. 

2.2 Bouncing ball apparatus 

The impacting ball apparatus shown in Figure 2 is designed to measure the pressure 
coefficient of the limiting shear stress, the 7-value according to equation (1). The 
apparatus was first developed by Jacobson [2] and has been modified and used in 
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Figure 1: Examples of shear stress versus shear rate measurements from the cone 
and plate rheometer. Graph (a) shows a lithium grease and graph (b) a sodium 
grease. The solid lines represent the proposed model, equation (2) fitted to the 
measurements. 

other investigations on lubricating oils by Höglund [5], Östensen et al. [10] and by 
Wikström and Höglund [11]. 

Figure 2: Bouncing ball apparatus 

This apparatus was used in Paper A where the 7-value of six greases and their 
base oils at 20, 60 and 100 °C was measured. Examples of the results are seen in 
Figure 3. 

The greases follow the same trend as their base oils, and the naphthenic mineral 
oil exhibits significantly higher 7-values than the synthetic poly-a-olefin base oil. 
An interesting result, seen in Figure 3, is that the grease has a lower 7-value than 
its base oils. The soap thickener thus improves the 7-value of the base oil. 

Soap thickeners have a chemical structure similar to that of friction modifiers (for 
instance, fatty acids) added to many lubricating oils to reduce friction. The friction 
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Figure 3: Pressure coefficient of the limiting shear stress (f-value). 

modifier interacts with the metal surface and forms a thin layer on the surface by 
physical adsorption. Similar behaviour could be expected for the soap thickeners. 

3 Film thickness measurement 

One very efficient way to study the lubricating fi lm thickness in EHL was intro
duced by Cameron and Gohar in 1966 [12]. They used optical interferometry, which 
enabled evaluation of the film thickness variations within the contact area. This 
method, also described by Foord et al. [13], was used in the investigations of Papers 
C, D and E. 

The experimental set-up is shown in Figure 4. The steel ball is loaded against 
the semi-transparent disc with a lever and a weight, and the contact is illuminated 
with white light through a fibre-optic bundle and a prism. The light is reflected 
both from the surface of the steel ball and from a 200 Å chromium layer on the 
disc, on the side facing the ball. The reflected light interferes and produces an 
interference pattern seen as fields of different colours in the contact. Different film 
thicknesses result in different colours and thus the topography of the contact area 
can be evaluated, provided a reference value can be found. 

In Paper B the set-up was employed to investigate the flow of lubricant outside 
the contact area, using an uncoated glass disc. In Paper C and E the ball and disc 
apparatus was used to study the grease-lubricated contact between a steel ball and 
a glass disc. In paper D the method was used together with a sapphire disc which 
enabled a maximum Hertzian pressure of 1.2 GPa to be compared with the 0.4 GPa 
that could be reached using the glass disc. Al l the tests were carried out at room 
temperature (20 °C). 

When evaluating the film thickness from the observed coloured pattern, the 
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refractive index of the lubricant is needed. The refractive index varies with tem
perature, pressure and the wavelength of the light. The temperature was kept at 
a constant level and the variation of refractive index with wavelength can be con
sidered to be small, less than five per cent; but the variation with pressure has to 
be considered. At 1 GPa the refractive index of the oil can be about ten per cent 
higher than at atmospheric pressure. 

Disc 

Figure 4: Ball and disc apparatus. 

3.1 Grease versus oil 

The main difference between oil and grease as lubricants in EHL is their respective 
difference in consistency. The semi-solid consistency of grease is the key to many of 
its advantages over oil, as mentioned in the introduction. 

Here the comparison is made between the grease and its base oil. In rolling 
element bearing calculations it is also common to use the properties of the base oil 
to calculate the estimated life, for example. In fact, grease can still not be correctly 
modelled in EHL and bearing life calculations, due to its complicated rheology and 
due to the lack of knowledge about how greases behave in EHL. 

Figure 5 shows one example of results from fi lm thickness measurements with 
the ball and disc apparatus. In this case the central f i lm thickness of one lithium 
grease and its base oil is plotted as a function of the number of revolutions of the 
disc. The Figure illustrates two differences between oil and grease in EHL. Firstly, 
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the initial f i lm thickness, during the first revolution of the disc, is somewhat larger 
than the base oil film thickness. This is expected since the apparent viscosity of 
the grease is higher than the viscosity of the base oil, and a higher viscosity will 
build thicker lubricating films. It is assumed then, of course, the other lubricant 
properties are the same. Secondly, it is seen in Figure 5 that the film thickness, 
after a few revolutions of the disc, decrease far below the film thickness of the base 
oil. Oil manages to achieve replenishment, which grease does not. 

Cycles of the disc 

Figure 5: Central film thickness versus number of revolutions of the disc, from Paper 
C. Rolling speed 55 mm/s and maximum Hertzian pressure 0.4 GPa. 

According to Dalmaz and Chaomleffel [14] the mean shear rate at the inlet of 
the contact can be calculated as the rolling speed divided by the doubled central 
film thickness. In the example of Figure 5, using the given rolling speed, the grease 
viscosity at a shear rate of 4.6 * 10 3 s _ 1 could be used as the effective film-building 
viscosity. Using equation (2) of Section 2.1 together with the right parameters, 
found in Paper A, the effective grease viscosity would in this case be 0.90 Pas, to 
be compared with the viscosity of the base oil, 0.72 Pas. Furthermore, according to 
the well-known equation from Hamrock and Dowson [15] the central film thickness 
is proportional to the viscosity raised to 0.67. The grease in Figure 5 will thus give a 
16 per cent thicker film than the base oil, which is consistent with the experimental 
results. 

Generally, a grease will give a thicker lubricating film than its base oil. A pre
requisite for that is, however, that there is enough lubricant available at the inlet 
of the contact, i.e. that the contact is fully flooded. A grease-lubricated contact is 
not always fully flooded. In Figure 5 the film thickness of the grease-lubricated con
tact decreases rapidly with the number of revolutions of the disc due to insufficient 
replenishment of the inlet, leading to starvation. Grease is pushed away from the 
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contact and, because of the consistency or the high viscosity at a low shear rate, 
it will stay away from the contact, thus causing a gradually progressing starvation. 
This phenomenon is also discussed in a review paper by Moriuchi and Aihara [16]. 
They conclude that lubricant starvation is a characteristic behaviour of greases, and 
that the relation between this phenomenon and the practical use of grease needs 
more clarification. 

The starvation phenomenon in grease-lubricated roller bearings has also been 
observed by Wilson [17]. He measured the grease film thickness in a cylindrical and 
a spherical roller bearing with a capacitance method. After a couple of hours of 
running, the grease film thickness decreased below the calculated film thickness for 
the base oil. 

In addition to the difference between oil and grease in EHL caused by the grease 
bulk rheology, i.e. thicker lubricating film under fully flooded conditions and star
vation effects due to replenishment problems, there are also differences due to the 
two-phase character of grease. 

The soap thickener fibres in the grease are present in formations with dimensions 
of the same order of magnitude as the film thickness found in EHL. Soap-thickened 
greases cannot thus be considered to be homogeneous in EHL. Soap formations will 
enter the contact and cause local, transient disturbances of the film thickness. These 
disturbances will induce pressure fluctuations and consequently increase the stresses 
in the materials and also produce vibrations. 

3.2 Replenishment 

Grease-lubricated bearings can run under starved conditions caused by replenish
ment problems. This will not normally disturb the functioning of the bearing. In 
fact, it can reduce the running temperature and the friction in the bearing. In some 
cases, though, where the lack of lubricant leads to serious starvation, the bearing 
surfaces will come into contact and the bearing will be damaged. To avoid these 
problems the mechanism of replenishment of a grease-lubricated bearing has to be 
understood. 

Pemberton and Cameron [18] investigated the replenishment of an oil-lubricated 
contact. Using a thick oil and air bubbles they managed to visualise the flow around 
an EHL point contact in a ball and disc apparatus. They suggested that the replen
ishment mainly took place at the inlet of the contact, and that the main mechanisms 
were spreading of the side bands due to squeeze motion and surface tension forces. 

In Paper B the flow of lubricant around a grease-lubricated contact was studied, 
partly using molybdenum-disulphide particles to visualise the flow. As mentioned 
in the previous chapter a grease-lubricated contact can be expected to run under 
starved conditions, if no continuous supply of grease takes place. This situation is 
similar to the starvation effects found with high viscosity oils or at high speeds, like 
the results reported by Guangteng et al. [19]. The replenishment is too slow to 
achieve a fully flooded film thickness. In addition to the high apparent viscosity, the 
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yield stress of the grease further obstructs the reflow. 

Side band 

Figure 6: Flow of oil around the EHL contact in the ball and disc apparatus. 

The differences between oil and grease in lubricant flow around the EHL contact 
can be seen in Figures 6 and 7. Although the oil in Figure 6 is of rather high viscosity, 
0.72 Pas, i t manages to replenish the contact without problems, as is indicated by 
the long inlet distance. At the outlet, the cavitation zone, the oil is split into two 
bands, the side bands, which stay separated until they merge together at the inlet of 
the consecutive contact due to the squeeze motion and surface tension forces, thus 
replenishing the contact. 

In the case of grease, in Figure 7, side bands are also created in the cavitation 
zone. However, they do not merge together at the inlet in the same way as for 
oil, but instead form two bands, one small primary band near the contact and one 
large secondary band further away from the contact. The majority of the grease is 
found in the secondary band. This band will act as a seal and protect the contact 
from contaminants. The primary band will create a primary reservoir in connection 
with the contact. The grease in the primary reservoirs will be responsible for the 
possible replenishment of the contact, and supply small amounts of lubricant to 
the inlet by the same mechanisms as in the oil-lubricated case, squeeze motion and 
surface tension forces. In the primary reservoirs the grease is constantly exposed to 
mechanical stress, and is therefore strongly worked and due to degeneration of the 
fibre structure, also slightly softer and can more easily enter the contact than the 
bulk grease. 

Surface tension effects have been suggested as one possible mechanism of replen
ishment. In the ball and disc apparatus it has also been observed that the surface 
tension forces acting around the contact, considering the small surface separations 
at the boundaries between the air and the lubricant, are strong enough to extract 
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Secondary band 

Figure 7: Flow of grease around the EHL contact in the ball and disc apparatus. 

base oil or fractions of the grease from a nearby lump of bulk grease. Due to the low 
velocity of the surface tension induced flow its contribution to the replenishment is 
most likely small. 

Another way to replenish the contact is by spin motion of the ball. This kind of 
motion is often found in ball bearings and especially in thrust ball bearings. In Paper 
B the spin motion of the balls in a thrust ball bearing was found to be responsible 
for the transport of grease from the secondary and primary bands into the inlet of 
the contact and thus solve the replenishment problem. 

3.3 Film disturbances 
Theoretical calculations of EHL normally assume perfectly smooth surfaces. There 
are, though, in reality no smooth surfaces. Even the highly polished steel ball used 
in the ball and disc apparatus has a surface texture that disturb the lubricating fi lm 
in the EHL contact. Other things that disturb the film thickness are particles and 
contaminants in the lubricant. 

When using soap-thickened grease in EHL the lubricant naturally contains par
ticles, the soap thickener fibres, which are gathered in larger or smaller formations. 
Together with other unwanted particles, dust or wear particles, and the surface 
texture, they disturb the steady state, horse-shoe shaped film thickness. With a 
polished steel ball and fresh grease the disturbances from surface texture and con
taminants will be small compared to the disturbances caused by the grease soap 
structure. 

In Paper D eight different greases were investigated in the ball and disc appara
tus. The investigation concentrated on lithium greases, six of the eight, since they 
are the most commonly used, and the aim was to clarify if and in what way they 
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disturbed the film in the contact. Two of the greases were so-called quiet running 
greases or low noise greases, manufactured to have a very homogeneous structure. 
To avoid starvation the measurements were conducted during the first revolutions 
of the disc. 

Al l of the greases caused disturbances in the EHL but the degree of disturbance 
differed. In Figure 8 two examples of fi lm profiles from the grease-lubricated EHL 
contact can be seen. The low noise greases produced very few and small distur
bances, such as in Figure 8A, whereas some of the greases, with high soap thickener 
content, caused a constantly distorted fi lm that totally disrupted the normal horse
shoe shape, see Figure 8B. 

It has already been mentioned that f i lm thickness disturbances are concomitant 
with pressure fluctuations and that they might introduce vibrations. Taken the 
results from Paper D, greases are expected to produce higher vibration levels in 
rolling element bearings than oil. According to the difference in fi lm thickness 
disturbance, also a wide spread in vibration level is expected when using different 
kind of greases. This is in agreement with the findings of Wunsch [20]. He measured 
the solid-borne sound from a ball bearing lubricated with 14 different greases and 
related that to the sound emitted using a very pure reference oil. His results show 
that the greases without exception caused higher noise readings than the oil, but 
also that the noise levels differed a lot between the greases. 

A B 

Figure 8: Two examples of film thickness disturbances. A is a lithium grease and B 
a lithium complex grease. The speed was 55 mm/s, the maximum Hertzian pressure 
1.2 GPa and the Hertzian half width 0.3 mm. 

4 Pressure calculation 
Now, since it is clear that grease will cause disturbed film thickness profiles, one 
obvious question is how large the corresponding pressure fluctuations will be. The 
aim of Paper E was thus to calculate the pressure fluctuations using a measured 
disturbed film thickness profile. 
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The measurements were accomplished using a modified version of the ball and 
disc apparatus shown in Figure 4 with a camera with a colour slides film and a light 
flash as the light source. In the modified ball and disc apparatus the loading was 
achieved by means of a piston and compressed air, and the driving arrangements 
were improved for smoother running. 

To be able to perform the pressure calculations a fi lm thickness map has to be 
created, consisting of enough points from the contact area and the area close by 
to describe the fi lm thickness variations of interest. It is understandable that this 
cannot be done by a completely manual film thickness evaluation. Some kind of 
picture processing is needed. In Paper E the colour slides taken in the ball and 
disc apparatus were transferred to a computer via photo CD. The photo CD was 
used to enable the transfer of pictures with higher resolution than what could be 
achieved using a video camera. A computer program, see Gustavsson et al. [21], 
extracted the wavelength information from the pictures, which then, together with 
the fringe orders, could be interpreted as fi lm thickness. In the calculations presented 
in Paper E the fringe order was set manually, which, for practical reasons, limited 
the resolution of the film thickness map to 65 times 65 points. 

I t is obvious that the resolution used is too coarse to represent very steep film 
gradients like those found at the location of the minimum film thickness, at the side 
lobes and the outlet of the contact. The film thickness disturbances produced by 
the grease are however relatively large, and therefore the results from the pressure 
calculations are relevant already at a resolution of 65 times 65 points. 

4.1 Numerical approach 

Today efficient numerical methods are available for the analysis of the f i lm thickness 
and pressure in circular and elliptical EHL contacts [22, 23, 24]. Grease-lubricated 
contacts have also been treated numerically, but the grease has then only been 
considered in a global way (as if it could be regarded as a fluid) [14, 25, 26, 27] 
and to the author's knowledge the modelling of a local property variation in the oil, 
like a soap fibre formation that enters and passes the EHL contact has not been 
accomplished. 

This means that today film thickness investigations of grease-lubricated contacts 
that consider the two-phase character of the grease and the entering of soap fibre for
mations are purely experimental. EHL pressure calculations including disturbances 
caused by soap thickener formations have likewise not been carried out. However, 
pressure and film thickness are closely related, and there are ways to calculate the 
other if either of them is known. In the present case, the pressure distribution corre
sponding to the disturbed grease-lubricated contact can be calculated from the film 
thickness. 

In Paper E the pressure is calculated from the measured film thickness using a 
numerical method, in the form of a computer program, developed for this purpose, 
Åström and Venner [28]. The method uses the relation between pressure, elastic de-
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formation of the surfaces and fi lm thickness, expressed in the so-called film thickness 
equation (3) 

h(x,y) - hoo +g(x,y) + d(x,y) (3) 

where the film thickness, h(x,y), is a function of a constant, hoo, the geometric 
separation between the surfaces, g(x, y), and the elastic deformation, d(x, y), due to 
the pressure distribution, p(x, y). The constant, hoo, represents the distance between 
the undeformed surfaces at the contact centre. 

Equation (3) cannot be solved analytically since the deformation in one point is 
influenced by the whole pressure distribution. Thus equation (3) has to be solved 
numerically. In Paper E, equation (3) and the load equation are solved using Jacobi 
relaxation and multilevel technique. 

4.2 Pressure in a grease lubricated contact 

Examples of disturbed EHL contacts are shown in Figure 8. They are schematically 
drawn from the fringe pattern using a few evaluated film thickness values. They 
serve their purpose of illustration but cannot be used for pressure calculations. As 
mentioned above, 65 times 65 points were used in the film thickness evaluations 
presented in Paper E to be able to calculate the pressure. Figure 9 shows contour 
plots of film thickness profiles from an oil-lubricated and a grease-lubricated contact. 
Both contacts operate under the same conditions, a rolling speed of 58 mm/s and a 
load of 82 N giving a maximum Hertzian pressure of 430 MPa. 

The measured film thickness and calculated pressure from the oil-lubricated con
tact were also compared with a fully numerical solution of both pressure and film 
thickness, see Venner [24, 29, 30]. The comparison showed good agreement, which 
indicates that the film evaluation method and the pressure calculations give relevant 
results. Examples of results from the pressure calculations are given, in dimension
less form, in Figure 10. 

As seen in Figure 10b the film thickness and pressure fluctuations due to soap 
fibre formations are, with this grease, significant but not alarmingly large. The 
pressure peak in Figure 10b is 25 per cent higher than the Hertzian pressure in that 
point. Moving the film thickness disturbance that causes this pressure peak to the 
centre of the contact will yield a maximum pressure which is 35 per cent higher than 
the maximum Hertzian pressure. 

Although there are some pressure fluctuations appearing in the calculations that 
are generated by the method rather then by real pressures, the pressure calculations 
give meaningful and realistic results. The unwanted pressure peaks, like the one at 
the inlet of Figure 10a, and the small pressure fluctuations also seen in Figure 10a, 
can be explained and accounted for. Pressure peaks at the contact boundary are due 
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Figure 9: Film thickness contours of an oil lubricated (a) and a grease lubricated 
(b) contact. The inlet is to the left. Both contacts operate under a rolling speed of 
58 mm/s and a load of 82 JV. In both contacts the central film thickness is 0.44 p.m. 

to the transition from measured separation to the given geometric separation. The 
small fluctuations in pressure are generated by fluctuations in f i lm thickness caused 
by the surface texture of the steel ball and also by the errors in the film thickness 
evaluation method. 

5 Concluding remarks 

This thesis comprises five papers that aim to describe and elucidate the specific 
behaviour of grease in EHL. 

In flow calculation, which in its more general sense also include EHL calculations, 
a model for the fluid or the lubricant is needed. A model for soap-thickened grease 
is proposed in Paper A. It relates shear stress to shear rate, base oil viscosity and 
temperature. 

One of the purposes of a lubricant is to reduce friction. In EHL the friction 
coefficient is closely related to the limiting shear stress of the lubricant. From 
measurements in Paper A it can be concluded that a soap-thickened grease will give 
a slightly lower friction coefficient in EHL than the base oil of the grease. 

In Paper C it was found that the soap thickener participates in the lubrication 
and disturbs the EHL film thickness profile. Formations of soap thickener enter 
the contact and increase the film thickness locally during their passage through the 
contact. Another phenomenon that was observed in Paper C was that the film 
thickness decreases steadily with time if grease is not continuously supplied to the 
contact. This decreasing film thickness was the result of starvation (lack of lubricant 
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Figure 10: Dimensionless pressure, P, and film thickness, H, of the oil-lubricated 
(a) and the grease-lubricated (b) point contacts. Both graphs are plotted in the 
rolling ( X ) direction for Y = 0, see Figure 9. For the oil-lubricated contact (a) the 
numerically solved film thickness and pressure are also plotted (dashed lines), and 
for the grease-lubricated contact the Hertzian pressure is plotted (dashed line). 
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at the inlet) due to insufficient replenishment of the contact. 
The problem with grease replenishment, causing gradual starvation, was further 

examined in Paper B. When investigating the starved EHL contact two small reser
voirs were found, called the primary reservoirs, situated in connection to the sides of 
the contact. These reservoirs were separated from the majority of the grease found 
in the secondary bands, further away from the contact. The primary reservoirs are 
believed to play an important role in the supply of lubricant to the starved contact. 
Spin motion of the balls in a thrust ball bearing was found to replenish the contact 
by transporting grease from the primary and secondary bands to the inlet. 

In Paper D the disturbances of the film thickness were confirmed at pressures up 
to 1.2 GPa. It was also shown that disturbances of varying size could be found in any 
lithium grease. Greases classified as low noise greases showed very few disturbances. 
The number of disturbances was also related to the soap content of the grease. 
Greases with higher soap content caused more disturbances. The size and density of 
the soap thickener formations depend on the manufacturing process, the thickener 
type and the soap content. 

Paper E demonstrates that the pressure distribution of a disturbed fi lm thickness 
can be calculated, provided that the film thickness over the entire contact area can be 
evaluated with enough resolution and accuracy. The evaluation of fi lm thickness and 
the calculation of pressure for an oil-lubricated contact agreed well with a numerical 
solution of pressure and film thickness for the given lubrication conditions. For the 
grease investigated in Paper E, the observed film disturbances caused local pressures 
25 per cent higher than the corresponding Hertzian pressure. A maximum local 
pressure increase for this grease was estimated to be 35 per cent higher than the 
maximum Hertzian pressure. 

6 Recommendations for future work 

There are still many unexplored questions concerning the behaviour and properties 
of grease in EHL. In the light of this thesis some recommendations for future work 
on this subject can be made. 

One task that needs to be confronted, if grease is to be modelled in a correct 
way in EHL, is the inclusion of the soap thickener formations. This also produces 
the question of the rheological and physical properties of the formations. The ideal 
grease model would describe the grease as a non-Newtonian fluid with more or less 
expressed local property variations. 

A complete description of a grease in EHL would also need to include the replen
ishment behaviour. This varies with the grease, the geometry of the contact and 
the working conditions. More knowledge is needed about different replenishment 
mechanisms and the role of the primary and secondary bands. 

The method of calculating pressure from a measured film thickness, presented in 
Paper E, can be used to further clarify the relationship between grease type, grease 
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manufacturing process, bearing vibrations caused by the grease, plastic deformations 
of bearing surfaces and rolling element bearing life. The method can also be used to 
investigate the properties of soap thickener formations, to verify developed models 
and to verify numerical calculations with the models. 
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ABSTRACT 

The rheological properties of two l i t h i u m , two l i t h i u m complex and two 
sodium greases, al l w i t h the most common N L G I grade two, have been 
investigated. The greases are based on one mineral and one synthetic o i l . The 
apparatuses used were a cone and plate rheometer and an impact ing ball 
apparatus. 

The impacting ball apparatus used a steel ball, which impacted a lubricated 
sintered carbide plate, to measure the shear strength- pressure coefficient, y, of 
the lubricant . Å t pressures f o u n d i n elastohydrodynamic contacts this 
coefficient determines the l im i t i ng shear stress. The y-value thus affects the 
coefficient of f r ic t ion and consequently, lower y-value mean less fr ict ion. 

The results f r o m the impacting ball apparatus showed that the y-value was 
lower for the greases w i t h synthetic base o i l and that the l i th ium greases gave 
lower y-value than the corresponding base oils. 

Results f r o m the cone and plate rheometer showed the characteristic shear 
th inning behaviour of the greases and the influence of shear history and 
temperature. The results f r o m the cone and plate rheometer have also been 
fit ted to a four parameter rheological model. 

1. INTRODUCTION 

Greases are widely used as lubricants in , for example, rolling bearings and gears 
but their behaviour in a lubricated elastohydrodynamic contact is not yet f u l l y 
understood. One reason for this is the complicated rheological behaviour in 
comparison w i t h lubricating oils. A lubricating grease is a solid or semi-fluid 
two-phase system. It consists of a thickening agent (the soap) in a lubricating oil 
(the base oil) . The 5 - 20 w t % soap content acts like a sponge that retains the oi l 
and gives the grease a more or less solid consistency. Besides the oi l and the 
soap a normal grease also contains different additives, for example, f r ic t ion 
modifiers and EP (Extreme Pressure) additives. 

As far as the quantity produced is concerned, lubricating grease is small 
compared to lubricating o i l but grease still plays a very important role i n many 
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lubrication situations. I n many applications the grease is irreplaceable because 
of its ability to stay in the place lubricated and the ability to act as a seal to 
prevent entry of d i r t and water. 

In elastohydrodynamically lubricated (EHL) contacts, the lubricated contact 
between the ball and the race in a ball bearing for example, two parameters are 
of major interest, o i l f i l m thickness and traction. The o i l f i l m thickness 
separates the surfaces and thus increases the l i fe of the bearing, and the traction 
causes power loss and transmits friction forces between the surfaces. 

The influence f r o m the rheological properties of the lubricant on the o i l f i l m 
thickness is determined in the inlet region of the contact where the pressure is 
relatively l ow compared to the pressure in the central part where traction is 
determined. Conclusively the rheological property at all work ing conditions, 
pressures, temperatures etc. have to be known to classify a lubricant. 

This investigation presents the shear stress-shear rate relationships - the 
rheological properties - of six greases and their base oils. The greases tested are 
combinations of two base oils and three soaps wi thout any other additives, 
specially made for this and other research projects. The combinations give six 
different greases, all w i t h the most common N L G I grade two. 

2. D A T A O N GREASES A N D BASE OILS 

The six greases are based on two different oils. One naphthenic mineral o i l , 
called B l , and one synthetic polyalphaolefin, w i t h about 5% diester, called B2. 
Fundamental data are given in table 1. The base oils are chosen to have equal 
dynamic viscosities at 20 °C. 

Table 1. Properties of the base oils. 

Symbol Type Viscosity 
at 40 °C 

Viscosity 
at 70 °C 

Viscosity 
at 95 °C 

( N s / m 2 ) (Ns/m2) (Ns/m2) 

B l 
B2 

Naphthenic 
Polyalphaolefin 

0.141 
0.235 

0.0273 
0.0651 

0.0110 
0.0299 

Table 2 summarizes the grease composition and data. A common way to classify 
grease consistency is the N L G I grade specified in ASTM D 217. The N L G I grade 
indicates the amount of penetration of a standardized cone dropped in a grease 
sample. Higher N L G I grade means harder grease and less penetration. A l l six 
greases are of N L G I grade two which means a normal grease and penetration 
number between 265 and 295. The soap thickeners used are l i t h i u m (Li) , 
l i t h i u m complex (LiC) and sodium (Na). According to Farrington [1] the 
l i t h ium and l i t h i u m complex thickener generally have a f iner soap fibre 
structure, approximately 0.2 u.m in diameter, compared to the sodium 
thickener, approximately 1 urn in diameter. 
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Table 2. Properties of the greases. L i=Li th ium, 
L iC=Li th ium complex, Na=Sodium. 

Symbol Base o i l Soap Soap Worked Dropping 
thickener content penetration point 

(wt%) (1/10 mm) C O 

G l B l L i 11.0 270 200 
G2 B l LiC 13.5 280 285 

G3 B l N a 12.8 285 187 

G4 B2 L i 22.8 285 171 

G5 B2 LiC 17.9 290 300 

G6 B2 N a 17.2 275 200 

3. APPARATUSES A N D METHODS 

3.1. Cone and plate rheometer 

The shear stress- shear rate relationship for a test specimen can be evaluated by 
measuring the torque needed to rotate a cone at a constant speed when the gap 
between the cone and a r ig id plate is f i l led w i t h the specimen. The gap angle 
between the cone and the plate has to be small compared to the cone diameter 
so that constant shear rate i n the gap can be assumed, Dobson et al. [2]. 

Rotating shaft w i t h 
torque measurement ^ 4 

Water of adjustable 
temperature 

Grease sample 

Rigid plate 

Temperature 
measurement 

Fig. 1. Cone and plate rheometer. 

I n this investigation the cone and plate rheometer used, seen schematically in 
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Fig. 1, was a Rheotest I I f rom M L W (Freital DDR). I t has the ability to measure 
shear stress w i t h shear rates ranging f r o m 5.6 to 4860 s-l at d i f fe ren t 
temperatures and atmospheric pressure. 

A l l measurements have been carried out w i t h a 0 38 m m cone w i t h 0.3° gap 
angle. This gives a gap height of 0.1 m m at the circumference of the cone. The 
soap fibres are thus small compared to the gap height and the measurements 
can be referred to as bulk properties. The plate was heated w i t h water of 
adjustable temperature and the temperature of the plate was measured dur ing 
the tests. 

Measurements have been carried out w i t h shear rates ranging f r o m 10 to 
4860 s-t and at three different temperatures; 40, 70 and 95 °C. Every test started 
w i t h the measuring gap f i l l ed w i t h fresh grease or o i l . The shear rate was 
successively increased in ten steps starting at 10 s-l fol lowed by 17, 50, 150, 450, 
810,1350,1620, 2700 and 4860 s-l. A t every step the measurement was continued 
unt i l the torque (shear stress) reading stabilized, approximately one minutes, 
and then the shear rate was increased to the next value. When the maximum 
shear rate, 4860 s-l, was reached the shear rate was decreased step by step in the 
same manner as before without changing the grease. 

3.2. Impacting bal l apparatus 

The impacting ball apparatus, shown in Fig. 2, was first constructed by Jacobson 
[3]. I t has been further developed to its present state by Hög lund [4]. 

Fig. 2. Impacting ball apparatus. 

The main parts are a 050 m m steel ball and a flat sintered carbide plate. The ball 
is dropped against the plate i n a variable inclination through a skid on guide 
bars, and bounces on the test specimen, the lubricant, placed on the plate. The 
maximum pressure in the lubricant during the impact is about 5 GPa and the 
impacting time about 0.1 ms. 
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After impact the ball, due to the inclined approach, w i l l have a rotation and a 
trajectory that depend on the test specimen. A picture processing system is used 
to determine the trajectory and rotational speed of the ball and f r o m that the 
7-value can be calculated. 

I n s implif ied terms the sliding velocity of the ball w i l l be transformed into 
pure rol l ing at the end of impact because of the fr ict ion, the shear stress, i n the 
test specimen. The rotational speed of the ball is then a measure of the 
maximum obtainable shear stress, i n other words the fr ict ion, i n the lubricant. 

Every sample was tested f ive times to statistically secure the results. Af ter a 
certain number of impacts the ball had to be replaced due to permanent plastic 
deformation of the surface. The plate lasts longer because of its higher hardness. 

A l l the six greases arid their base oils were tested at 20, 60 and 100 °C. Both the 
steel ball and the plate were heated to the right temperature before each test. 

4. RESULTS A N D DISCUSSION 

4.1. Results f r o m cone and plate measurements 

The results f r o m the cone and plate measurements are presented i n table 3 as 
results f r o m f i t t i ng a rheological model to the measurements. The apparent 
viscosities of the greases are strongly shear rate dependent for all the greases 
tested. They show a pseudoplastic, shear thinning, behaviour. The viscosity 
decreases rapidly in the beginning and w i l l approach the viscosity of the base oil 
if the shear rate is greatly increased, Palacios and Palacios [5]. Both base oils have 
linear shear stress-shear rate relationships, they are Newtonian. 

The mathematical model used was based on a four parameter model, 
equation (1), proposed by Bauer et al. in 1960 [6]. 

z = zy + aD +bDn (1) 

D is the shear rate, T the shear stress, xy the yield stress, a the base oi l viscosity, b 
the plastic viscosity and n the power law exponent. One advantage w i t h the 
four parameter model compared to other models l ike the Herschel-Bulkley 
model, is that the grease apparent viscosity w i l l not be able to decrease below 
the viscosity of the base oi l . 

The four parameter model was modif ied to incorporate the temperature 
dependence. The base o i l viscosity at the temperature of interest, aj, is assumed 
to be k n o w n and the power law exponent n is assumed to be constant, 
independent of temperature. The temperature dependence of the plastic 
viscosity, parameter b, has been described as an exponential funct ion of the 
temperature change, T - To, where To is the reference temperature, 40 °C in this 
case. The four parameter model w i th temperature dependent plastic viscosity, is 
shown i n equation (2). I n equation (2) b is the plastic viscosity at reference 
temperature. 
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x = T y + flTD + b e c ( T ~ T ° ) D n (2) 

Equation (2) has been f i t t e d to the results f r o m the cone and plate 
measurements at three temperatures, 40, 70 and 95 °C, using the least squares 
method. Parameters b, c and n are presented i n table 3 together w i t h the 
significance of the f i t t i n g , R2. Parameter ar is the base o i l viscosity at the 
temperature of interest, given in table 1. The yield stress could not be measured 
w i t h the equipment used in this investigation and the results f r o m the 
measurements were not close enough to the yield stress area to give a correct 
yield stress when f i t t ing the data to the model. A t shear rates above 50 s _ 1 the 
yield stress is small compared to the other terms. The yield stress has thus been 
neglected in this investigation. 

Table 3. Results f r o m f i t t ing equation (2) to 
the cone and plate measurements. 

Symbol b c n R 2 

( N s / m 2 ) (K-l) (%) 
G l 242 -0.0236 0.283 98.5 
G2 199 -0.0183 0.282 97.9 
G3 4.00 -0.0168 0.660 99.0 
G4 103 -0.0236 0.451 98.9 
G5 158 -0.0195 0.358 98.1 
G6 15.7 -0.0067 0.498 98.1 

The increasing-decreasing test procedure made it possible to qualitatively judge 
the affect of orientation or destruction of the soap structure on the grease 
apparent viscosity. The model, equation (2), has been fi t ted to results f r o m the 
decreasing part of the test procedure. In the preliminary measurements not 
documented here, i t was shown that only the f l o w curve given by the 
decreasing part of the test procedure was reiterated i f the increasing-decreasing 
procedure was repeated a second time without changing the grease. These 
results coincide w i t h those f o u n d by Bauer et al. [6] and indicate that a 
permanent change of the grease structure has taken place. The greatest change 
between the decreasing and the increasing part was observed w i t h the sodium 
thickened greases, G3 and G6. This can be explained by the effect of the 
relatively larger soap particles in G3 and G6 which can lead to a greater 
destruction or orientation in the small cone and plate gap. When measuring 
the penetration before and after 100 000 strokes in a grease worker, sodium 
greases are also known to be less shear stable compared to l i th ium greases. 
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4000 

Shear r a t e (1 / s ) 

Fig. 3. Measurements and fi t ted model for the 
l i th ium soap grease G l . 

Figs. 3 and 4 examplifies the results f r o m the measurements w i t h the cone and 
plate rheometer and the f i t ted model according to table 3. Results f r o m greases 
G l and G3 are presented. In Fig. 4, showing the sodium soap grease G3, the large 
difference between the decreasing, "Dec", part and the increasing, "Inc", part can 
be seen. 

2000 

Shear r a t e (1 /s ) 

Fig. 4. Measurements and f i t ted model for the 
sodium soap grease G3. 
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The plastic viscosity, b i n table 3, shows that G3 and G6, greases w i t h sodium 
thickener, shear w i t h less resistance than the greases w i t h l i th ium and l i th ium 
complex thickener based on the same base oi l . The differences between G l and 
G2 and between G4 and G5 are not equally obvious. 

It is also clearly seen in table 3 that all six greases have very different f l ow 
curves in spite of their equal consistency according to the N L G I grade. 

The temperature influence of the plastic viscosity, c i n table 3, is of the same 
order but slightly smaller than the influence of temperature on the base o i l 
viscosity. I n table 3 i t is also seen that the change i n plastic viscosity w i t h 
temperature is governed more by the thickener type than by the base o i l . For 
example, the plastic viscosity of the greases w i t h l i th ium thickener, G l and G4, 
seem to be more influenced by temperature than the plastic viscosity of the 
sodium greases, G3 and G6, according to parameter c i n table 3. 

4.2. L imi t ing shear stress-pressure coefficient 

Many authors l ike Jacobson and H ö g l u n d [9] and Bair and Winer [8], have 
found a l im i t for the maximum shear stress which can not be exceeded no 
matter how much the shear rate is increased. 

This l imi t ing shear stress applies to all lubricants but, at low shear levels, 
linear approximations like Newtonian behaviour can still be used. The l imi t ing 
shear stress is a very impor tant parameter for the lubricant f r i c t i o n 
characteristics. I t is dependent on pressure and temperature. The pressure 
dependence, for small relaxation times, can be expressed w i t h equation (3) 
shown below, f r o m Hamrock and Dowson [7]. 

% is the l i m i t i n g shear stress, x 0 the l im i t i ng shear stress at atmospheric 
pressures, y the shear stress-pressure coefficient and p the pressure. 

The impacting ball apparatus, described above, measures the l imi t ing shear 
stress-pressure coefficient, y. For lubricating oils the y.value has been measured 
by Jacobson and H ö g l u n d [9] and Hög lund [4] and was shown to range between 
0.02 and 0.15. 

In an actual EHD contact, where the pressure reaches wel l over 1 GPa, the 
pressure dependent part i n equation (3), y p, becomes dominant. 

Earlier measurements of the y.value on lubricat ing oils [4] have been 
compared w i t h thorough studies of the influence of the same lubricants on the 
efficiency of industrial gears made by Eriksson [10]. These studies showed good 
correlation between the lubricant shear stress-pressure coefficient, y, and the 
measured efficiency. Low values of y gave higher efficiency due to less fr ict ion 
in the lubricated contact. 

The l imi t ing shear stress-pressure coefficients, y, for the greases and their base 
oils are presented in Fig. 5. 
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The results shown in Fig. 5 are the average of f ive tests. The standard 
deviation of the tests ranges between 0.0002 and 0.0017. 

I t is clearly seen that greases based on the mineral o i l , G l to G3, exhibit 
significantly higher values of y than the greases based on the synthetic oi l , G4 to 
G6. The greases obviously fo l low the trend shown by the base oils. 

I t is also seen that the greases, especially the l i t h ium greases, have lower 
y-values than their base oils. This is an indication of the influence of soap 
thickener on the rheological properties, even in a heavily loaded EHD contact. 
The ability of soap thickeners to reduce fr ict ion has also been verified earlier by, 
for example,. Hor th et al. [11] 

0,08 

0,06 H 

CJ 
3 

iH 

> 
I 

0, 04 

0, 02 

0, 00 
20 °C 60 °C 100 °C 

Mineral base o i l 

20 °C 60 °C 100 °C 

S y n t h e t i c base o i l 

Fig. 5. L imi t ing shear stress-pressure coefficient. 

One observation that reveals unusual behaviour is the b ig temperature 
dependence of the y-values of B l and G l to G3. B2 show a more "normal" 
behaviour. The cause of Bl's strong temperature dependence is not clarified. 

The difference in y between B l and B2 can partly be explained by the higher 
viscosity of B2, shown in table 1. H ö g l u n d [5] has shown that the y-value has a 
clear tendency to increase w i t h decreasing viscosity, smaller molecules. In this 
case though, the difference in viscosity is too small to explain the whole 
difference in y-values. 
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5. CONCLUSIONS 

This investigation of some properties of l i th ium, l i th ium complex and sodium 
greases leads to the fol lowing conclusions. 

The grease bulk rheology can be described by the proposed four parameter 
model, equation (2) which is a model introduced by Bauer et al., modif ied 
to include temperature dependence of the plastic viscosity. 

The fact that sodium soap greases shear more easily than l i t h i u m and 
l i t h i u m complex soap greases can be seen f r o m the model f i t t ings i n 
table 3. 

Results f r o m the impacting ball apparatus given i n Fig. 5, show that the 
greases w i t h synthetic base o i l probably wou ld increase the efficiency in an 
elastohydrodynamic application compared to the corresponding greases 
w i t h mineral base oi l . 

The l imi t ing shear stress-pressure coefficient of the l i th ium soap grease is 
consequently lower than the coefficient of the corresponding base o i l . 
When looking at efficiency in an elastohydrodynamic contact, the l i t h ium 
soap thickener would actually improve the properties of the lubricant. 
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Lubricating Grease Replenishment 
in an Elastohydrodynamic Point 
Contact 
A ball and disk apparatus was used to investigate the lubricant replenishment of an 
elastohydrodynamically lubricated point contact. This replenishment of the contact 
is crucial for building up a lubricating film. Whereas lubricating oil manages to 
achieve replenishment, lubricating grease appears not to achieve this, with lubricant 
starvation and a dramatic decrease in film thickness as a result. The distribution of 
grease around the contact was studied using normal and high-speed video. The 
movements of grease in the vicinity of the contact could be seen by adding molyb
denum disulfide particles to the grease. A recording was then made, using high
speed video recording. The overall cavitation regions were studied using an ordinary 
video camera and grease without particles. On the basis of the results, possible 
lubricating grease replenishment mechanisms are discussed. The resulting film thick
ness was also compared with theoretical predictions using the Hamrock and Dowson 
starvation criterion, assuming negligible replenishment. The measured film thickness 
was larger than the predicted, which indicated that some replenishment occurs. Jn 
the case of an ordinary thrust ball bearing, replenishment was found to rely on the 
spin motion of the balls. 

Introduction 
In almost all lubrication the lubricant is constantly squeezed 

away from the contact area by the contact pressure between 
the lubricated surfaces. To be able to separate the surfaces, 
lubricant must be supplied to the contact area. In many lu
brication situations, such as rolling element bearings and jour
nal bearings, the supply of lubricant is accomplished by the 
relative motion of the surfaces. The lubricant is drawn into 
the contact area at the inlet and leaves the contact at the outlet 
and at the sides. 

The lubricant leaving the contact, for example in bearings, 
is brought back into the inlet again, and lubricant replenish
ment takes place. This replenishment is the work of different 
mechanisms, such as gravitational forces, mechanically in
duced flow, and surface tension effects. The main purpose of 
replenishment is to supply the inlet of the contact with enough 
lubricant to maintain proper lubrication. Lubricant replenish
ment is thus very important if the surfaces are to be separated 
by a lubricating film. 

The flow of lubricating oil around an elastohydrodynamic 
(EHD) point contact and the replenishment mechanism of the 
oil have also been investigated by Pemberton and Cameron 
(1976). They injected air into the oil and studied the trajectories 
of the air bubbles. Their findings were confirmed in the present 
investigation concerning the base oil of the tested greases. 
Replenishment in the oil-lubricated contact takes place at the 

inlet of the contact. The governing mechanisms suggested by 
Pemberton and Cameron (1976) were spreading of the side 
bands due to the squeezing motion of the surfaces (Fig. I) , 
and surface tension forces. The inlet distance was found to 
decrease with increasing base oil viscosity and increasing speed. 

The lubrication of a ball bearing is often experimentally 
investigated using an E H D point contact between a ball and 
a disk, where the ball rolls or slides on the rotating disk. The 
track behind the contact has to be replenished after the first 
revolution of the disk to maintain a constant lubricating film 
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Fig. 1 The flow around the olMubricated contact at rolling speeds above 
50 mm/s 
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Flg. 2 Central film thickness between the ball and the disk in a ball 
and disk apparatus. Load 60 N. Maximum Hertzian pressure 0.38 GPa. 
Rolling speed 55 mm/s. Experimental film thickness from Astrom et al. 
(1991). 

thickness. Several investigations, Aihara and Dowson (1978), 
Zhu and Neng (1988), Kageyama et al. (1984), and Åström et 
al. (1991), have concluded that the film thickness in such an 
E H D point contact decreases with time when the contact is 
lubricated with grease and the grease is not continuously sup
plied to the contact. This decrease in film thickness is the effect 
of insufficient lubricant replenishment. It would appear that 
grease squeezed away to the sides of the contact never re-enters 
the inlet, and the contact is thus gradually starved. 

ln Fig. 2, results from an experimental investigation of an 
E H D point contact, presented by Åström et al. (1991), are 
shown. The figure shows the lubricating film thickness between 
a steel ball and a glass disk as a function of the number of 
revolutions of the disk. Lubricant was only supplied once, 
before the test. After the first revolution of the disk the contact 
will find its own track, and lubrication thus depends on lu
bricant replenishment of the track. The results presented in 
Fig. 2 verify that base oil maintains the film thickness and thus 
manages to achieve replenishment, which grease does not. 

The lubricating film thickness in grease-lubricated roller 
bearings has been measured by Wilson (1979) with a capaci
tance method. He found that the bearings after about 10 hours 
of running stabilized at partially starved conditions with half 
the film thickness, of fully flooded conditions. Notable is that 
the partially starved film thickness was unaffected by a tem
perature reduction from 60°C to 40°C. 

In a recent study of a grease-lubricated E H D point contact 
using IR spectroscopy and optical interferometry, Cann et al. 
(1991) found results that provided new perspectives to the 
grease replenishment problem. Thickener material, in the form 
of soap particles, was found to build up a layer in the track 
during fully flooded conditions, which increased the surface 
separation in a starved situation. The layer was, in the case 
studied, in the 50 nm range, and could contribute to lubri
cation. The fact that the starved film thickness in the meas
urements from Wilson (1979) was unaffected by temperature 
changes may indicate that a soap particle layer contributes to 

GJass disc 

Fig. 3 Ball and disk apparatus with microscope and video camara 

lubrication. This layer, in combination with some replenish
ment, could be the necessary supply of lubricant to maintain 
a constant, partially starved, film thickness. In the present 
investigation, however, a point contact was studied in which 
the lubricant can much more easily be squeezed to the sides 
of the contact than in a line contact situation. 

According to bearing manufacturers, the life of a rolling 
element bearing is not decreased if lubricated with grease in
stead of oil. This should be the case if the grease-lubricated 
bearing worked under as dramatically starved conditions as 
indicated by Fig. 2. Bearings lubricated with grease have to be 
relubricated a couple of times during their operating life be
cause of the ageing of the grease, but no sign of improper 
lubrication, that is to say starvation, caused by insufficient 
replenishment, has been documented. The soap particle layer 
investigated by Cann et al. (1991) cannot alone maintain a 
complete lubricating film, and thus some replenishment must 
take place. The aim of this investigation is to understand how 
grease is transported around an E H D point contact, and which 
mechanisms can cause grease replenishment. 

Experimental Apparatus and Method 
The equipment used in this investigation, shown in Fig. 3, 

consists mainly of a steel ball and a glass disk. The same 
equipment has also been used in an investigation of film thick
ness in a grease-lubricated contact, Åström et al. (1991). In 
the film thickness measurements the well adopted optical in
terferometry technique was used and thus the glass disk was 
coated with a semireflecting chrome layer on the side facing 
the ball. Instead of measuring the film thickness in the contact 
between the ball and the disk, the flow of lubricant around 
the contact was studied in the present investigation. The 50 

Nomenclature 

E ' = 

He 

Hertz radius, m 
effective elastic modulus, 
N / m 2 

Hertzian separation for dry 
contact, m 
central film thickness for 
fully flooded conditions, m 
dimensionless central film 
thickness, hcj;/Rx 

hc = central film thickness for 
starved lubrication condi
tion, m 

(Wold - central film thickness from 
the previous revolution, m 

m" = dimensionless inlet distance 
at boundary between fully 
flooded and starved condi
tions 

m = dimensionless inlet distance 
'max - maximum Hertzian pres

sure, N /m 2 

Rx = effective radius in rolling 
direction, m 

x = coordinate in the rolling di
rection, m 
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mm steel ball was Loaded against an uncoated glass disk. Both 
the ball and the disk could be rotated in order to achieve either 
pure rolling or different degrees of sliding. The contact was 
observed through the glass disk with a microscope, and the 
picture was recorded with a video camera. Both a conventional 
VHS camera and a high-speed video camera taking 1000 pic
tures per second were used. 

In this investigation, as well as in the investigation by Aström 
et al. (1991), the maximum Hertzian contact pressure was 0.38 
GPa and the Hertzian contact diameter about 0.6 mm. The 
contact was investigated in pure rolling at very low rolling 
speeds, between 5 and 10 mm/s, to be able to catch the move
ments of the lubricant near the contact. The flow situation in 
a larger area around the contact was also studied at higher 
rolling velocities, up to 60 mm/s. 

To be able to follow the flow of the lubricant close to the 
contact area, an amount of less than one percent of molyb
denum disulfide (MoS2) in particle form was added. The par
ticles were mainly between 3 and 12 /i.m in diameter according 
to the particle size histogram in Fig. 4. This could be compared 
with the contact diameter which in this case was 600 ßtn. On 
the video recording the MoS 2 particles appeared as bright spots 
in the bulk material. The small amount used will not influence 
the grease rheology and consequently the flow properties will 
remain the same as for a grease without particles. The same 
amount of particles in an ordinary oil would, according to 
Einsteins equation, cause a viscosity increase of less than three 
percent. As long as the particles were larger than the gap 
between the ball and the disk, they followed the flow of the 
lubricant. It could be clearly observed when a particle was 
stuck between the surfaces and dragged through the contact. 
Wan and Spikes (1987) have used a similar experimental set
up to investigate the behavior of solid particles suspended in 
lubricating grease and in oil. They found that MoS 2 particles 
passed through an E H D point contact under pure rolling and 
combined rolling and sliding with little disturbance of the lu
bricated contact. When, occasionally, a MoS 2 particle enters 
the contact region it flattens and causes small local defor
mations of the surfaces but does not influence the film thick
ness in any other way. 

The ball and disk apparatus used in this investigation con
trols the ball movement so that no spin motion of the ball 
occurs. In a ball bearing, spin of the balls does take place 
which can greatly influence the replenishment. Therefore, a 
thrust ball bearing, with and without a ball cage, was also used 
in the present investigation. This bearing was a type S K F 51408 
with an inner diameter of 40 mm and 10 balls with diameters 
of 18 mm. It was lubricated with a lithium grease based on 
mineral oil and containing one percent MoS 2 particles. The 
races were filled with grease, the bearing assembled and loaded 
with a 10 kg weight and rotated 150 revolutions. The distri
bution of grease in the bearing was then studied. Grease does 
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Fig. 5 Flow curves of the greases and their base oil 

not normally flow under the influence of gravitational forces 
and thus the distribution of the grease is the result of grease 
flow during running. The test was repeated with the same 
bearing with four balls without a ball cage. One of the balls 
was marked with a cross. When turning the bearing the spin 
of the ball could be observed. 

All measurements were conducted at a room temperature 
o f 2 2 ° C . 

Lubricants Investigated 
Lubricating grease is a commonly used lubricant for example 

in rolling element bearings. It has the advantage over lubri
cating oil that, due to its consistency, it stays at the lubricating 
point and acts as a seal to prevent the entry of impurities and 
water. A lubricating grease consists of a lubricating oil, the 
base oil, a thickening agent and different additives. With a 
soap thickener as the thickening agent the grease comprises a 
two-phase system where the base oil is kept in place by a 
structure of soap particles, in a similar way that water is re
tained in a sponge. Grease displays properties of both Bingham 
fluids (yield stress) and pseudoplastic fluids (apparent viscosity 
decreases with increasing shear rate). 

Two specially manufactured lubricating greases of different 
consistency, and their common base oil, have been investi
gated. The lubricants and their data are listed in Appendix A. 
A lower content of soap thickener makes M-Li-7 a softer grease 
than M-Li-11, which is an N L G I grade 2 grease. In Fig. 5 the 
flow curves of the two greases and their base oil are illustrated. 
Naphthenic mineral oil thickened with lithium soap constitutes 
the grease most commonly manufactured today. The greases 
and the base oil did not contain any other additives than the 
MoS; particles, added to render the lubricant flow visible. 

Results and Discussion 
The grease at the outlet of the fully-flooded contact split 

into two bands (secondary bands) which were pushed far away 
from the contact area. This was observed at rolling speeds 
above 3 mm/s. No difference in the distance between the bands 
for the two greases M-Li-11 and M-Li-7 was observed. In 
practical applications these secondary grease bands will act as 
a seal to protect the bearing from impurities and water. 

When the contact was lubricated with the base oil, M, at 
low rolling speeds, a cavitation bubble was formed at the exit 
of the contact. At speeds above 50 mm/s, the oil was like the 
grease split into two bands, Fig. 1. Pemberton and Cameron 
(1976) used a very thick oil in their investigation, one of about 
3 Pas at 25°C, and observed that it split into two bands at as 
low speeds as 28 mm/s. 

At the outlet zone, where the gap between the ball and the 
glass disk diverges, the lubricant cavitates. The cavitation pat
tern looks like a tree stretching its branches from the secondary 
bands at approximately 45 deg to the rolling track, Fig. 6. The 
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Table 1 Results from predictions of central film thickness 
for the case of no replenishment, m* = 2.216. 

Fig. 6 Cavitation pattern created at the outlet of the fully flooded grease-
lubricated contact. Dark areas are grease and bright areas cavitation 
regions. 
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Fig. 7 Notations to the calculations of film thickness tor the case of 
no replenishment 

(lim) 
m 

( 3 
m e K P 

Number o f 
revolutions of 

the disk 

0.60 0.60 _ 1 
0.34 2 
0.27 1.076 3 
0.21 1.033 0.45 1.443 5 
0.16 1.014 0.34 1.166 10 
0.13 1.007 0.30 1.109 20 

hs=hc + 

(1) 

The central film thickness, as a function of inlet distance, 
was calculated using the starvation theory, Eq . (2), from Ham
rock and Dowson (1981). 

where m", the inlet distance giving full film lubrication, h c j f , 
is calculated according to Eq . (3) from Hamrock and Dowson 
(1981). 

-10.58 

m =1 + 3.06 (3) 

where Hc, the dimensionless central film thickness, is equal to 
hcjf divided by Rx. 

The surface separation together with the starvation theory 
gives an Eq. (4) with the dimensionless inlet distance as the 
only unknown parameter which thus could be solved, one 
revolution at a time. 

. 0.29 

width of the branches increases further away from the track 
due to the geometrical separation. In the track, a striated 
pattern of very small branches could be seen. With lubricating 
oil the branches outside the track will, to varying degrees, 
spread out and vanish, but with lubricating grease they retain 
their shape because of the yield stress of the grease. It was also 
observed that the thinner grease, M-Li-7, gave coarser cavi
tation branches than M-Li-11, due to the difference in con
sistency. 

No sign of replenishment of the track behind the contact 
was observed when the contact was lubricated with the greases. 
The branch pattern created by cavitation at the outlet of the 
contact remained unchanged even days after the tests. Any 
replenishment must thus take place at the inlet of the contact, 
as is the case with lubricating oil. 

The central film thickness in the contact, as a function of 
the number of revolutions of the disk, was theoretically pre
dicted assuming no replenishment. One of the assumptions 
made was that the central film thickness, hc, governs the amount 
of lubricant left in the track behind the contact. As no re
plenishment takes place, the central film thickness thus controls 
the amount of lubricant available at the inlet during the next 
revolution. The lubricant left in the track is assumed to de
termine the inlet distance, calculated as the distance from the 
contact center to where, at the inlet, the gap between the 
surfaces is completely filled with grease. The gap is assumed 
to be filled with lubricant when the old central film thickness, 
(Wold, left behind the contact during the preceding revolution, 
is equal to the separation of the surfaces, hs. The notations 
are illustrated in Fig. 7. The Hertzian deformation for dry 
contact, Eq. (1), from Wedeven et al. (1971), was used to 
calculate the separation. 

m 

- a . (tn -2)cos" + (m - 1 ) 
1/2 

(4) 

After the first revolution, the amount of lubricant left in 
the track, ( A c ) o W , is equal to the central film thickness at full 
film lubrication, hcjj. The resulting central film thickness, as 
a function of the number of revolutions of the disk, calculated 
from the inlet distance using E q . (2), is plotted in Fig. 2. Also 
in Fig. 2 the measured film thickness, A c > „ p , under the same 
conditions, from Åström et al, (1991), is plotted. Comparing 
the calculated film thickness drop for the case of no replen
ishment with the measured film thickness drop gives the con
clusion that some replenishment takes place. In fact, if the 
minimum film thickness was to be used instead of the central 
film thickness, the theoretically predicted curve in Fig. 2 should 
fall even more rapidly with the number of revolutions of the 
disk, thus indicating more strongly the presence of replenish
ment. In Table 1 the calculated central film thickness and the 
dimensionless inlet distance, m, is tabulated. Table 1 also in
cludes the approximate inlet distance, m „ p , from Eq . (2), 
needed to achieve the measured central film thickness, hew 
It can be seen that the relatively small difference in m and mnp 

gives large variations in film thickness. 
The effect of compression of the grease on the relationship 

between the central film thickness and the amount of lubricant 
left in the track has been estimated. If a compression of about 
10 percent is assumed, the lubricant layer behind the contact 
would be 10 percent thicker than the central film thickness, 
hc. This will influence the predicted film thickness for the case 
of no replenishment. The predictions during the first five rev
olutions of the disk will be roughly 10 percent higher than the 
values presented in Fig. 2 and Table 1. Furthermore, the pre-
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Flg. 8 Grease distribution around the starved grease-lubricated contact 

dieted film thickness will reach a stable level after about 20 
cycles, at a film thickness of 0.20 fim. Side leakage has been 
neglected and hence, the predicted stable film thickness would 
probably not appear in a real application, as indicated by the 
measurements by for example Aström et al. (1991). The pre
dictions thus still support the presence of replenishment, at 
least during the first 10 cycles. 

One mechanism that is partly responsible for lubricant re
plenishment at the inlet of the contact is surface tension which 
will try to spread the lubricant evenly around the contact. The 
local pressure depression in the lubricant, caused by surface 
tension forces, is inversely proportional to the meniscus radius, 
Bowden and Tabor (1986). The lubricant meniscus radius, 
defined as half the distance between the ball and the disk 
surfaces, decreases closer to the contact. The pressure gradient 
will thus initiate flow of lubricant from the primary side bands 
into the front of the contact. This was observed, with both 
greases, as motion ceased. After 10 minutes an area of about 
one contact radius outside the contact boundary was filled 
with grease, or with an extracted fraction of grease which had 
a lower soap thickener concentration. 

With the base oil, the surface tension forces, together with 
the squeeze-mechanism suggested by Pemberton and Cameron 
(1976), will create the shape shown in Fig. 1, which will ensure 
full film lubrication at moderate speeds. This is exemplified 
by the base oil film thickness in Fig. 2. The inlet distance was 
observed to decrease with increasing rolling speed. This was 
also reported by Pemberton and Cameron (1976). The flow 
rate toward the inlet thus seems to depend more on the contact 
geometry and the viscosity of the oil than on the rolling ve
locity. 

The yield stress and high viscosity at low shear rate make 
it difficult for the lubricating grease to flow into the front of 
the contact. The flow rate is very low. Starvation, too short 
an inlet distance, will thus occur even at very low rolling speeds. 

After one revolution of the glass disk, corresponding to 1.3 
revolutions of the ball, the contact will be back in its own 
track. Now the contact is not fully flooded with grease. During 
an additional quarter of a revolution a considerable reservoir 
could still be observed in front of the contact, subsequently 
only a small reservoir could be seen. At the inlet of the contact 
the inlet boundary was fluctuating, probably because of the 
pattern of small branches left in the track from the previous 
revolution. When the contact reached this starvation stage, 
there was a drastic change in the lubricating situation around 
the contact. Two small reservoirs, reaching about one contact 
diameter outside the contact boundary, were formed on the 
sides of and close to the contact. Fig. 8. These reservoirs were 
separated from the outer (secondary) bands and produced a 
cavitation pattern close to the track. At the outer part of the 

Fig. 9 Cavitation pattern created at the outlet ol the starved grease-
lubricated contact. Dark areas are grease and bright areas are cavitation 
regions. 

Contact 

Fig. 10 Example of a particle trajectory In the primary reservoir ol the 
starved grease-lubricated contact 

primary reservoir a primary band, also seen in Fig. 8, was built 
up. Between the primary and the secondary band there was 
an irregular pattern, seen in Fig. 9, which arose when the 
branches on the ball and on the disk met. No new cavitation 
branches were formed in that region. 

The formation of the primary reservoirs is governed by the 
geometry (which also controls squeeze motion) and the prop
erties of the lubricant. In the area close to the contact the 
grease is extensively sheared. This influences the soap thickener 
structure and softens the grease, causes the grease to behave 
more like oil near the contact region. This, together with the 
surface tension forces, holds the reservoir in place. A softer 
grease, like M-Li-7, would be expected to form a larger primary 
reservoir. This could not, however, be observed in the present 
investigation. 

The difference in shape of the reservoir boundary between 
the inlet and the outlet of the contact, indicates that lubricant 
is fed into the inlet of the contact from the reservoir. The 
reservoir boundary at the front of the contact moves towards 
the inlet as the rolling speed decreases. The boundary at the 
outlet, due to cavitation, is independent of rolling speed. Par
ticles of MoS 2 were also observed moving towards the inlet 
before they turned and passed at the side of the contact. One 
example of those particle trajectories is shown in Fig. 10. The 
inward motion is governed by the squeezing-mechanism and 
the surface tension forces. The outward motion is due to the 
pressure in the contact region. 

Using the ball and disk apparatus we also investigated the 
possibility of dragging the base oil out of the grease bulk 
(bleeding), by means of surface tension forces. A lump of the 
M-Li-11 grease was put on the cleaned glass disk. The ball was 
placed at a distance of 0.6 contact radii away from the bound
ary of the grease lump. After 20 seconds the first visible drop 
of grease, or possibly an extracted fraction of the grease with 
lower soap thickener concentration, left the grease lump and 
spread around the contact. After about 10 minutes the outer 
boundary of the lubricant surrounding the contact had reached 
the boundary of the grease lump. Later we also observed that 
the lubricant surrounding the contact had less flow resistance 
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than the bulk grease and thus, as assumed above, had a lower 
soap thickener concentration. 

According to the theory by Cheng (1967) inlet shear heating 
would not influence the film thickness at the low rolling ve
locities used in this research. If the temperature should increase 
slightly in the area near the contact, it would make it easier 
for lubricant to flow and thus facilitate replenishment. 

During the study of the grease-lubricated thrust ball bearing, 
a large reservoir of grease in front of the contact was observed 
after about 150 revolutions of the upper ring. This reservoir 
was seen both with and without the ball cage mounted. The 
size of the reservoir implies full film lubrication. The spin of 
the balls will transport grease from the secondary side bands 
to the front of the ball and thus solve the replenishment prob
lem for the thrust ball bearing. Zhu and Neng (1978) also 
observed this influence of spin on film thickness. 

Conclusions 

The conclusions drawn from this study are summarized as 
follows: 
-The experimental observations suggests, that replenishment 
of the track in a grease-lubricated contact takes place at the 
inlet of the contact, as is the case with lubricating oil. 

-Yield stress and high viscosity at low shear rates of grease 
make replenishment at the inlet of a grease-lubricated contact 
very slow, resulting in starved lubrication even at very low 
rolling velocities. The theoretical predictions of film thickness 
for the case of no replenishment was smaller than the film 
thickness measured by Åström et al. (1991). This indicates 
that some replenishment takes place, 

-In starved conditions in the grease-lubricated contact, a pri
mary reservoir is formed at the sides of the contact. This 
reservoir governs the replenishment of the contact. 

-Surface tension forces, close to the contact, are strong enough 
to extract base oil or grease with lower soap content from 
bulk grease. 

-In a thrust ball bearing the spin motion imposed on the balls 
will transport grease from the side bands to the inlet of the 
contact and thus replenish the track. 
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A P P E N D I X A 

Description of the Greases and the Base Oil 

The greases are specially manufactured for this research 
project by Axel Christiemsson Ltd. , Sweden. They do not 
contain any additives. Data on the greases and their base oil 
are listed in Table A l . 
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Video recordings of an EHD 
point contact lubricated with 
grease 

H. Åström, O. Isaksson and E. Höglund* 

Optical interferometry has been used to study the fi lm thickness of an 

EHD point contact lubricated with grease. The greases used were two 

lithium, two lithium complex and two sodium greases, all with NLGI 
grade two, the most common grade. They were based on one mineral oil 

of naphthenic type and one synthetic polyalphaolefin. The contact was 

lubricated without a continuous supply of grease and thus the film 

thickness decreased with time as the grease was gradually squeezed 
away from the contact area. The film thickness fluctuated during the 

measurement. To overcome this problem, the contact point was recorded 

with a video camera and the results evaluated after the tests. The video 

camera proved to be a powerful help in this evaluation. The tests were 
run at 20°C and under pure rolling conditions at a rolling velocity of 

0.055 m s - 1 . The results from all greases showed a decreasing film 

thickness that tended to stabilize on about 0.2 p.m after 40 cycles. The 
lithium and lithium complex greases showed strong local film thickness 

variations inside the lubricated contact, deviating from the normally 

horseshoe-shaped contact, during the first 20 to 40 cycles. 

Keywords: lubrication, greases, elastohydrodynamics, point contact 

Notation 

B _ Base oils 
G Greases 
h = Fi lm thickness, m 
k = Lorenz-Lorentz constant, m" kg"' 
n = Refractive index 

P = Pressure, Pa 

1 = Integer. 1. 2. 3 . . . 
a = Pressure-viscosity coefficient. Pa~' 

ß = Temperature-viscosity coefficient, K ~ ' 

Till = Viscosity at atmospheric pressure. Pas 
A = Wavelength, m 

P = Density, kg 

Pli Density at reference pressure, kg tn 1 

Introduction 

Greases are widely used as lubricants in eg ball and 
roller bearings. Depending on the soap thickener 
content, they have a relative immobile consistency 
compared to lubricating oils. This gives grease the 
ability to stay at the lubricating area and also to act 
as a seal to prevent dirt from entering the lubricated 
contact. 

In practice, grease is applied once, or at intervals, to 
the bearing, not continuously as is usually the case with 

'Division ul Machine Elements. Lulea University of Tecluwlovw 
S-951 $7 Luleå. Sweden 

lubricating oil. Together with the immobility of the 
grease this makes the lubrication, ie the film thickness, 
time dependent. The grease is gradually squeezed away 
from the contact thus changing the contact situation 
from fully flooded to progressive stages of starvation. 
The flow of lubricating grease in the area surrounding 
the contact is not yet fully understood. Some reflux 
of lubricant may occur back into the contact. 

One way to describe the behaviour of an E H D contact 
lubricated with grease is by the bleeding theory. 
According to that theory the soap thickener acts like 
a sponge that passes on the outside of the contact and 
bleeds oil into the contact area. The soap thickener 
should not therefore enter the contact area. 

To predict service conditions and life for ball and roller 
bearings lubricated with grease, time dependent E H D 
lubrication has to be fully understood. 

Several different approaches have been made to this 
subject. The papers cited here have made investigations 
without a continuous supply of grease. 

Poon' studied a grease-lubricated line contact with a 
two-disc machine and used magnetic reluctance to 
detect the film thickness. The results showed that the 
film thickness decreased with time. 

Aihara and Dowson 2 also used a two-disc machine to 
study a line contact lubricated with grease. The film 
thickness was evaluated using an electrical capacitance 
technique and the results showed a time dependent, 
decreasing, film thickness which stabilized between 0.5 
and 0.7 of the base oil film thickness. 
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In the present investigation the central film thickness 
stabilized between 0.35 and 0.45 of the base oil film 
thickness after about 40 cycles, which in this case 
means about three minutes of running. 

Wilson' used a method based on electrical capacitance 
to study the film thickness in spherical and cylindrical 
roller bearings. His results agree with those found by 
Aihara and Dowson : and Poon 1 . a decreasing film 
thickness which tends to stabilize after two hours of 
running time. Wilson also measured a temperature rise 
of about 20°C during the two hours of running. The 
decreasing film thickness can thus be explained partly 
by the viscosity decrease due to increasing temperature. 

Cameron and Gohar 4 applied optical interferometry 
to the study of film thickness in E H D contacts. The 
advantage of this method is that it can visualize the 
film thickness variations within the contact whereby the 
other methods eg electrical capacitance and magnetic 
reluctance give the mean value of the film thickness 
in the contact. Optical interferometry has been used 
in several investigations of E H D contacts lubricated 
with oil and in some investigations of E H D contacts 
lubricated with grease. 

Kageyama et aP have studied a grease lubricated point 
contact under conditions of pure sliding with optical 
interferometry. As before'" 1, the results showed a 
decreasing film thickness with time. After about five 
minutes of running the film thickness decreased to 
below the smallest detectable level using the optical 
interferometry method. Thus any possible equilibrium 
limit was not found in their investigation. 

Zhu and Neng'' also used optical interferometry to 
study E H D line and point contacts under roiling 
conditions. Their experimental results concerning point 
contact agree mainly with those found by Kageyama 
et a / 5 but Zhu and Neng 6 . after about five minutes of 
running, detected an equilibrium film thickness of 
about ten per cent of the initial film thickness. The 
film thickness with the line contact situation stabilized 
at about 80 per cent of the initial value. 

One problem when studying grease lubricated contacts 
using optical interferometry is the evaluation of the 
results. With lubricating oil the contact is stable due 
to a continuous supply of homogeneous oil which gives 
plenty of time for evaluation. When using grease, 
without continuous supply, the film thickness changes 
with time. Sudden film fluctuations have also been 
observed in this investigation. This makes it difficult 
to evaluate the film thickness in real time. 

This paper suggests a way to overcome the problem 
of evaluating the varying film thickness using a video 
camera. Results from an E H D point contact lubricated 
with six different greases evaluated with the described 
method are also presented. 

Lubricants tested 

Data on the greases investigated in this paper are 
given in Table 1. The six greases are all of the most 
common N L G I grade 2. measured at 25°C, and consist 
of base oil and soap without any additives. The greases 
have been worked 60 strokes m a standard grease 
worker before the penetration measurements. 

Table 1 Greases. Li = lithium, LiC=lithium complex, 
l\la=sodium 

Symbol Base Soap Soap Worked Dropping 
oil thickener content, penetration point. 

wt % at 25"C X 

G1 B1 Li 11.0 270 200 
G2 Bl LiC 13.5 280 285 
G3 B1 Na 12.8 285 187 
G4 B2 Li 22.8 285 171 
G5 B2 LiC 17.9 290 300 
G6 B2 Na 17.2 275 200 

The base oils are: one mineral oil of naphthenic type, 
B I : and one synthetic base oil. B2 , which mainly 
consists of polyalphaolefin. The viscosities. T)„, the 
temperature-viscosity coefficients ß , and the pressure-
viscosity coefficients a, at 20°C, are given in Table 2. 

The soap thickeners are of three types: lithium; lithium 
complex: and sodium. One difference between them 
is the size and shape of the soap structures. The lithium 
and lithium complex soap structures are known to be 
comparably small 7; if there is a difference between 
them the lithium complex fibres are smaller. The 
diameter of the lithium fibres is 0.1 to 0.2 u,m and the 
length 5-20 p.m. The sodium soap structure is larger 
with a fibre diameter of 1-10 u.m and a length of 
10-15 u-m. The size of the structures should be 
compared with the measured central film thickness, 
0.2 u.m. The greases were unworked at the beginning 
of the tests. 

Experimental details 

In this investigation the film thickness in an E H D point 
contact was measured using optical interferometry. The 
apparatus used was connected to a video camera for 
documentation and evaluation of the results. The 
apparatus has been used without the video camera in 
investigations of lubricating oils by Isaksson*. 

The central parts of the apparatus, shown in Fig I , 
were a steel ball with a diameter of 50 mm and a 
surface roughness of 0.04 urn rms. and a glass disc, 
diameter 100 mm, with a surface roughness ol'0.009 u.m 
rms. The steel ball was mounted in a conical seat. The 
mounting made replacement of the ball easy and gave 
a tolerance of radial run out. for the contact radius of 
the ball, of less than 5 p.m. 

With a lever and a weight the steel ball was loaded 
against the glass disc, radially 35 mm Iroin the disc 
centre. The 2.0 kg weight used in this investigation 

Table 2 Base oils 

Symbol Description Viscosity, 
Ho at 20°C, 

Pas 

ß at 
20°C, 

K 1 

at 20 C. 
Pa ' 

Bl 
B2 

Mineral 
Synthetic 

0.72 
0.73 

0 050 3 2 
0 041 1 7 

10 

10 
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Video camera 

Electric motor 
w i t h var ia to r 

Chain d r i v e 

Optical 
counter 

<- > \ 
Steel ball Class disc ^ 

Optical 
counter 

Fig 1 Ball-and-disc machine with microscope and video 
camera 

gave a loading force of 60 N thus giving a maximum 
Hertzian pressure of 0.38 G P a and a contact radius of 
0.30 mm. The glass disc was mounted in a steel disc 
supported by a large ball bearing. The glass disc, as 
well as the steel ball, were connected via chain drives 
to variable-speed drives, driven by electric motors. 
Separate drives for the ball and the disc enabled 
continuously variable velocity conditions from the pure 
rolling condition to different degrees of sliding, with 
a maximum rolling velocity of I m s"'. By adjusting 
the speed of the ball and the disc, using the separate 
drives, sliding at the beginning of the test was avoided. 
In this investigation the rotating speeds were adjusted 
to give pure rolling at a velocity of 0.055 m s _ l . 

The glass disc was made semi-transparent with a 200 Å 
chromium layer on the side facing the steel ball, and 
the contact between the glass disc and the ball was 
illuminated with white light led through a fibre-optic 
bundle and a prism. The light was reflected both from 
the chromium layer and from the steel ball, which gave 
interference patterns of different colours depending on 
the distance between the reflecting surfaces, up to a 
maximum distance of 1 u.m. 

The contact between the ball and the disc was magnified 
40 times with a microscope and recorded with a video 
camera by putting the camera lens close to, and in 
line with, the eyepiece of the microscope. The video 
camera was a commercial model ( V H S ) giving 25 
pictures per second with a shutter speed of one 
thousandth of a second. With a rolling speed of 
0.055 m s " 1 , about 3.7 Hertzian contact diameters 
passed between every exposure on the video tape. The 
contacting surfaces moved roughly one tenth of the 
Hertzian contact diameter during each exposure. The 
video camera also copied a stop watch with minutes, 
seconds and tenths of a second to the recorded picture 
which made the evaluation easier. 

When the contact was lubricated with grease, without 
continuous supply, the changes in film thickness and 

thus in colours between every picture made the 
video recorded results unreliable at rolling velocities 
exceeding 0.1 m s _ l . This was owing to the low frame 
speed of 25 s _ 1 . By studying the colours carefully the 
thickness of the lubricating film in every part of the 
contact could be revealed. The film thickness was 
evaluated with E q (1) using the following colours 
and corresponding wavelengths: red, 630 nm; orange, 
600 nm; green, 530 nm; and blue, 470 nm. 

h = q\l2n (1) 

To be able to calculate the refractive index of the 
lubricant, its pressure dependence has to be known 
The refractive index-pressure variation was calculated 
by first calculating the density variation with E q (2) , 
which gives a good approximation up to pressures of 
1 G P a , and then by using the Lorenz-Lorentz relation, 
E q (3 ) . with k = 0.35 m 3 kg" 1 (Ref 9). 

O-OP \ 
i + U p j 

(p in G P a ) (2) 

(n1 - \)l(n- + 2) = pk (3) 

Before each test, the steel ball and the glass disc were 
cleaned with toluene and covered with a layer of fresh 
grease on the contacting parts of the surfaces. The 
steel ball and the glass disc were accelerated to their 
right speeds, the video camera was started, and then 
the ball was loaded against the disc thus starting the 
test. A l l tests were made at a temperature of 20°C. 

Results 

The results are presented in Fig 2, showing the film 
thickness in the centre of the contact during a specific 
cycle of the glass disc, together with a comprehensive 
description of the grease behaviour. The diagram has 
little value without the description because many 
differences between the greases, observed on the video 

Fig 
disc 

2 Central film thickness variations with time. The 
completes one cycle ever y four seconds 
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Fig 3 Photograph of the video recorded contact lubricated with G4. after 10 cycles of the disc 

recorded pictures, are not seen in Fig 2. Observations 
not shown in Fig 2 are sudden variations of the film 
thickness inside the contact which disturb locally the 
normal horseshoe shape of the contact, like the 
example shown in Figs 3 and 4, or momentary lifts of 
the whole film thickness with remaining horseshoe 
shape as shown in Figs 5 and 6. Because of difficulties 
in reproducing the video recorded picture in print, the 
contacts shown in Figs 3 and 5 are elucidated with 
sketches shown in Figs 4 and 6 respectively. 

With a rolling velocity of Ü.055 m s~' the glass disc 
completes a cycle, one revolution, every four seconds. 
During the first cycle the conditions are comparable 
to tests with a continuous grease supply. After the 
first cycle progressive lubricant starvation can be seen. 

In Fig 2 results from measurements with the base 
oils are also presented, made under fully flooded 
conditions. When lubricated with grease, the central 
film thickness, during the first cycle of the glass disc, 
is consequently higher than the film thickness obtained 
with the base oils. These results agree with those found 
by Dalmaz and Nantua'" in their investigation of a 
point contact lubricated with a continuous supply of 
grease. 

Greases G l . G2 and G3 have an initial film thickness 
of 0.60 u.m and G 4 . G5 and G 6 an initial film thickness 
of 0.51 Lim. The base oil of G l . G2 and G 3 . 
namely B l . has a significantly larger pressure-viscosity 

182 

coefficient than B2 at 20°C. as shown in Table 2. This 
explains the difference in initial film thickness. The 
viscosity. %, of the base oils are nearly equal at 20°C 
but the viscosity of B l increases more in the inlet 

Fig 4 Sketch of the contact shown in Fig 2 
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Fig 5 Photograph of the video recorded contact lubricated with G6. during the first cycle of the disc 

of the contact due to the higher pressure-viscosity 
coefficient and thus builds up a thicker lubricating 
film. This applies both to the greases and to the base 
oils alone, as seen in Fig 2. 

Fig 6 Sketch of the contact shown in Fig 4 

T R I B O L O G Y I N T E R N A T I O N A L 

Both greases thickened with sodium soap. G3 and G 6 . 
show a tendency towards momentary lifts of the whole 
surface rather than local variations inside the contact. 
Comparably few signs of film thickness variations 
inside the contact can be the result of the size of the 
sodium soap fibres. The momentary lifts, which are 
observed more with G3 and G 6 than with the other 
greases, can be due to small lumps of grease falling 
back into the race from the side walls. 

With G l . G 2 . G 4 and G 5 . large variations of the film 
thickness inside the contact are observed, as if lumps 
of the soap structure had entered and passed. These 
'lumps', with a diameter of about 0.1 mm. caused a 
local increase of the film thickness of up to about 40 
per cent of the mean film thickness. 

When lubricated with G 4 the fluctuations in film 
thickness inside the contact made it impossible to 
conclude anything about the central film thickness 
during the first 40 cycles. A n explanation to this is the 
high soap content of G4 compared to the other greases, 
as shown in Table 1. 

Conclusions 

The conclusions drawn from this investigation can be 
summarized as follows. 

• The video camera proved to be a powerful tool 
when studying a grease lubricated E H D contact 
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with optical interferometry, without a continuous 
supply of grease. 

• Al l the greases show a decreasing central film 
thickness which tends to stabilize on about 0.2 u.m 
after 40 cycles which in this case means 2 minutes 
and 40 seconds of running. 

• The lithium and lithium complex greases show local 
film thickness variations, deviating from the normal 
horseshoe shape, inside the lubricated contact during 
the first 20 to 40 cycles. The most intense variations 
were observed with the lithium grease based on 
synthetic oil and having the highest soap content. 
22.8 wt %. 

• Local film thickness variations found in this investi
gation, like the examples in Figs 3 and 4, are 
inconsistent with the bleeding theory. If only the 
base oil enters the contact area, the contact should 
show a horseshoe shape like in Figs 5 and 6. The 
results from this investigation indicate that the 
lithium and lithium complex soap thickeners enter 
the contact area. 

• Greases based on the mineral oil show a higher 
initial film thickness than the greases based on the 
synthetic oil. The reason for this is the higher 
pressure-viscosity coefficient of the mineral base oil. 
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I R R E G U L A R F I L M THICKNESS FLUCTUATIONS I N 

E L A S T O H Y D R O D Y N A M I C L U B R I C A T I O N OF A POINT CONTACT 

L U B R I C A T E D W I T H L U B R I C A T I N G GREASE 

I N T R O D U C T I O N 

In most rolling element bearings the lubricant is a lubricating grease. The grease consists 

of a lubricating oil thickened with 5-30 wt% thickener and has a semi-liquid consistency 

which makes it stay in the lubricating place and act as a seal to the prevent entry of dirt 

and water. The consistency of the grease makes it advantageous over lubricating oil for 

certain applications. Many rolling element bearings are sealed-for-life bearings where a 

small amount of grease sustains a proper lubrication for the whole life of the bearing. 

The most common thickener today is the lithium salt of 12-hydroxystearic acid, lithium-

12-hydroxystearate, henceforth referred to as lithium soap. Like other soap thickeners 

lithium soap creates a structure of fibres in the oil which retains the oil through capillary, 

adsorption and other bonds. The lithium soap thickener is used because it has good 

thickening properties and gives the grease a good mechanical stability. The size and shape 

of the thickener is mainly decided in the manufacturing process and more specifically 

during the annealing of the grease. A typical lithium soap fibre has a diameter of 0.2 (im 

and a length of about 10 Lim [1,2]. In many situations with elastohydrodynamic (EHD) 

lubrication, such as the lubrication of rolling element bearings, the size of the thickener 

fibres is thus of the same magnitude as the lubricant film thickness separating the 

surfaces. 

The lubricating properties of soap-thickened greases in EHD contacts have been studied 

by several researchers. In some investigations evidence of soap fibres entering the contact 

area has been found. Kageyama et al. [2,3] have measured the lubricating film thickness 

of a grease-lubricated point contact in sliding and rolling, with optical interferometry. 

They observed local fluctuations in the film thickness when the contact was lubricated 
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with sodium soap grease and poly-urea grease. No fluctuations were reported with the 

lithium soap greases used, which is in contradiction with this investigation. The 

conclusion drawn by Kageyama et al. was that only the poly-urea fibres were observed 

entering the contact. In a recent research by Cann et al. [4,5] a layer of soap thickener 

fibres was detected in the track behind an EHD point contact using IR-spectroscopy. 

Their measurements indicate that soap thickener passes through the EHD contact and that 

shear alignment and degradation of the soap fibre structure take place at the inlet of the 

contact. Åström et al. [6] observed lumps with higher soap thickener content that entered 

an EHD point contact and disturbed the shape of the contact. These findings are examples 

of research that indicates that soap thickener takes part in the lubrication of, e.g., rolling 

element bearings. A contradictory theory would be that only the base oil of the grease 

contributes to the lubrication and the soap thickener stays outside the contact area. 

Soap thickener fibres entering the contact area will of course influence the lubrication. 

Local deformations of the contact area will cause pressure variations and hence increased 

stresses in the material, which in a bearing application means noise and maybe reduced 

life of the bearing. In the investigations of Kageyama et al. [2,3], Cann et al. [4,5] and 

Åström et al. [6], a glass disc was used which enabled measurements at a maximum 

Hertzian pressure of about 0.5 GPa. The aim of this research is to find out whether 

lumps of soap fibres could be observed in the contact area at contact pressures above 1 

GPa and what differences in contact disturbance may appear using different kinds of 

lithium soap greases. 

E X P E R I M E N T A L PROCEDURE 

In this investigation the f i lm thickness was measured in a ball-and-disc apparatus, using 

optical interferometry .The apparatus has been used in an investigation of lubricating 

greases by Åström et al. [6] and is thus more thoroughly described there.The central parts 

of the apparatus were a steel ball with a diameter of 50 mm and a surface roughness of 

0.04 jam Ra, and a sapphire disc with a diameter of 100 mm.The steel ball was loaded 

against the sapphire disc with a loading force of 280 N, giving a maximum Hertzian 

pressure of 1.2 GPa and a contact radius of 0.33 mm. The contact was studied in pure 

rolling, at a rolling velocity of 55 mm/s. 

Different film thicknesses between the ball and the disc resulted in different colours in the 

contact due to white light interference, and thus the topography of the contact area could 
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be evaluated. When the f i lm thickness was evaluated the influence of the pressure on the 

refractive index was considered according to the Lorenz-Lorentz relation [6]. At 1.2 GPa 

the refractive index was increased by about 10% of the value measured at atmospheric 

pressure, given in Table 1. 

The contact between the ball and the disc was magnified and recorded with a commercial 

video camera (VHS) giving 25 pictures per second with a shutter speed of one 

thousandth of a second. With the rolling speed of 0.055 m/s, about 3.7 Hertzian contact 

diameters passed between every exposure on the video tape. The contacting surfaces 

moved roughly one tenth of the Hertzian contact diameter during each exposure. 

TABLE 1. Properties of the greases. Li-OH = lithium-12-hydroxystearate. 

Li-CX = Lithium complex. 

GREASE THICKENER 

TYPE 

WT.% BASE OIL BASE OIL 

VISCOSITY 

(mPas) 

REFRACTIVE 

INDEX 

at arm. pressure 

L - M - l l Li-OH 11.0 Naphthenic 

mineral 

720 1.497 

L-M-15 Li-OH 15 Naphthenic 

mineral 

720 1.497 

L-S-13 Li-OH 13 Poly-a-olefin 730 1.468 

L-S-23 Li-OH 22.8 Poly-a-olefin 730 1.474 

L-COM1 Li-OH 11.8 Mineral 360* 1.495 

L-COM2 Li-OH 9 Mineral 190* 1.495 

LC-COM3 Li-CX 17 Synthetic 76* 1.469 

U-COM4 Poly-urea unknown Synthetic 

ester 

180* 1.493 

•Calculated from kinematic viscosity and density. 

I f grease was not continuously supplied to the inlet of the contact, starvation occurred and 

the f i lm thickness dropped dramatically [2,4,6]. The measurements were therefore 

conducted either during the first revolution of the sapphire disc or after relubrication of 

the disc. The greases tested in this investigation are listed in Table 1. A l l greases, except 
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L-M-15 and L-M-13, were of the NLGI grade 2 consistency. L-COMl and L-COM2 are 

commercially available lithium-greases for rolling element bearing.lubrication. L-COMl 

is a commonly used grease and L-COM2 a more rarely used "quiet-running" grease. LC-

COM3 and U-COM4 are also commercially available greases but are thickened with 

lithium-complex and poly-urea respectively and thus have different fibre structures 

compared to the lithium greases. U-COM4 is also a "quiet-running" grease. A l l tests were 

carried out at a temperature of 20 °C. 

The degree of contact disturbance was evaluated as disturbance frequency, disturbance 

height and disturbance diameter. The frequency was evaluated by counting the number of 

single disturbances in each picture of the contact, the height of the disturbances (above 

the central f i lm thickness) was evaluated from the colour changes in the pictures, and the 

diameter was measured on the video recorded picture of the contact and scaled using the 

contact diameter. Frequency, height and diameter, as presented in Table 2, are averages 

over about 30 pictures. 

RESULTS 

The results from the disturbance measurements are summarized in Table 2. With the 

L-S-23 grease the large disturbances made the evaluation of f i lm thickness, height and 

diameter impossible. Figure 1 shows two examples of the surface deformations during 

running, with L-COMl and L-COM3. 

L-COMl L-COM3 

FIGURE 1. Examples of the tophography of the contact area at full f i lm lubrication 

and a rolling velocity of 55 mm/s. 
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From the results seen in Table 2 it is obvious that lumps with higher soap thickener 

content enter the contact area also at a maximum pressure of 1.2 GPa. There are also 

significant differences especially in disturbance frequency among the lithium greases. The 

frequency correlates well with the soap thickener content - higher soap thickener content 

results in more frequent disturbances. The "quiet-running" greases, L-COM2 and 

U-COM4, both have fewer disturbances than, e.g., the normal commercial lithium grease 

L-COMl, as was expected. 

In the starved contact all greases still showed local contact deformations caused by grease 

lumps left in the track. These deformations were independent of rolling speed and could 

thus be observed also in the stationary contact. After several revolutions of the disc the 

lumps were evened out to a layer [4,5] which might contribute to the lubrication during 

starvation. The equipment used in this research could not detect the thin layers which 

were reported by Cann et al. [4] to remain even after many revolutions of the disc. 

TABLE 2 Results from disturbance measurements during ful l-f i lm lubrication. 

The rolling speed was 55 mm/s and the contact diameter 0.66 mm. 

Disturbance frequency, height and diameter are averages over about 30 

pictures. The disturbance height is the positive deviation from the 

central f i lm thickness. The diameter varied about ±50% around the average 

value given in the table. 

GREASE MAX CENTRAL FREQUENCY HEIGHT DIAMETER 

HERTZIAN FILM (No. of (Lim) (Hm) 

PRESSURE THICKNESS disturbances 

(GPa) (M-m) per picture) 

L - M - l l 0.4 * 0.59 ±0.03 0.63 0.1 80 

L-M-15 1.2 - 2.4 0.2 150 

L-S-13 1.2 0.37 ±0.02 2.3 0.1 70 

L-COMl 1.2 0.32 ±0.02 1.5 0.1 100 

L-COM2 1.2 0.19 ±0.02 0.10 0.1 60 

LC-COM3 1.2 - 1.7 0.2 165 

U-COM4 1.2 0.18 ±0.02 0.11 0.1 50 

* Measured using a glass disc. 
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DISCUSSIONS 

Lumps of soap fibres smaller then 5 Lim in diameter could not be detected with enough 

accuracy in the contact area, and hence disturbances of that size or smaller were not 

considered in this investigation. 

The base oil of L-S-13 and L-S-23 in Table 1 has a refractive index of 1.467. A grease 

with that base oil and 33.3 wt % lithium soap thickener has a refractive index of 1.477. 

This implies that the refractive index increases slighdy with increasing soap thickener 

content, and thus the lumps with higher soap thickener content that enter the contact area 

would have a higher refractive index than the surrounding grease. The difference in 

refractive index would cause a change in the optical path difference resulting in a colour 

change in the contact area, which would be interpreted as a surface deformation. This 

apparent deformation, however, would be smaller than the error in the measured f i lm 

thickness, even i f the lumps that entered the contact area had a soap thickener content 

corresponding to a refractive index of 1.5. A change of colour in the contact should 

therefore be considered as a real surface deformation. 

The results presented in Table 2 are averages over about 30 video pictures and 

correspond to an experimental sequence of about two seconds. Compared with the 

relubrication interval of grease-lubricated rolling element bearings, which is several 

thousands of hours of running, two seconds is a very short measuring period. There are, 

however, several situations were the time scale used in this investigation is relevant. 

Vibrations present in almost all machinery occasionally cause fresh grease from the sides 

of the contact are to drop into the inlet of the contact, resulting in the full film lubrication 

situation studied here. Other mechanisms such as ball spin could also lead to a grease 

distribution giving full f i lm lubrication. When evaluating the noise from rolling element 

bearings, caused by the grease, the measuring time is less than one hour. Furthermore, 

the soap thickener lumps that pass the contact area during full f i lm lubrication seem to get 

stuck on the surfaces, giving local contact deformations and thus increased surface 

separation, even during starved conditions. Cann et al. [4] measured a 50 nm-thick layer 

of soap thickener left in the track behind an EHD point contact using IR-spectroscopy. I f 

starvation and reduced film thickness occur, a grease with high soap thickener content 

might help to keep the surfaces separated. 
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When observing the undisturbed greases through an optical microscope, a grain structure 

could be seen. The^oap thickener fibres are concentrated in grain formations which are 

much larger than each individual fibre. These grains have also been observed by Mansot 

et al. [7] using electron microscopy and a freeze fracture technique. The grains of, e.g., 

L - M - l 1, L-S-23 and L-COMl had a spherical or ellipsoidal shape, and were typically 

about 20 u.m in diameter. If these grains were to enter the contact area they would deform 

to thin discs with a diameter of 120 Lim at a film thickness of 0.4 Lim, and a diameter of 

100 Lim at a f i lm thickness of 0.6 Lim. The expected size of the deformed grains 

corresponds well to the measured mean disturbance diameters presented in Table 2. 

C O N C L U S I O N S 

In this research, a grease-lubricated EHD point contact has been investigated to clarify the 

influence of different types of lithium grease on the lubricating f i lm shape. The contact 

diameter was 0.66 mm, the maximum Hertzian pressure was 1.2 GPa and the rolling 

speed was 55 mm/s. The conclusions can be summarized as follows. 

Formations of soap thickener, about 20 Lim in diameter in the bulk grease, enter the 

contact area, where they deform and cause local film thickness disturbances with a 

diameter of 100 - 200 (im and a height of 0.1 um above the central film thickness. 

The soap thickener structure that passes the contact area breaks and forms an 

irregular layer on the surfaces. I f the grease supply is stopped, and the contact is 

starved, lumps of soap thickener fibres left on the surfaces will still cause irregular 

film thickness fluctuations that might help to separate the surfaces. 

The frequency of the local disturbances depends mainly on the soap thickener 

content and the manufacturing process. Greases manufactured to be "quiet-running" 

in a rolling element bearing are more homogeneous in the soap thickener structure, 

and therefore cause fewer local deformations in the contact area, meaning reduced 

noise. 
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Abstract 

In several experimental investigations of grease lubricated EHD contacts 
indications of soap thickener formations that enter the contact area have been 
reported, e.g. Kageyama et al. [1], Cann et al. [2, 3, 4], and Åström et 
al. [5, 6]. While passing through a contact such soap thickener lumps signifi
cantly disturb the film thickness by locally increasing the surface deformation. 
These film thickness fluctuations must be accompanied by pressure fluctua
tions, 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 in such pressure fluctuations. From a fringe pattern ob
tained with optical interferometry (ball on disc apparatus) a film thickness 
map is created employing image analysis. This map serves as input to a nu
merical algorithm for the calculation of the pressure from force balance and 
elastic deformation theory. Consequently no assumptions about the rheologi
cal behavior of grease have to be made. 

The method was first tested out on an oil lubricated contact. This test 
gave essential insight in the accuracy of the method proposed here and in the 
magnitude of surface texture induced pressure fluctuations. Subsequently the 
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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1 Introduction 

Elastohydrodynamic (EHD) lubrication is the type of lubrication prevailing in so-
called concentrated contacts, e.g. the contact between two tooth flanks in a toothed 
transmission gear or between rolling element and raceway in a rolling element bear
ing. As lubricants mineral oil and lubricating greases are most widely used. This 
choice naturally depends on the specifics of the contact, e.g. the environment in 
which it operates. For example, most rolling element bearings are lubricated with 
grease. In comparision with oil, grease has the advantage of staying at the lu
bricating place, thereby acting as a seal, i.e. protect 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 nowadays 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 formations in the 
grease rather than being equally distributed. Hence, greases are not homogeneous 
on a scale comparable 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 f i lm 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, i.e. investigating the dependence of film 
thickness or traction on lubricant properties and load conditions, assuming smooth 
surfaces. 

The last decade has seen great improvement in numerical algorithms and as a 
result increasingly complex simulations are performed nowadays, e.g. investigation 
of surface features and related transient effects. On the other hand, the physical 
mathematical models employed in the studies have changed relatively little. Gener
ally the lubricant is assumed to be fully liquid, e.g. oil, and it is characterized by 
a viscosity and a density, both depending on pressure and/or temperature. More 
complex lubricant behavior has been considered but only by introducing quantities 
like an effective viscosity and density, to ensure that Reynolds equation in one form 
or the other can still be used. Examples of this are numerical calculations on grease 
lubricated EHD contacts, see e.g. Dalmaz et al. [7], Bordenet et al. [8], Dong at 
al. [9] and Jonkisz et al. [10, 11], where Reynolds equation is used and the grease 
is regarded as a fluid. 
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However, from the above description of grease behaviour it seems quite unlikely 
that their rheological behaviour can be accurately modelled in this way, let alone 
that the behaviour of a grease EHD lubricated contact can be predicted accurately. 
No doubt this has contributed to the fact that most investigations 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 behavior 
and grease lubrication mentioned above. For example, in some cases evidence of for
mations 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 et al. [2, 3, 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. Åström et al. [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 mea
surement of the film thickness in the contact. A typical setup is the ball and disc 
machine, where a steel ball runs against a glass or sapphire disc. The earliest ma
chines of this type date back to the sixties, e.g. 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, e.g. 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. How
ever, for the 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, 
i.e. local fluctuations of the surface elastic deformations, as reported above must be 
asociated 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 vibra
tions in the bearing which will influence the noise level of the bearing, unwanted in 
e.g. gyro applications, and may have an additional adverse effect on its service life 
(bearing life). Thus, although film thickness is an essential parameter for lubricated 
contacts also the pressure distribution is of great interest. 

In this investigation the aim is to estimate the pressure 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 thickness maps are used as input for pressure computations based 
on the elastic deformation equation. Hence, the pressure 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 theoret
ical results for an oil lubricated contact. Subsequently it is applied for the purpose 
stated above, i.e. to investigate the pressure fluctuations in a grease lubricated 
contact. 
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2 Optical interferometry measurements 

The ball and disc apparatus used is shown in Figure 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 an about 200 Å thick layer of chromium 
on the side facing the ball. The ball 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 photographed through a micro
scope and the contact was illuminated with a light flash discharged through the 
microscope. The flash time was about 0.3 ms implying that the surfaces moved 3 % 
of the contact diameter 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 ful l film lubrication. After the first revolution of the disc 
the contact is gradually starved, if grease is not continuously apllied to the inlet. 
The measurements were carried out at room temperature, 23 °C. 

Camera 

Microscope 

Light flash 

Steel ball 

Electric step 
motor 

Optical 
counter 

Optical counter 

Figure 1: Ball and disc apparatus 

Two lubricants were investigated in the ball and disc apparatus, a mineral oil of 
naphtenic type, and a lithium 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". Alternatively "G " will be used to refer to results for the 
grease lubricated contact. Specific details of both lubricants are listed in Table 1. 
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Table 1: Properties of the lubricants. The grease, G, is thickened with 23 percentage 
by weigth lithium-12-hydroxysterate, giving it the consistency of NLGI grade 2. 

Symbol 
Viscosity 
at 20 °C 

and 150 s _ 1 

(Pas) 

Viscosity 
at 20 °C 

and 4860 s _ 1 

(Pas) 

Pressure 
viscosity 

coefficient 
(GPa" 1) 

Density 
at 15 °C 
(kg/m 3 ) 

Refractive 
index at 20 ° C 

and 
atm. pressure 

0 0.72 0.72 32 913 0.497 

G 15.6 1.46 17° 847° 0.467 

" For the base oil of the grease 

3 Image Processing 

The ball on disc experiment results in an interferometric fringe picture of the con
tact. The next step is to obtain from this picture a map of fi lm thickness values, 
preferrably with a small spacing, i.e. as small as the fringe pattern allows. This 
conversion process from fringe pattern to fi lm thickness map should preferably be 
done automatically, i.e. 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 and from that to the computer program. The 
reason for using a photo CD is that it captures the picture with higher resolution 
than e.g. 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 Gustavsson et al. [15], calculated the spec
tral wavelength in each point of the picture, using the local colour information. 
Subsequently the fi lm thickness map was obtained using the following formula: 

In this formula A denotes the wavelength of the light, A $ the difference between the 
phase shifts due to reflection on the chromium layer and on the steel ball surface, 
and q denotes the fringe order. In the equipment used A<j> 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 [12, 5]. 

The main problem in the entire conversion procedure as described here was the 
assignment of the fringe order. For the results presented below this assingment was 
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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 calcula
tions 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 nowadays is a well established tool to investigate oil lubricated 
EHD contacts, see e.g. [16, 17, 18, 19]. 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 
Reynolds equation and characterization of the grease behavior in a global way, i.e. 
as if it could be regarded as a fluid [7, 8, 9, 10, 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 pressure fluctuations, direct 
measurement of the pressure, or use the measured film thickness results. This latter 
approach was adopted here. 

Regardless of lubricant flow or rheological behaviour, the film thickness in an 
EHD contact will be the sum of the undeformed gap geometry and the elastic de
formation of the surfaces. Hence, it can be modeled as: 

P(X', Y')dX'dY' 
(2) H(X, Y) = Hoo + G(X, Y) + — [°° f ° - = 

TT* J-oo J-oo . / ( (X - X'f + (Y - Y')2 

Furthermore force balance is likely to be satisfied: 

2tt 

/
oo roo l27r 

/ P(X,Y)dXdY- — = 0 (3) 
-co J—oo o 

From these two equations, once the film thickness is given, the pressure can be 
solved. In fact as these equations are exactly the ones used to describe the so called 
dry contact, this problem is not new. The only difference 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 
[20], the multilevel algorithm as presented by Lubrecht and Ioannides [21] to solve 
the dry contact problem, can be used here. 

Summarizing, the problem to be solved can be stated as: Given a film thick
ness H(X, Y), and an undeformed geometry G(X, Y) find the pressure distribution 
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P(X, Y) that satisfies equation 2, subject to the boundary conditions P = 0, and 
to the condition that P > 0 in the domain ("cavitation"). The constant i/no in 
equation (2) is determined by force balance. 

For the numerical solution the equations (2) and (3) were discretized, assuming 
piecewise constant pressures, e.g. see Lubrecht and Ioannides [21], and Venner [18]. 
The discretization error in this case is of order d2 if d is the grid spacing. 

5 Results and discussion 

With the ball and disc apparatus and the image analysis program, fi lm thickness 
maps were evaluated for one oil, 0, and one grease, G, both described in Table 1. 
The fi lm thickness map from the grease lubricated contact contains disturbances 
caused by soap thickener formations. Using the fi lm 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, like for example speed, load and viscosity, the fi lm thickness 
and the pressure in the oil lubricated contact can be solved numerically. In the 
present study the solver developed by Venner [18,19] was used to verify the measured 
fi lm thickness and the, from film thickness, calculated pressure. Contour plots of 
the results from the numerical solution of film thickness and pressure are presented 
in Figure 2. 

In Figure 3 the measured film thickness and the corresponding pressure calcu
lated as described in Section 4, are shown. According to the measurements, the 
fi lm thickness in the central part of the contact was 0.44 urn and the minimum film 
thickness 0.26 urn. This is to be compared with the predictions by the numerical 
solver that states a central f i lm thickness of, also, 0.44 urn and a minimum film 
thickness of 0.24 urn. 
A comparison between the results from the semi-experimental and the fully numer
ical procedure is seen in Figure 4. 

As seen in Figures 2, 3 and 4 the film thickness from the numerical solution show 
good agreement with the measured film thickness. Also acceptable correspondance 
is seen between the pressure, calculated from the measured film thickness, and the 
pressure from the numerical solution. 

In the contact between 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 urn, the surface 
texture will appear in the film thickness measurements and, consequently, also in 
the calculated pressure profile. Some of the small fluctuations in the pressure seen 
in Figure 4, are created by the surface texture of the steel ball. 

Other effects seen in Figure 4 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 
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Figure 2: Film thickness (H) and pressure (P), for the oil lubricated contact, cal
culated 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. 

Figure 3: Measured ßlm thickness (H) in the oil lubricated contact and pressure (P) 
calculated from the film thickness. 
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Figure 4: Comparison between measured ßlm thickness and corresponding pressure 
calculated from the ßlm thickness,(solid line), and ßlm thickness and pressure from 
the numerical solution, (dashed lines). Pressure and ßlm thickness are presented in 
dimensionless form. 
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f i lm 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 detectable 
film thickness using white light optical interferometry. As pressure variations due 
to this error will always be clearly recognizable they need no concern. 

These kind 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 predicted using the numerical 
solver correlated well to the measured film thickness map. However, film thickness 
and pressure profiles of the grease lubricated contact cannot be obtained numerically. 
Therefore we rely on the verification of the model for the oil lubricated contact, to 
judge which fluctuations in film thickness and pressure that are significant. In Figure 
5 the measured film thickness and calculated pressure for the grease lubricated 
contact are presented. 

B 

Figure 5: Measured ßlm thickness (H) and calculated pressure (P) in the grease 
lubricated contact. A and B refers to areas of local ßlm thickness increase, cause 
by soap thickener formations. 

The film thickness map in Figure 5 is distorted compared to the normal horseshoe-
shaped film thickness of the oil lubricated contact, see Figures 2 and 3. Several local 
changes in film thickness can be observed, like the areas marked A and B which show 
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a local increase in the fi lm thickness. This is due to soap thickener formations in 
the contact area. 

1.2,—. . , . , . r — i 

Figure 6: Measured ßlm thickness and calculated pressure for the grease lubricated 
contact (solid lines). For comparison also the dry Hertzian pressure distribution 
is shown (dashed line). Pressure and ßlm thickness are presented in dimensionless 
form. 

The fi lm thickness disturbances A and B are located at the peripheral part of the 
contact. In Figure 6 it can be seen that disturbance B causes a pressure increase of 
about 25 % over the Herzian pressure at that point, reaching the maximum Hertzian 
pressure found 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 % or in this case, up to 0.58 GPa. 

The pressure fluctuations found are significant. With the grease used in this 
investigation, G, the film thickness profile will be dramatically distorted, inducing 

11 



significant pressure peaks that are about 30 % higher than the Hertzian pressure. 
Finally, this method for pressure calculation in grease lubricated EHD contacts 

yield meaningfull results, provided that pressure fluctuations from surface textures 
and film discontinuities due to the film thickness evaluation, are interpreted in the 
right way. 

6 Conclusions 

By lack of an alternative in the form of ful l numerical simulations, calculating the 
pressure distribution 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 inter
preting the results , i.e. to distinguish them from the fluctuations caused by surface 
textures and errors in the film thickness map of the contact orginating from various 
sources, e.g. limited knowledge of used parameter values, etc. 

At some points the presented approach needs to be improved. For example, auto
mated fringe order assignment in the image analysis phase such that film thickness 
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 synthetic base oil, local 
pressure peaks 25 % above the Hertzian pressure were found. I f the measured local 
increase in fi lm thickness would appear in the centre of the contact, instead of at 
the periphery, with unchanged geometry, the pressure peak will be 35 % higher than 
the maximum Hertzian pressure. 
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Nomenclat ure 

a radius Hertzian contact circle a = ( ( 3 F Ä X ) / ( 2 £ ' ) ) 1 / 3 

d intergrid spacing 
h film thickness 
n refractive index 

P pressure 

Ph maximum Hertzian pressure PK = (3F)/(27ra2) 

q fringe order 
X coordinate in direction of flow 

y coordinate 
E elasticity modulus 
E> reduced modulus of elasticity 2/E' = { \ - v l ) I E l + { \ 
F load 
G parabolic approximation of 

the surface separation G = X2/2 + Y2/2 
H dimensionless film thickness H = hRx/a

2 

integration constant 
P dimensionless pressure P = P/Ph 
Rx reduced radius of curvature 

in x direction R~l = Ri* + R2X 
X dimensionless coordinate X = x/a 
Y dimensionless coordinate Y = y/a 
A wavelength 

Y = y/a 

V Poisson's ratio 
A<j> phase shift difference 
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