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Abstract 

An experimental investigation was conducted to study the influence of additives on lubricant 

rheology in elastohydrodynamic lubrication (ehl) and micro-ebl as found in applications such 

as gears and rolling clement bearings. The lubricants were subjected to very high pressures 

which acted globally over the apparent area of contact in ehl and to even higher pressures 

which acted locally at asperity contacts in micro-ehl. For eh]. calculations were descnl>ed for 

evaluating the effective film thickness parameter 1 (theoretical central film thickness divided 

by measured composite RMS surface roughness). This parameter detennincd an 

approximate point of transition to micro-ehl. As well, an analytical procedure was developed 

for determining the limiting shear stress, which was considered an imponant parameter in 

high pressure rheology. For micro-chi, a calculation procedure, based on measured surface 

roughness parameters and a modified Greenwood and Williamson type model, was 

developed to evaluate the real area of contact. 

A side-slip disc machine was used to measure friction forces which sheared 

elastohydrodynamic lubricant films as slip-roll ratio increased from zero. Major disc machine 

modifications included adding devices to measure surface temperature, using an electrical 

resistance circuit to measure cross film voltage drop, and providing an automatic data 

acquisition system. Lubricant additives, in the general categories of friction modifier, anti­

wear, and extreme pressure, were studied in disc machine experiments involving rough and 

smooth disc surfaces. 

Friction force rose rapidly to achieve a maximum value at a slip-roll ratio of about 5%. In 

ehl, with the smooth discs, small but distinct and repeatable differences in the friction forces 

were caused by the additives. These differences permitted evaluation of limiting shear stress 

expressions which were functions of pressure for each lubricant. In micro-ehl, with a rough 

disc surface, the friction force was 2 - 3 times higher than occurred with smooth disc surfaces 
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and the additives had significant influence on ftiction forces. The measured friction force 

divided by the estimated real area of contaet gave an alternative evaluation of the limiting 

shear stress, which agreed quite closely with the limiting shear stress predictions based the 

expressions derived from teSting in ehL This agreement suggested that friction 

measurements under ehl could be used to evaluate and explore the influences of additives on 

the limiting shear stress. Thus, the lubricant chemistry coukl be designed to give an optimal 

limiting shear stress using disc machine measurements, under conditions of ehl, for guidance. 
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Pavg average tibn pressure 

Pmax maximum film pressure 

qx,CIY mass flow rate per unit width in x or y direction 

R reduced radius 

Ra central line average of surface roughness profile 

Rq RMS of swface roughness profile 

Rmax the maximum peak to valley height of surface roughness profile 

Rx,Ry reduced radius in x or y direction 

Rx1,Rx2 radius of contact body 1 or 2 in x direction 

Ry1,Ry2 radius of contact body 1 or 2 in y direction 

So dimensionless constant used in Eq. 2. 7 

s number of discrete contact lines at measured surface height 

T temperature 

T P (%) bearing area in percentage at measmed surface height 

Tr reference temperature 

t time 

~t sampling interval for data acquisition system 

u fluid velocity in the entrainment direction 

u1,u2 surface velocity of contact body 1 or 2 
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v sliding velocity in the direction perpendicular to entrainment velocity 

x,y,z Cartesian coordinate system 

Z viscosity-pressure index, a dimensionless constant in Eq. 2.7 
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Zn,Zn * dimensionless separation parameters 
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a pressure-viscosity coefficient 

a dimensionless roughness parameter defined in Eq. 2.41 
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~ asperity tip radius 

y shear strain rate 

ye linear elastic shear strain rate 

r V non-linear viscous flow shear strain rate 

6 elastic defonnation of contact body 

6c elastic deformation at contact center 

11 viscosity 

110 viscosity at atmospheric pressure 

A effective film thickness parameter (defined as hJcrc in this thesis) 

A* effective film thickness parameter (defined as hmJcrc) 

µ coefficient of friction 

µmax maximum coefficient of friction 
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Chapter 1 Introduction 

1.1 Tribological Mechanisms and Lubricant Rheology 

The investigation of the rheology in very thin lubricant fihm under high pressures is an 

imponant topic in tnoology because many concentrated contacts in rolling and sliding motion 

are lubricated to some extent by these fihm. 1bese contacts arc found in machine elements 

such as gears, rolling element bearings and bearings in vehicle engines. The lubricant~ 

are fonned by a physical process known as elastohydrodynamic lubrication (ehl), in which 

average pressures typically exceed 1 0Pa and film thicknesses are in the range of about 0.1 -

LO µm (Figure 1. la). The high film pressure causes a significant increase in lubricant 

viscosity and a shift from Newtonian to non-linear viscoelastic rheological behaviour, as well 

as elastic defonnations of the machine element surfaces. Shearing of an ehl film results in 

quite a high friction force because of the higher viscosity, however, as shear strain rates 

increase, temperature also increases which, in tum, decreases both the viscosity and the 

friction force. The understanding of the complex physics of ehl (Hamrock and Dowson, 

1981) is a major tribological achievement of the twentieth century. 

Under various combinations of contact conditions, ehl fihns are thin enough to allow 

individual asperities to play a role. In these cases, the film thickness is less than 0.1 µm, 

which is of the same order as root mean square (RMS) surface roughness of typical bearing 

surfaces in concentrated contacts. Conventional ehl theory, in which perfectly smooth 

surfaces are assumed, cannot work well for these fibm. There has been an increasing 

realization that the asperity contacts thc~lves behave as "micro" bearings and some fonn of 

fluid film lubrication may persist under quite extreme conditions. Consequently, micro-ehl 

theory was developed (Christensen, 1969; Fowles, 1971; Tallian, 1972; Cheng, 1978). 
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When the asperities deform elastically, ripples are generated on the pressure distnl>ution 

which occurs for per(ectly smooth surfaces. The asperity interactions are "cooperative" if 

these ripples remain relatively small compared to the smooth surface pressure distnbution 

(Figure l..lb) ~ thus, a relatively continuous lubricant film is maintained. However, as the 

surfaces approach more closely, there lllly be a transition to "isolated" micro-ehL in which 

each asperity contact acts as an individual bearing (Figure l.lc). As a resul~ the pressure 

may become insignificant between the asperity contacts and all the applied load is supported 

on the asperity contacts (Kingsbury, 1985; Shieh and Hamrock, 1991; Chang and Webster, 

1991; Sutcliffe, 1991; Huang and Wen, 1993). Much of the recent understanding of micro­

chi comes from theoretical studies because suitable experiments are very difficult to perform. 

In micro-chi, the friction force depends on the rheology of the lubricant film which, as 

mentioned previously, tends to follow a non-linear viscoelastic behavior. The shearing may 

occur between molecules or between large groups of molecules but the slip planes are 

distributed to some extent through the lubricant film thickness. During relative sliding 

between the solid bearing surfaces, the micro-chi shear action may be considered analogous 

to a continuous "ductile" fracture process. 

Most lubricants contain additives that are designed to form very thin surface layers of 

molecular dimensions (about S - 10 run) that adhere chemically to the machine element 

surface asperities. As tribological conditions become more extreme and lubricant film 

thickness decreases (Figure 1. ld), these surface layers begin to interact at the asperity tips. 

Their life in the contact during sliding action depends on the strength of the chemical 

attachment to the surface, and while they exist in the contact the friction force is influenced. 

The friction force may arise from shearing at a layer-surface interface or at some intermediate 

plane between contacting surface asperities. If shearing occms at a layer-surface interface, 

friction force is influenced directly by the strength of the adherent chemical bonds. On the 

other hand, if the shearing occurs at an intermediate plane, the friction force may correlate 

with the strength of the adherent chemical bonds, but the relationship is not direct, because 
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the bonding across the intermediate plane nust be considered. In any case. the shearing 

involves slip at a plane rather than a distnbuted deformation through the film thickness, and is 

perhaps analogous to a "brittle,. rather than a "ductile,. fracture process. When the friction is 

dominated by the lubricant surface chemistry, the phenomena is descnbed as boundary 

lubrication. 

The tnbological mechanistm of thin film lubrications arc summam.ed in Figure 1.1. Actual 

contacts may exlubit a blending of two or more of these mec~. Tiie combination of ehl 

and boundary lubrication and the combination of isolated micro-chi and boundary lubrication 

are of particular interest to the present research. 

Mineral oils are extensively used as lubricants to reduce friction and wear. Although mineral 

oils are graded according to their viscosity variation with temperature, additive packages that 

make them formulated oils are also part of their overall classification. The additive packages 

are considered to be developed for boundary lubrication. However, they may be influential 

and perhaps beneficial in chi or micro-chi fibm and therefore the perfonnance of additives 

under these conditions is an interesting and imponant topic. 

New additives are proposed frequently by lubricant chemists who concentrate their effons on 

characterizing the chemical properties. The rheological behaviour of lubricant additives 

received much less attention. It is not economically feasible to evaluate all additive 

formulations in the field or in test prognum with comprehensive simulator devices. The low 

cost, standard lubricant screening tests, such as ~ball (ASTM D 2266) and Timken (ASTM 

D 2509), may be helpful indicators of the chemical-rheological behaviour of the additives, but 

often are not related directly to the perfonnance in situ. Therefore. it would be useful to 

develop a screening test which quantified the rheological influences of lubricant additives 

more precisely than the existing standard tests and related more directly to the lubricant 

perfonnance in final applications or full simulation devices. 
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One approach to investigating the lubrication of very thin fihm is to measure the friction in 

contacts that sinulate some of the key conditions found in machine elements, and then to 

determine the lubricant rheology based on these measurements. In particuJar, it woukl be 

useful to perform tests under controlled conditions of low slip-roll ratio which. for example, 

occurs in gears and rolling element bearings. Under these conditions thennal effects are 

much less dominant and lubricant behaviour is not well represented by standard lubricant 

tests that involve pure sliding. Friction (or traction) force measurement in a disc machine 

provides this control over the slip-roll ratio and has been used to study ehl and various 

combinations of the mechanis~ shown in Figure 1.1 (Smith, 1959; Johnson and Jefficris, 

1968; Johnson and Robens, 1974; Wu and Cheng, 1994). Various rheological models were 

developed to characterize this behavior (Johnson and Tevaarwerk, 1977; Bair and Wmer, 

1979). Quite recently, interest has been focused on the effects of surface roughness on ehl 

friction (Evans and Johnson, 1987; Johnson and Higginson, 1988; Sutcliffe, 1991). 

However, less experimental work was found for conditions involving asperity interactions 

with randomly rough surfaces and formulated oils, although such contacts are common in 

practice. 

1.2 Objective and Chosen Approach 

The objective of present research is to explore the influence of lubricant additives on the 

rheology of ehl and micro-chl A side-slip disc machine with a particular nominal point 

contact geometry was used to measure the friction forces with four formulated versions of 

MCT 5 lubricating oil (Imperial Oil Ltd, Sarnia, Ontario). The formulated oils are designated 

as MCT 5, MCT 5 + FM, MCT 5 + AW and MCT S + EP where the additives are indicated 

by FM for friction modifier, AW for anti-wear and EP for extreme pressure. In the contact 

between the top and bottom discs, the oil is subjected to a high pressure, while maintaining an 

almost constant elastohydrodynamic film thickness. When a side-slip velocity is introduced 

by skewing the top disc, a friction force perpendicular to the rolling direction occurs. The 
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friction force increases with increasing skew angle until it reaches a relatively constant value 

before thcnnal influences cause its decline.. Tilerefore, the mction force measurement is 

linked directly to the lubricant rheology. The top disc has either a very smooth surface or a 

randomly rough surface, which produces chi and micro-chi conditions. In this manner, a 

particular set of fonnuJated oils is studied and a procedure is developed for investigating 

additive influence on the rheology of chi and micro-chi. 

1.3 Thesis Layout 

The remainder of this thesis contains six chapters. Chapter 2 provides a brief literature 

review of lubricant propenies, lubrication in concentrated contacts and experimental and 

analytical methods which related to the present study. Fust, low pressure properties of 

mineral oil and functions of additives arc considered. Then, some basic concepts and 

research achievements of ehl are presented. Following that, the effects of surface roughness 

on chi are considered. Fmally, the development of rheological models from friction force 

measurements are introduced. 

In Chapter 3 the experimental facility is described. Following a general description of the 

components and operating principles of the side-slip disc machine, three modifications of this 

test rig are discussed. These modifications are the installation of a temperature measurement 

instrumentation, a data acquisition system, and an electrical resistance circuit for detecting a 

lubricant film breakdown. 

Chapter 4 describes the experimental materials and methods. The relevant properties of four 

fonnulations of a lubricating mineral o~ which arc used in the present study, arc discussed. 

For the experimental design, the tnoological characteristics, including two types of disc 

surface roughness and various combinations of the conditions of load, lubricant temperature, 

ambient pressure viscosity and rolling speeds are presented. The experiments are arranged in 
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groups under various operating conditions for each lubricating oil. Fmally, the central film 

thickness and the effective film thickness parameter is estimated for each of the test condition 

and given a consequent experiment number for all of them. 

In Chapter S, the results of friction force measurements are reported for the various 

lubricants and test conditions. 1be maximum friction forces are determined for traction 

curves, and the features from both smooth and rough disc experiments are discussed in a 

preliminary fashion. 

In Chapter 6, a further discussion and analysis of the results is presented. From the friction 

force measurements with smooth disc, a limiting shear stress for each formulation is 

determined by using an empirical approach developed by Wu and Cheng (1994), and an 

expression of the relationship between the limiting shear stress and film pressure is found. 

Using this expression a limiting shear stress under any pressure can be predicted. For rough 

disc experiments, assuming that loads are earned only by the asperity contacts and using an 

estimate of the real area of contact which is obtained by a modified Greenwood and 

Williamson type model, the average pressure is calculated by dividing applied load by the real 

area of contact. Also, the average maximum shear stress for various lubricating oils are 

found from measured maximum friction forces. A comparison of these values to the 

predicted values, using the expression of limiting shear stress versus pressure, is made to 

show the influences of lubricant additives in chi and micro-ehL 

Chapter 7 summari7.Cs the present study and presents conclusions and recommendations for 

future work. 



Chapter 2 Background 

This chapter presents background related to the present research. Conventional "low 

pressure" rheological properties of mineral oils are discussed along with various functions of 

additive packages. Brief descriptions of lubrication regimes and ehl theory are presented, 

followed by discussions on the influence of contaet surface roughness on chi and the 

concepts of micro-ehl Fmally, friction force measmements on a disc machine are descn'bed 

along with the relationship between these measurements and ''high pressure" lubricant 

rheology. 

2.1 Mineral Oils and Additives 

A lubricant is any substance that is used to reduce friction and wear between moving surfaces. 

However, only mineral oils, which are low cost liquid lubricants derived from petroleum 

fractions, are considered in the present research. Various additives are usually added in very 

small quantities to give the base stock mineral oils a wider range of applications. To a large 

extent, the rheological properties of mineral oils are detennined by the base stock, while the 

chemical interactions of mineral oils with the contact surface are determined by the additives. 

2.1.1 Low pressure rheological properties 

The fundamental rheological behavior of mineral oils depends on the pressure and the shear 

strain rate. Under low pressures and shear strain rates, mineral oils have a classical 

Newtonian fluid rheology. Consequently, viscosity alone is sufficient to describe the rheology 

with further adjusting relationships to account for the influences of temperature and pressure. 

This rheological description is a conventional approach used to grade engine and gear oils. 

8 
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• Viscosity 

Viscosity is a measure of a resistance of a mineral oil to a shear strain rate. This resistance is 

caused by continually shifting weak bonds between adjacent layers of mineral oil as it is 

subjected to shear. In 1687, Newton suggested that shear stress within a fluid might be 

directly proportional to shear strain rate and this proportionality constant became known as 

viscosity. In a simple shear flow (Figure 2.1), the viscosity may be calculated as follows: 

Fr 

11 = i-x = A = Frh 
y u2 u2A 

h 

where TJ - viscosity (Pa-s) 

i-z - shear stress within the fluid in the x-direction 

y - shear strain rate 

F,- - force driving upper solid 

A - contact surface area 

u2 - velocity of solid 2 in the x-clirection 

h - thickness of sheared lubricant film 

(2.1) 

Viscosity is an imponant property for most contacts in which fluid film lubrication occurs. 

Unfortunately, a lubricant may not have a uniform viscosity throughout the film because of 

variations in the pressure and/or temperature that cause subsequent changes in the value of 

viscosity. 

• Density 

Density is imponant to "low pressure" rheology because it is required in some standard 

measurement procedures to detennine viscosity. Almost all the liquid mineral oils are 

incompressible unless under extremely high pressure (Dowson and Higginson, 1966), but 
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Figure 2.1 Physical illustration ofNewtonim fluid 
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their densides change with tcmperatme even at low pressure. In the present study, an 

expression from Cameron (1976) for a density at a specified temperature was adopted to give 

Pr =Pis ·[1-y•(T-lS)] 

where p,.- density at temperature T 

Pis - measured density at 15°C 

y- coefficient of thennal expansion (lf'C) 

T - temperature in Celsius scale 1 

(2.2) 

The coefficients of thermal expansion (y) for various ranges of pis were provided by a 

commercial handbook1 (Table 21) with some confinnation provided by Booser (1984). 

Table 2.1 Coefficients of thennal expansion of mineral oils 

Pas('q/m1) y(trC) 

1075 -965 0.00063 

965-850 0.00072 

850 - 775 0.00090 

115 • 142 0.00108 

Thus. given a measured value for Pis, the density can be calculated using Eq. 2.2 with support 

from Table 2.1. 

• Viscmity-temperature relationship 

Viscosity of a mineral oil decreases with increasing temperature (Figure 2.2). The Society of 

Automotive Engineers (SAE) has defined different viscosity grades for engine oils which 

depend on their viscosity-temperature behavior. An example of the viscosities of a typical 

1 All temperatures are in °C through this lhesis. 
2 The relevant ranges of density were quoted from Production lnformadon Lllbricants and Specialties. 7th 
F.dition (1990). Imperial Oil Ltd. Canada. 
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SAE SW engine oil at various temperatures is given in Table 2.2. The viscosity (11) is the 

product of kinematic viscosity (v) and density (p). 

whe~ v- kinematic viscosity 

p-density 

(2.3) 

Table 2.2 Viscosity and Density of SAE 5W Engine Oil (from Cameron, 1981) 

T(•C) v (m1/s) p (q/ml) 11(Pa-s) 

2S 4.82xla3 860 0.0415 

40 2.S45xl0.s 851 0.0217 

100 4.994xl0" 812 0.00406 

The American Society of Testing and Materials (ASTM) advocates the use of a viscosity­

temperature relationship, which was derived from a large number of mineral oil viscosities, 

called the Walther equation (Brian~ et al. 1989) 

log(log(v + 0.7)) = A- B • log(T + 273.15) 

where v - kinematic viscosity varied from 2.0 to 20 x 10 7 cSt 

(1 cSt = 1 x 10-6 m2 /s) 

(2.4) 

A,B - constants detennined from v measurements at two different temperatures 

for a specific oil 

Using the above relationship with two values of v measured in cSt at 40°C and 100°C, the 

constants A and B can be found. Then, the v-T behaviour is represented quite accurately, 

providing v is always within the range 2.0 - 20xl06 cSt and T is within the range -70°C -

370°C. To determine viscosity (Tt) at a given temperature, the density must be calculated as 

described previously, and then both v and p substituted into &}. 2.3. 
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• Viscesity-pressure nlationsbip 

A simple relationship between piessme and viscosity is given by the Barus equation 

(Cameron, 1981). 

(2.5) 

where 1lo -viscosity at atmospheric press~ and a particular reference temperature 

p-pressure 

a - pressme-viscosity coefficient at the reference temperature 

The Barus equation is used extensively, but it is valid as a reasonable approximation only at 

low to moderate pressures and becomes inaccurate (overestimating viscosity) as pressure 

increases beyond O.S 0Pa (Hamrock, 1991) or 0.8S GPa (Wu and Cheng, 1994). If the 

reference temperature is high, this inaccuracy occurs at even lower pressures. 

• Viscosity variation with both temperature and pl"es.1ure 

Some more comprehensive expressions which include the simultaneous effects of both 

temperature and pressure on viscosity have been given by Crook (1961), 

1J = 1Jo . e•-ICT-T,) 

where /J - constant 

T, - reference temperature 

1lo - viscosity at atmosphere pressure and Tr 

and by Roelands et. al. (1963) 

(2.6) 



1J=11o·e_., 

1 ~( T -138 )..s. z } where a*=-·[ln(1J0 )+9.67l -- •{l+l.SxlO-' •P) -1 
p T, -138 

- Roelands pressure-viscosity coefficient 

Z= a 
Slxl0-9 •[ln{7J0 )+9.67] 

- viscosity-pressure index, which is usually constant 

over a wide temperature range 

S _ ti • (T, -138) 
0 

- In(110)+9.67 

- dimensionless constant which establishes slope of 

viscosity-temperature relationship 

a,~ - constants 

15 

(2.7) 

The expression of RoeJands ct. al. is considered the most accurate but the required constants 

are not readily available. 

2.1.2 Functions of additives 

Hydrocarbons are the main chemical constituents of mineral oils. Hydrocarbon chains along 

with various incorporated compounds can interact with the contact surfaces to produce 

chemically attached layers which improve tribological perfonnance. In general, the chemical 

layers are designed to protect the surfaces from wear and reduce friction. Most of the 

compounds required to form the attached layers are not found in refined petroleum fractions 

that fonn the Hbase stock" oil and must be added. The surface chemistry of mineral oil 

depends to a large extent on these "additivesn. 
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Additives may be classified according to their functions. There are many types of additives, 

some of them, such as andoxidan~ anti-foaming agents, etc. are not involved directly in the 

friction and wear. In the present study. typical examples of a friction modifier, an antiwear 

additive and an extreme pressme additive are considen:d. 

• Frietion moclifter 

Friction modifier (FM) additives reduce the friction by Conning layers of low shear strength on 

the contact surfaces. In current usage, the FM additives are mostly fatty acids and esters. 

The molecules generally contain unbranched long chains of carbon ato~, which are at least 

ten ato~ in length and are classified as the oil-solubilizing portion, plus a polar group at one 

end, which reacts with the contact surfaces by a mechanism known as adsorption (Fein, 1983; 

Liston, 1992; Stachowiak and Batchelor, 1993). The molecular layers generated by this 

mechanism cover the contact surfaces as shown in Figure 2.3 and effectively prevent the high 

friction associated with dil'Cct surface contact. 

O'Brien (1983) reported experiments which investigated the effect of a friction modifier in 

automatic transmission oil (Figure 2.4). According to O'Brien, FM additives reduced the 

friction coefficient in the transmission, especially at low sliding velocity where the oil film Wai 

relatively thin and surface asperities might have made contact with each other. This reduction 

decreased with increasing sliding speeds since the asperities were separated by a thicker oil 

film and the FM additives did not have as much opportunity to act as that at the lower sliding 

velocities. 

• Antiwear additive 

Antiwear (AW) additives reduce wear usually at low sliding velocities by helping to initiate 

chemical reactions at the surface which form layers of sulphide and phosphate compounds. 

These chemical reactions. which are classified as chemisorption (Stachowiak and Batchelor, 
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1993), require initial input energy which is provided by frictional heating during the sliding of 

one surface over the other. However, this chemisorption is only used at moderate loads and 

temperatun:s. If tiictional heating continues to occur, it can damage the surface layers that 

have just been formed or impair their formation. When these surface layers do form, they 

wear out during sliding but at a lower rate than would occur with direct contact of the 

original surfaces. The surface layer produced by chemisorption of AW additive is much more 

durable than the la)'Cr produced by a FM additive through the mechanism of attachment called 

adsorption. 

The most commonly used AW additive in engine oils is zinc dalk.yldithiophosphate (ZDDP), 

in concentrations of 1 % - 3% by weight. Its chemical structure is given in Figure 2.5. The 

layer fonned from ZDDP additives effectively reduces wear rate. The presence of zinc in 

ZDDP plays an imponant role. Zinc gives the lowest wear rate compared with other metals, 

such as nickel, silver, lead and tin (Stachowiak and Batchelor, 1993). The lubrication 

mechanism of ZDDP is complex and the current understanding is that the surface layer is 

subject to a "sacrificial" wear, which is lower than the wear which would occur without it. 

• Extreme pressure addilive 

Extreme pressure (EP) additives are essentially designed as AW additives but work under 

high contact pressures and sliding velocities in which lubricant and surface temperatures are 

high. EP additives usually contain phosphorus, sulphur or chlorine, plus water and oxygen 

(Fein, 1983; Liston, 1983; Stachowiak and Batchelor, 1993). When they are exposed to hot 

surfaces they are activated and react with the surfaces through a mild corrosion mechanism 

(Stachowiak and Batchelor, 1993). Figure 2.6 shows a typical EP additive protective film 

(Liston, 1983). They contain complex inorganic and organic reaction products, which are 

often phosphorus, sulphur and chlorine containing compounds, as mentioned previously, as 

well as ahnost all of the chemical elements which present in the lubricant and contact surfaces 

(Fein et al 1986). Care should be taken while selecting types of EP additives and determining 
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their concentrations for individual applications, in order to minimize corrosion and control the 

formation of low shear strength surface la)'el'S. For example, if the concentration of EP 

additive is too high, then excessive corrosion may occur, while if it is too low, then the 

surfaces may not be fully protected. 

Surface layers produced from EP additives remain stable at quite high temperatures and 

provide a "sacrificial" low wear rate in the same manner as AW additives. They extend the 

load-carrying capacity preventing any unacceptably high rate wear or surface damages, such 

as scuffing and seizing. 

Sometimes the same additive can perform more than one functions. For example, zinc 

dithiophosphate has been used as both an AW and an EP additive. At low temperatures 

associated with low sliding velocity and contact pressure, surface layers form since the 

thennal activation energy is low. At higher temperatures, the surface layers form even more 

readily and remain stable. However, many additives do not work at both high and low 

temperatures. 

2.2 Elastohydrodynamic Lubrication 

In general, the purpose of lubrication is to protect two contact surfaces during relative motion 

and to reduce friction. Based on the physics of the surface interaction, lubrication can be 

classified into various regimes. Elastohydrodynamic lubrication (ehl) is one of them, which is 

found extensively in engineering practice. In order to understand the context in which ehl 

occurs., a brief description of lubrication regimes and their mechanis~ is given and the 

fundamentals of ehl theory are discussed in detail. 
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2.2.1 Regimes of lubrication 

Conventionally, there are four lubrication regimes: b)'drodynamic lubrication, elasto­

hJdrodynamic lubrication. boundary lubrication. and mixed tiJm lubrication. The 

characteristics of each iegime are determined by the contact geometry, material of the contact 

surfaces, kinematic conditions, applied loads, and lubricant properties. 

• Hydrodynamic lubrication 

Hydrodynamic lubrication can give low friction and virtually zero wear. It usually occurs in 

conformal surface geometries. The applied load is carried by a pressure generated within the 

fluid fi1m. This pressure develops during relative motion in the region where the surfaces 

converge. The motion of the surfaces pulls lubricant into the gap between them and the 

decreasing of available space causes the pressure generation. In hydrodynamic lubrication, 

the gap between the surfaces must diverge eventually to permit the lubricant to flow through 

the region of close proximity (known as the contact zone). Contact pressure in hydrodynamic 

lubrication is low enough that the effects of elastic deformations of contact surfaces and of 

pressure on viscosity do not influence film thickness significantly. 

• Elastohydrodynamic lubrication 

In e~ however, both elastic defonnation of the contact surfaces and the lubricant pressure­

viscosity effect act to increase the lubricant film thickness. Usually, ehl occurs in non­

confonnal surface geometrics. For materials of low elastic modulus, such as rubber, surface 

deformation is more important than the pressure-viscosity effect, while the converse is found 

for materials of high elastic modulus, such as metals or ceramics. According to Hamrock 

(1994), lubricant viscosity can vary up to 10 orders of magnitude under a pressure up to 3 

GPa, which can occur with metallic surface materials. Thus, despite high film pressures, 

continuous lubricant films can be generated which prevent asperity contact and associated 

surface damage. 



23 

• Boundary lubrication 

Eventually, a combination of factors such as high load. low surface velocity, very 

noncomfonnal surface geometry, and low lubricant viscosity with a weak pressure viscosity 

effect, prevents t1uid film fonnation. However, boundary lubrication may exist to protect the 

contact surfaces. Boundary lubrication locates at the other end of the lubrication spectrum 

from hydrodynamic lubrication. The opposing contact surfaces arc only separated by very 

thin surface layers of molecular proportions. As mentioned in Chapter 1, the chemical 

bonding of the lubricant layers to the surface determines the friction and wear of the contact. 

and the layers thermelves usually involve additive compounds. In boundary lubrication, the 

friction force is usually higher than that in ehl, but still lower than in dry contact. Sometimes 

the layer forms by a chemical reaction between surface and lubricant. Therefore, the 

formation is often temperature, pressure and time dependent. The layer thickness depends on 

the size of the composing molecules, and is typically within 1 to 10 run. 

• Mixed mm lubrication 

The behaviour during the transition from chi to boundary lubrication is known as mixed film 

lubrication. As the film thickness in ehl decreases. the asperities begin to interact and a 

phenomena known as micro-ehl may occur. in which the asperity geometry and deformation 

influence the lubricant film thickness. At first the asperities may interact in a cooperative 

fashion where lubricant flow at an individual asperity is influenced by nearby asperities. As 

the film thickness decreases, the asperities begin to act in isolated individual contacts. When 

the tribological conditions become more severe, the lubricant film becomes even thinner and a 

chemical attachment of additives to the surfaces leads to boundary lubrication. There is a 

progression from a lubricant film rheology to an interaction of solid surface layers, and the 

mode of defonnation changes as discussed in Chapter 1. 
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Although the above behaviour is plaust"ble, it is not accepted universally. A constitutive 

equation of similar Conn governs the defonnadon of both a micro-ehl film and a solid 

boundary lubrication Ja)'a' (Dowson. 1995; Dowson. 1992). Therefo1ey experimental studies 

of typical contacts involving specific formulated lubricants have difficulty determining 

whether the transition from ehl to boundary lubrication occurs directly or with an intermediate 

micro-ehl behavior. If asperities begin to interact through boundary lubricant layers, then 

there can still be a transitional behaviour as pressure is shared between ehl film and asperity 

contacts, which would constitute a mixed film lubrication regime. In other words, the mixed 

fihn lubrication regime is composed of some combination of ehl, micro-ehl and boundary 

lubrication but the physics governing the proportions of each is not well established. 

• Some comments on lubrication failure 

From the above discussion of lubrication regimes, a conclusion can be drawn that lubricants 

protect the machine elements from dry contact in a number of different ways. In most cases, 

tribologist strive to avoid dry contact. which often causes a drastic increase in friction 

coefficient and wear rate, by introducing liquid lubricants. However, dry contact can occur 

when ehl fihns break down and the boundary lubricant la)'Cl'S are sheared &om the surface. 

When the lubricants are effective, whether with fluid ~ or surface layers, the lives of 

machine elements are extended, but eventually long term damage caused by phenomena. such 

as surface fatigue, corrosion or solid particle abrasion (perhaps from lubricant contaminants), 

results in component failure. 

2.2.2 Fundamentals of ehl theory 

The theory of ehl explains the physical action in the lubrication of many non~onfonnal 

machine element contacts. such as rolling element bearings, gears, piston rings and cam­

follower pairs. A considerable development has occurred since the pioneering work of Ertel 

and Grubin, (Grubin, 1949), on the solutions of ehl problems. A brief review of elastic 
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deformation in contact mechanics and viscous flow in fluid mechanics is provided in this 

section, and then the main features of chi arc discussed. In the 1ast part of this section the 

dimcnsionJess parameters and film thickness equations, as well as the chi regime charts are 

discussed. 

• Hertzian theory in nominal point contact 

Hertzian theory gives fonnuJac for contact sttcss and elastic defonnation in dry static contact 

(there is no liquid lubricant or surface velocities). Smooth surfaces are assumed with no 

surface tractions. The surfaces are also elastic, isotropic and homogeneous half spaces. 

Finally, Hertzian theory assumes that the contact dimensions are small compared to the radii 

of curvature of the surfaces. A nominal point contact occurs when two smooth surface 

ellipsoids are loaded together and the very small contact area is elliptical in shape. Hamrock 

and Dowson (1981) provide formulae which allow load (f), the curvature sum (R*), along 

with the elastic modulus (E) and Poisson's ratio (v) of each surface to give the dimensions of 

the contact ellipse, the contact stress distdbution and the total deflection of the centers of the 

two ellipsoids. 

The R * is calculated from the radii of curvature of the ellipsoidal contact surfaces (Figure 

2.7a) as follows: 

(2.8) 

where R11:, R1 - effective radii in the x and y directions 

The formulae can be simplified for the circular contact area of the experimental apparatus in 

the present study. In this case, R., = R1 and the circular contact area can be considered 

equivalent to that which occurs when a sphere of radius R makes contact with a flat plane 

(Figure 2. 7b ), where R is defined as the effective radius for contacting spherical surfaces. 

R=R =R 
Jl 1 (2.9) 
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Figure 2. 7 Nominal point contact 
( a) geometry of contacting elastic solid ( from Hamrock and Dowson, 1981) 
(b) circular contact area from a contact of a sphere and a plane 
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The formulae of Hamrock and Dowson can be reduced to the following well established 

Hertzian equations for contacting spherical surfaces (Cameron, 1966; Halling, 1975). 

a =(3FR)t 
2E' 

Ql 
6=­

c R 

(OSrSa) 

where a - radius of the apparent circular contact area 

(2.10) 

(2.11) 

(2.12) 

(2.13) 

Aor - apparent contact area (real contact area is calculated by considering the additional 

effect of surface roughness) 

E' - reduced elastic modulus 

.1_= .!..(1-v/ + 1-v/) 
E' 2 E1 E2 

(2.14) 

F - applied load 

p - contact pressure (or normal stress) acting on the contact surfaces 

&, - elastic deformation at contact center 

• Reynolds equation 

The Reynolds equation is a panial differential equation descnoing the pressure distribution in 

fluid film lubrication. It combines the physical principles of conservation of mass and 

conservation of momentum for thin film flow. Various versions of the Reynolds equation can 

be found in the literatures. depending on the assumptions made in the derivation. The 

following assumptions are made in the present research to obtain a version of the Reynolds 

equation. 
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(1) The film thickness is small, compared to the radii of curvature of the surfaces and the 

contact dimensions. 

(2) Inertial and body forces are negligible compared to shear and pressure forces. 

(3) Load and surface velocity are constant so that flow is steady and film thickness is 

constant with respect to time. 

( 4) The lubricant is a Newtonian liquid, flow is laminar and viscosity is constant through 

the thickness of the film. 

(5) There is no slip at the surface-fluid interface. 

(6) The lubricant is incompressible. 

Considering a typical bearing with converging-diverging surfaces (Figure 2.Sa), the first 

assumption allows the elimination of shear stresses acting on the side faces of control volume 

(Figure 2.8b ). A conservation of momentum is applied, which is a static force balance 

because inertial forces are negligible. Take limits as the control volume and follow the 

Newtonian laminar flow assumption with constant viscosity through the film thickness, a 

reduced version of the Navier-Stokes equations is obtained as follows: 

where p - pressure of lubricant film 

11 - lubricant viscosity 

u. v - lubricant velocities in the x and y directions 

(2.15) 

Since the third equation above indicates that the pressure in the z direction is a constant, it is 

possible to integrate the first two equations twice with respect to z, where the boundary 

conditions are described by the assumption of no slip at the interface as follows: 



F 

(a) 

P.v 
(b) 

Ps 

Note: 
Similar pressure and 
shear stresses act on 
the hidden faces 

Subscripts: 
e - east, w - west 
s - south, n - north 
t-top 

Figure 2.8 Typical bearing illustration for deriving Reynolds equation 
( a) a bearing with converging-diverging surfaces 
(b) control volume for conservation of momentum 
( c) control volume for conservation of mass 
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U = Ui, V = 0 at Z = 0 

u = 0, v = 0 at z = h 

Then the lubricant velocities, u and v, are 
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(2.16) 

The lubricant velocities may be integrated across the film thickness to obtain the volume flow 

rates per unit width in the x and y directions as follows: 

(2.17) 

Take a control volume that stretches across the film thickness (Figure 2.8c ), the conservation 

of mass for the incompressible fluid in this control volume implies 

(2.18) 

Dividing both sides of Eq. 2.18 by Ax•Ay, taking limits as Ax and Ay approach zeroy and 

substituting in Eq. 2.17 yields the following version of the Reynolds equation. 

(2.19) 

where u = "1 / 2 - entrainment velocity, i.e. average lubricant velocity in the contact zone. 
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If both contacting elements are in a pure rotation with surface velocities u1 and u2, then a 

similar derivation reveals that "= "1 + "i . 
2 

• Pressure distribution and film shape 

Determining the pressure distribution in an isothennal chi film is a complex problem. The 

pressure generated in the contact zone changes both viscosity and film thickness; thus, Eq. 

2.19 is a highly non-linear partial differential equation when applied to ehl. 

In typical ehl, the elastic flattening becomes large compared with the film thickness and the 

pressure distribution approaches the Henzian contact pressure for most of the contact area. 

However, an inlet pressure '"sweep" occurs, in which pressure gradually increases as the 

lubricant is drawn into the contact by the moving surfaces rather than the rapidly increasing 

Hertzian pressure in the same inlet zone (Figure 2.9). At the exit of the contact zone, the 

pressure drops rapidly to ambient pressure. The influence of this ambient pressure on the exit 

zone surface is to reduce deformation, thus producing a constriction down to the minimum 

film thickness. This constriction occurs because defonnation is influenced by the total 

pressure field not just the local film value. Pressure rises rapidly when the lubricant flow is 

confronted with the constriction. This abrupt rise in pressure is defined as a pressure spike 

and is an important feature of ehl. The details of the pressure distribution and the film shape 

are shown simultaneously in Figure 2.9 for a simplified case, where only the top surface is 

elastic. Given the same reduced elastic modulus, the total surface deformation is identical in 

the contact zone for an elastic-rigid combination as for an elastic-elastic combination as 

suggested by Eqs. 2.8 to 2.14. 

An essential feature for effective lubrication is to maintain an adequate lubricant film 

thickness. Therefore, it is a very important practical 11c5PCCt of chi theory to determine the film 

thickness within the contact. The fluid film protiJe through the center of the contact can be 
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Figure 2.9 Typical pressure and film thickness profiles for ehl contact 
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represented by the following expression and shown in the simplified case where only the 

upper surface is elastic (Figure 2.10). 

xi 

h=ho + 2R +6 

where ho - separation of the undcfonned surface at the contact center 

6- elastic defonnation 

(2.20) 

The elastic defonnation can be calculated by a "surface clement" procedure as descn"bed by 

Hamrock and Dowson (1981). 

In ehl calculation procedures, the effect of pressure on viscosity can be estimated by the Barus 

equation (Eq. 2.5), even though it overestimates the viscosity at higher pressures. It is found 

that using the more realistic Roelands equation (Eq. 2. 7) for pressure viscosity effects gives 

approximately the same fihn thickness (This result is discussed in a subsequent section). 

Therefore, computational procedures may use Roelands equation which gives a more precise 

result (and faster convergence), but the fihn thickness formulae, which are correlated from the 

numerical solutions, use the pressure-viscosity coefficient (a) from the Barus equation for the 

lubricant. The a value may be measured for a given lubricant at relatively low pressures, and 

thus, it is fairly easy to obtain. 

Furthermore, in ehl, the pressures are high enough to change density, and thus, the lubricant is 

not incompressible. Inclusion of this effect in chi calculation procedures is not difficult and 

often makes convergence easier, but it docs not change film thickness significantly compared 

to calculations considering the lubricant as incomprcsSJble (Carncron7 1976). Thus, ehl 

formulae do not need to include a pressure-density term. 

The Reynolds equation, as derived in the previous section, can be used to investigate the chi 

film thickness with the provision that the pressure generated in the contact zone increases the 
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Figure 2.10 Typical ehl film between an elastic sphere and a rigid plane 
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lubricant viscosity and causes the elastic defonnation. As mentioned previously, both the 

variations in viscosity and elastic defonnation make the Reynolds equation highly non-linear. 

1be most common inlet pressure boundary condition is p = 0 at a large enough negative x­

value, so that moving this inlet boundary funher from the contact has a negligiolc effect on 

the converged pressure distnoution. The most conmon outlet pressure boundary condition is 

p = dp/dx = 0 at some positive x-value close to the outermost edge of the Hertzian dry 

contact area. 1be location of this outlet "cavitation" boundary is detennincd within the 

numerical solution procedure. A numerical analysis and computation technique was 

developed by Hamrock and Dowson (1981) for solving an isothermal ehl in an elliptical 

contact. An equivalent, but somewhat simpler, computation scheme to solve the Reynolds 

equation in isothermal ehl is presented in Figure 2.11 to provide the basic approach. 

The typical ehl film thickness profile presented in Figure 2.10 shows that, over most of the 

contact zone, the film thickness is almost constant, and thus, the central film thickness (he) 

provides a good estimate of the average value. Under the pressure spike at the exit of the ehl 

contact, there is a film constriction as mentioned previously. The minimum film thickness 

(hmm) occurs at the constriction and is approximate 75 - 80 % of the he. 

2.2.3 Film thickness equation 

Elastohydrodynamic lubrication involves the effect of pressure on lubricant viscosity and on 

surface elastic defamation. Thus, the film thickness in ehl depends on the relative influences 

of film pressure on the increase in viscosity and the elastic deformation. To quantify these 

influences, Johnson (1970) developed a ''regime" chart. These regimes of chi are specified by 

calculating the magnitude of a dimensionless elasticity parameter (gE), which is proportional 

to the maximum rigid isoviscous film pressure divided by the maximum Henzian pressure as 

shown below and quantities the effect of pressure on surface deformation. 
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lubricant viscosity and causes the elastic deConnation. As mentioned previously, both the 

variations in viscosity and elastic deformation make the Reynolds equation highly non-linear. 

The most colmlOn inlet pressure boundary condition is p = 0 at a large enough negative x­

value, so that moving this inlet boundary further from the contact has a negligible effect on 

the converged pressure distnbution. 1be most common outlet pressure boundary condition is 

p = dp/dx = 0 at some positive x-value close to the outermost edge of the Hertzian dry 

contact area. The location of this outlet "cavitation" boundary is determined within the 

numerical solution procedure. A numerical analysis and computation technique was 

developed by Hamrock and Dowson (1981) for solving an isothennal chi in an elliptical 

contact. An equivalent, but somewhat simpler, computation scheme to solve the Reynolds 

equation in isothermal ehl is presented in Figure 2.11 to provide the basic approach. 

The typical ehl film thickness profile presented in Figure 2.10 shows that, over most of the 

contact zone, the film thickness is almost constant, and thus, the central film thickness Che) 

provides a good estimate of the average value. Under the pressure spike at the exit of the chi 

contact, there is a film constriction as mentioned previously. The minimum film thickness 

(hmm) occurs at the constriction and is approximate 75 - 80 % of the he. 

2.2.3 Film thickness equation 

Elastohydrodynamic lubrication involves the effect of pressure on lubricant viscosity and on 

surface elastic deformation. Thus, the film thickness in ehl depends on the relative influences 

of film pressure on the increase in viscosity and the elastic defonnation. To quantify these 

influences, Johnson (1970) developed a "regime" chart. These regimes of ehl are specified by 

calculating the magnitude of a dimensionless elasticity parameter (gs), which is proponional 

to the maximum rigid isoviscous film pressure divided by the maximum Hertzian pressure as 

shown below and quantities the effect of pressure on surface defonnation. 



Calculate viscosi and surface deformation 

Solve the Reynolds equation for pressure 
with the above viscosity and defonnation 

fields held constant (which makes the equation 
linear) and the applicable boundary conditions 

by a finite difference procedure 
with a Gauss-Seidel solver 

Iterate until the specified pressure 
distribution is the same as calculated one 

Calculate load by numerically integrating 
the ssure distribution 

Iterate until the calculated load 
ifiedload 

Figure 2.11 A simple computational scheme for isothermal ehl 
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(2.21) 

The11y a dimensionless viscosity parameter (gv) is calcula~ which is proportional to the 

maximum rigid isoviscous film pressure divided by the pressure at which viscosity equals 2. 72 

x 110 as shown below and quantifies the effect of pressme on lubricant viscosity. 

a-F 3 

gy = (11
0
U)2 R2 (2.22) 

After ga and gv are calcula~ a dimensionless minimum film thickness parameter (Hmm) can 

be conside~ which is proponional to the minimum chi film thickness divided by rigid 

isoviscous film thickness as shown below. 

(2.23a) 

Following Johnson (1970), numerical solutions were used to generate unique Amin contour 

lines on a gv versus ge plot. The orientation of these contour lines showed a physical 

interpretation of contact mechanics in four distinct regions. Johnson identified the behaviour 

in each of these regions as a "regime of chi" and noted that least squares curve fitting gave 

unique fonnulae in each regime of the following general form 

ff min = C • (g P )" (g E )" (2.23b) 

where a,b,c-constants for a particular regime 

The four regimes of ehl are isoviscous rigid, viscous rigid, isoviscous elastic and viscous 

elastic. Esfahanian and Hamrock (1991) generated a regime chart (Figure 2.12) for minimum 
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Figure 2.12 Lubrication regime chart for nominal point contact 
(from Hamrock, 1994, based on the results of 

Esfabaman and Hamrock, 1991) 
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film thickness in nominal point contacts with circular contact areas which defined the regime 

boundaries accurately. If the calculated values of ga and gv indicated that a given contact was 

in the viscous elastic regime, then using the constants a = 0.49, b = 0.17 and c = 1.687 in Eq. 

2.23 allowed an estimate of minimum film thickness (h..). 

Hamrock and Dowson (1977) generated the above formula for hmm and a fonnula for central 

film thickness Che) through their numerical solutions in the viscous elastic regime. In the 

present study, gg and gv were calculated and Figure 2 .. 12 was used to confirm that the contact 

was in the viscous elastic regime. Then, the following fonnuJa. which was developed by 

Hamrock and Dowson with its somewhat simpler dimensionless groupings, was used to 

calculate he. 

~ = 1.90 ( fJoU )o.67 I a£ ')0.53 (_!_)-4.067 
R E'R \: E'R 2 

(2.24) 

All of the procedures and formulae discussed so far considered a Newtonian lubricanL 

However, friction measurements indicate that the lubricant behaves in a non-Newtonian 

manner in many ehl contacts. In spite of this, the film thickness formulae have strong suppon 

from actual film thickness measurements. For example, optical intcrfermetry was used by 

Kunz and Winer (1977) to measure film thickness, as described by Hamrock and Dowson 

(1981 ), and the results agreed well with predicted values. Recently, Hamrock and his 

coworkers (Lee and Hamrock, 1991a, 1991b; Hsiao and Hamrock, 1994) perfonned 

numerical analyses of nominal line contact with non-Newtonian fluid models and pointed out 

that a formula equivalent to Eq. 2.24 based on a Newtonian model gave quite an accurate 

prediction of film thickness at low entraining velocities and pure rolling conditions. They 

attributed this convenient result to the Newtonian behavior of the lubricant during the inlet 

pressure sweep, which apparently set the film thickness throughout the contact 
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2.3 Mixed Film Lubrication 

When the ehl fihm are thin enough to allow individual asperities to interact with the opposing 

surface, the surface roughness is another important factor which affects lubrication. 

Conventional ehl theory has been remarkably successful in analyzing lubrication when the 

surfaces are well separated but a comprehensive understanding of asperity interactions and 

lubricant tihm under asperity tips has not yet been achieved. The study of thin film 

lubrication between rough surfaces is called mixed film lubrication (Hamrock and Dowson, 

1981) and requires knowledge of surface roughness, effective film thickness, and area of 

asperity contact. 

2.3.1 Surface roughness 

The surface roughness causes local changes in the lubricant film thickness and the pressure 

distribution. Thus, an analysis of a mixed film lubrication in a particular contact begins with 

the measurement of the roughness of the contact surfaces.. All manufactured surfaces are 

rough to some extent. The actual surface profile is the combination of three types of 

deviations: form error, waviness and micro-roughness (Figure 2.13). Even after removing all 

the fonn error and waviness by careful machining, there is still micro-roughness which cannot 

be eliminated from metal surfaces by any known polishing techniques. 

To detennine the surface roughness, many measurement devices have been developed. 

Among them, devices that use a contacting stylus needle are common. They transform the 

vertical motion of a stylus tip into an electrical analog signal (voltage) when the stylus 

traverses on a surface. This voltage is converted to digital information to represent the 

surface profile. There are several imponant parameters that can be used to characterize a 

rough surface. 
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Figure 2.13 Geometric characteristic of solid surface 
(from Halling, 1976) 
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(1) Root mean square of surface height (RMS) 

The RMS is the effective vertical deviation of a surface roughness profile and is given by the 

geometric average value of the differences of the profile from its mean line. Many 

manufacturing surfaces have a random or Gaussian distribution of surface heights, where the 

RMS corresponds to the standard deviation of the distnbution (Figure 2.14a). The RMS 

fonnula from discreti7.ed measurement data is 

where d; - surface height from a reference plane 

1 • 
d""' =-Ld; - average surface height 

m ;.1 

m - number of discretii.ed surface heights 

(2) Bearing area curve (BA) and high spot count (HSC) 

(2.25) 

BA and HSC are not constants for a given profile (like the RMS} but vary with the surface 

height coordinate (z). They are usually measured at the same time. In a measurement of BA 

and HSC, a hypothetical smooth flat surface is considered, which is parallel to the mean plane 

of the flat rough surface. When the smooth surface moves towards to the rough surface and 

intersects the rough surface profile at a number of levels as a line in the profile view (Figure 

2.14b ), the BA and HSC are defined by the following expressions. 

HSC=!_ 
L 

where L - traverse length 

(2.26) 

(2.27) 



z 

z 
mean ~-..-...-~...._~---1~-4-,1,---,p--o-:.:J.-Z.-\---!!"'+--t.+-­
line 

Figure 2.14 Surface roughness measurement 
(from Talysurf S Operator's Handbook) 

(a) RMS of a Gaussian surface 
(b) BA and HSC at a separation z 
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(a) 

BA=O 

(b) 



I; - contact line which pass through the material side of the profile at height z 

s - number of /; 's at height z 

2.3.2 Eff'ective film tbicknea parameter (A) 
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In order to evaluate the extent of asperity interaction in ehL a dimensionless film parameter, 

known as the 1 ratio, is defined as: 

(2.28) 

where he - central film thickness (close to the average film thickness of the contact), 

calculated for perfectly smooth surfaces using a formula such as Eq. 2.24 

ai, Di - RMS surface roughness of contact surfaces 1 and 2 

This l ratio is the same as that used by Johnson et al. (1972). Hamrock and Dowson (1981) 

and Hamrock (1994) defined a very similar A.* ratio, in which haua rather than he was used in 

Eq. 2.28 (1 * = 0.67 A.) and gave the possible values of A.* in the four lubrication regimes 

described in Section 2.2.1 as follows: 

(1) hydrodynamic lubrication, 5 s l * s 100 

(2) elastohydrodynamic lubrication, 3 s 1 * s 10 

(3) mixed (partial) lubrication, 1 S 1 * S S 

( 4) boundary lubrication, A* < 1 

It must be mentioned that the above ranges of the 1 * ratio lack precision because they do not 

describe the lubrication mechanics uniquely. Rather than modeling the actual surface micro­

geometry in a full numerical solution of ehl, a formula for an "average" film thickness of a 

smooth surface is used with a single "average" roughness parameter. 
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1be variation of the friction coefficient (µ) with the 1 • ratio is shown in Figure 2.15. Many 

experimental results suggested that the mixed lubrication regime (which is labeled as panial 

lubrication regime in the figure) has no sharp transitions from the fluid film lubrication or to 

the boundary lubrication. 1berefore, the approximate locations of the various lubrication 

regimes ue drawn as some moveable lines in this figure. 

2.3.3 Area of asperity contact 

Once roughness has been measured and the calculation of the effective film thickness 

parameter indicates that asperities affect the lubrication, a detailed examination of the asperity 

interaction is required. From the surface roughness measurements, the area of asperity 

contact can be estimated for an unlubricated and static contact. This distributed area of 

asperity contact indicates the regions in which micro~hl is possible. 

Many efforts have been made to detennine the area of asperity contact between rough 

surfaces. From the microscopic point of view .. when two surfaces are pushed into contact, 

they will touch at a number of discrete asperities which deform either elastically or plastically. 

The sum of the small areas of all the contact spots will be the real area of contact (Ar) within a 

specified apparent area of contact (A.). Some existing models start from the surface 

roughness measurement, represent the contact through a stochastic process, and determine 

the real area of contact for a specified load. 

Greenwood and Williamson (1966) developed such a model for an elastic contact between a 

flat rough surface and a flat smooth surface. This model assumed that asperities had spherical 

tips, defonned independently and the Gaussian distribution could be applied to their height 

distribution. When the smooth surface was pushed into contact and located at some 

separation (z), a number of asperities whose height over z would be in contacL To determine 

Ar within a specified apparent area of contact (A.), a contact spot density (n) was required, 

which gave the number of contacted asperities in a unit of A.. However, n was not measured 
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Figure 2.15 Variation of friction coefficient with film parameter 
(from Hamrock and Dowson, 1981) 
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directly when the surface roughness was given as a two dimensional profilometcr trace. An 

expression, which was given originally by Cooper et. al (1969) in their study of thermal 

contact conductance, gave the relationship between the n and measured values of HSC and 

BA. A method of detcnnining an average value of the radius of curvature (P) of the 

contacting spherical asperity tips at a specified load was given by De Vaal (1983). The work 

of both Cooper, et al. and De Vaal was adopted to find p~tcrs for a Greenwood and 

Williarnwn type model in the present study. Although this model could be extended to the 

contact of two rough surfaces, such an extension was not required in the subsequent analysis 

of the present study and thus it is not described here. 

• Contact spot density between Oat rough and smooth surfaces 

A derivation of the expression relating n to HSC and BA was given by Cooper et al. (1969) 

but it was difficult to follow. A somewhat simpler derivation1 was possible which yiekled the 

same expression. 

Following Greenwood and Tripp (1967), asperities were assumed to have spherical tips of 

about the same radius of curvature but various heights. Here, the n is the same whether both 

surfaces are elastic or plastic because only siz.e not number or location of contact spots 

changes. It is convenient for the present derivation, however, to assume a smooth rigid plane 

in contact with a rough plastic plane. When the rigid smooth plane is pressed into an 

individual asperity tip, the contact circle increases rapidly after initial contact, then more 

slowly as the separation z decreases. As a result, all the contact spots have about the same 

radius (ii) despite the variation in asperity heights when the smooth plane is at some height z 

(Figure 2.16). 

1 This derivation wa.5 presented fint in lecture notes by Dr. I. B. Medley. 
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Figure 2.16 Representation of contact between a rigid plane and a rough surface 
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The A. shown in Figure 2.16 is chosen to equal 2iiL, and it is noted that if asperity contact 

areas arc larger and smaller than those shown, some extra contact spots woukl be included 

and some would be missed, but on a long trace n shouki be stay about the same. It follows 

that 

HSC 
n=-

2a 
(2.29a) 

To detenninc an expression for a. consider a long trace that intersects many contact spots. 

The average length of trace within the contact spots (Figure 2.17) is 

BA =ll 
HSC 

- (1 / 2):tra 2 1lii 
where x = -----

2a 4 

Eqs.2.29a and 2.29b imply that 

tr HSC 2 

n=-·--
4 BA 

(2.29b) 

(2.30) 

The above expression is valid for elastic surfaces because only size and not the number or the 

location of the contact spots changes. 1be same expression was derived by Cooper et al. 

(1969). 

• Determining surface and uperity height distributions 

Both the surface height distn"bution and the asperity height distn"bution are very important 

features involved in the analysis of the rough surface contact. The features of these 
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Figure 2.17 Average trace across a circular asperity contact spot 
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distnbutions can be dctennincd from the BA measurements and the values of n calcu1atcd 

from the BA and HSC measurements .. 

The values of n increased with decreasing z until asperities began to merge.. When this 

asperity merging occurred, the rate of increase of n declined such that a maximum value (n.J 

was reached at a particular separation Z[... It was convenient to have a new definition for 

asperity, which was any summit on a rough surface with its height greater than Z[.. 

Since a plot of BA x 100 versus z represented the cumuJative frequency distnbution of the 

surface heights, the type and features of the surface height distnbution were obtained by 

plotting BA on a probability paper (Figure 2.18). If the BA x 100 data were oriented along 

an approximately straight line, the surface heights had a Gaussian distnbution (Greenwood 

and Willwmon, 1966). For this distn'bution, the average surface height (d.vg) was the value 

of z on the fined line where BA= 50% . The standard deviation ( a) of the surface height was 

the distance between davg and the value of z on the fitted line where BA= 16% . The 

mathematical expressions were 

(2.31) 

a= ZcBAslK) - z (IA-.5K) (2.32) 

For convenience in later caJculation, the location of the z-axis was adjusted so that z = 0 

corresponded to the davs (Figure 2.18). 

As mentioned above, an asperity was considered to be any summit on the surface which had a 

height greater than Zr_. The cumulative frequency distnbution of the asperity heights was 

given by n/n.u x 100 versus z plotted on a probability paper (Figure 2.19). Again, if the 

n/11mu x 100 data were oriented along an approximately straight line, the asperity height had a 
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Gaussian distribution.. The average asperity height (d*..) and its deviation (CS-) can be 

obtained from 1he plot as indica1ed by the following expressions. 

(2.33) 

(2.34) 

• Determining the real area of contact for a specified load 

Assuming that all contacting asperities at a panicular z have spherical tips with an average 

radii of curvature p and that they deform independently, following the approach developed by 

De Vaal (1983), z, P and Ar can be determined for elastic deformation under a specified load 

F. 

Following Greenwood and Williamson (1966), Hertzian equations are applied to individual 

asperity contacts and Gaussian distributions of surface and asperity heights are employed to 

yield the following equations: 

(i) for the surface heights 

(2.35) 

(From contact mechanics, the elastic Henzian contact area is half that 

of purely plastic defonnation.) 



(ii) for the asperity heights 

(j =O, 1, 1.5) 

z-d* • dYf 
z,,. - • a 

- dimensionless surface, asperity separation 

z - specified separation 

~, tr""' - average surface or asperity height, respectively 

(2.36) 

(2.37) 

(2.38a) 

(2.38b) 

a, <I"' - standard deviation of surface or asperity heights, respectively 

E' - effective elastic modulus 

/J -average asperity tip radius at z 

nnua - the maximum contact spot density (before eventual asperities' merger) 

Eqs. 2.35 and 2.36 gave an expression for /J at z 

(2.39) 

and substituting into Eq. 2.37 yielded 

Ji; cz:) O 

[Fa.s(z:)]2 
(2.40) 

ss 
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Since r.. and ~ • are functions of z, the above equation can be solved for the only unknown z, 

which corresponds to a specified load F. However, since z. and z. • are implicit in Fo(7.m), 

F1 (7.m •) and F1-,(7.a *), the solution requires an iterative root finding procedure (implemented 

in a computer program) with numerous evaluations of the left side of Eq. 2.40. Discrete 

values of Fo(l:m), F1(Zn*) and Fu(~•) were obtained from McCool (1986) (Table 2.3) and 

employed with a natural cubic spline interpolation routine to obtain values for any z. This 

allowed the secant method to be applied to find the root of Eq. 2.40. Once the z is known, 

the value of z. can be calculated and the real area of contact ~ can be detennined from Eq. 

2.35. Also, it is possible to calculate the p from Eq. 2.39. 
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Table 2.3 Discrete data of F;(O's for OW type model 
(from McCool, 1986) 

~ F.CO F1(Q Fu(Q 

0.0 0.5000 0.3989 0.4299 

0.1 0.4601 0.3509 0.3715 

0.2 0.4207 0.3069 0.3191 

0.3 0.3821 0.2668 0.212S 

0.4 0.3446 0~ 0.2313 

0.5 0.3085 0.1978 0.1951 

0.6 0.2743 0.1687 0.1636 

0.7 0.2420 0.1429 0.1363 

0.8 0.2119 0.1202 0.1127 

0.9 0.1841 0.1004 0.09267 

1.0 0.1587 0.08332 0.07561 

1.1 0.13S7 0.06862 0.06132 

1.2 0.1151 0.05610 0.0493S 

1.3 0.09680 0.04553 0.03944 

1.4 0.08076 0.03667 0.03129 

1.5 0.06681 0.02930 0.02463 

1.6 0.0S480 0.02324 0.01925 

1.7 0.044S1 0.01829 0.01493 

1.8 0.03583 0.01428 0.01149 

1.9 0.02872 0.01105 o.sn3e-2 

2.0 0.0"..21S 0.8490e-2- 0.6646e-2 

2.1 0.01786 0.6468e-2 0.499Se-2 

2.2 0.01390 0.4887e-2 0.3724e-2 

2.3 0.01072 0.3662e-2 0.27S4e-2 

2.4 0.8198e-2 0.2720e-2 0.2020e-2 

2.5 0.6210e-2 0.2Q04e.2 0.1469e-2 

2.6 0.4661e-2 0.1464e-2 0.1060e-2 

2.7 0.3467e-2 0.10<,0e-2 0.7S87e-3 

2.8 0.lSSSe-2 0.761le-3 0.S380e-3e 

2.9 0.1866e-2 0.5417e-3 0.3784e-3 

3.0 0.1350e-2 0.3822e-3 0.2639e-3 

3.2 0.687le-3 0.1852e-3 0.12Sle-3 

3.4 0.3369e-3 0.8666e-4 0.5724e-4 

3.6 0.1591e-3 0.39lle-4 0.2S29e-4 

3.8 0.723Se-4 0.1702e-4 0.1079e-4 

4.0 0.3167e-4 0.714Se-S 0.4438e-S 
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• Extension to a spbere-on-ftat configuration 

Originally, Greenwood and Williarmon (1966) applied their model to a contact between two 

t1at surfaces with apparent area of contact given by the known dimensions. For an elastic 

sphere-on-flat configuration (with one rough surface), the apparent area of contact couJd be 

assumed equal the Hertzian value (Eq. 2.11) according to Johnson et. al. (1972). However, if 

the variation in surface heights was large compared to the gap just outside the Hertzian 

contact zone, the appnnt mea might exceed the Henzian value. 

A non..<fimcnsional roughness parameter (u) was defined by Greenwood et. aL (1984} to 

estimate if the contact si7.e was close to Hertzian. 

tr·R 
a=­

a1 

where a - RMS surface roughness 

R - radius of the sphere 

a - Hertzian contact radius 

(2.41) 

If a is less than about 0.1, the apparent area was very close to the Henzian value. 

Some more direct methods have been developed for detennining real area of contact with 

numerical models, which included actual surface microgeometty as input. The numerical 

models of rough contacts were developed by Bush. Gibson and Thomas (1975), McCool and 

Gassel (1981), Lai and Cheng (1985), Webster et al. (1985). Lee and Cheng (1992) and 

Aramaki et al (1993). However, this type of analysis needed long computation time and input 

maps of surface topography. Therefore, Greenwood and Willianuon type models remain 

popular in contact mechanics. 
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2.3.4 Micro-ehl approach 

As descnoed previously in Chapter 1, lubrication involving rough surface contacts is very 

complex. Some modeling of micro~hl has been performed at various research centers. First, 

average flow factor models were used to offer a simple way to analyze the effects of the 

asperities. Later on with the improvements in computer techniques, more accurate numerical 

sirnuJations were performed for the lubrication of rough surfaces specified by a surface 

topography map. These methods enabled the prediction of the details of pressure variation 

and film fluctuation. as well as asperity contact temperature and friction in micro-ehl films. 

• Average Dow factor approach 

An average flow factor approach to study the mixed film lubrication started in late 60's. 

Christensen (1969) developed a stochastic theory to predict the average effects of roughness 

on the integrated load carrying capacity. This approach was used to predict average ehl film 

thickness and pressure in the contact of rolling elastic cylinders (Johnson et. al., 1972). 

Another average flow model for determining the effects of roughness was developed by Patir 

and Cheng (1978a,b). They considered the effects of the pattern of the roughness and the 

effective film thickness parameter, and introduced a method of deriving the average Reynolds 

equation through flow simulation. Their numerical simulation extended the application of the 

Reynolds equation to the effective film thickness parameter l < 3, where the load starts to be 

shared between the fluid film and the asperity contact fihm. For a surface with an isotropic 

Gaussian roughness, the ehl fi1m thickness from formulae based on numerical analysis of 

perfectly smooth surfaces remains accurate in their prediction of the average film thickness, 

down tol= 1. 

The average fiJm thickness is important since it gives the extent of asperity contact in mixed 

film lubrication. However, Cheng (1993) recently pointed out that his early model seems to 
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give an over estimation of the roughness effect compared with more accurate numerical 

simulation results,, particularly for the estimation when A ratio is low. 

• Determiaistic solution approach 

The average flow approach considers only the average pressure and film thickness, but it 

ignores the variation in piessure and film thickness under individual asperities. W'tth the 

development of modem coiq,uters and numerical methods, some detenninistic solution 

modeJs were performed by Cheng (1983), Houpert and Hamrock (1985) and Baglin (1986). 

In these models, the pressure ripples and film thickness fluctuations around asperities and 

other irregularities were simulated numerically. They revealed the characteristics of the 

micro.eh! film in detail 

A full numerical solution is demonstrated in Figure 2.20 for the behaviour of rough surfaces in 

point contacts (Lubrecht, et.al 1988). They used the multigrid method to investigate the 

effects of sinusoidal roughness on the pressure and film thickness in an elliptical Henzian 

contact. Their simuJation results agree well with the early experimental measurements which 

were carried out by De Silva, et. al. (1985) using an optical apparatus (Figure 2.21). 

• Physical influences in micro-ebl 

There are many other features of rough surfaces that may have significant effects on lubricant 

behaviour in micro-ehL Two of them are the influences of the asperity flattening and the 

discontinuous pressure distribution. 

In practice~ the initial surface roughness may decrease, even disappear under the heavy load. 

The asperity tips are effectively tlattc~ but in the surrounding low pressure region the 

surface micro-geometry remains undistorted. This flattening occurs because the load begins 

to be carried through the micro-contacts at the asperity tips rather than the overall ehl film. 
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Figure 2.20 Numerical results of pressure and film thickness profiles 
and contour plots (from L~echt et. aL, 1988) 

(a) for longitudinal roughness (b) for transverse roughness 
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(a) (b) 

Figure 2.21 Micro-interferograms of rough surface lubricated contact 
(from DeSilva et. al., 1985) 

( a) for longitudinal roughness (b) for transverse roughness 
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The local pressures are significantly higher than the corresponding Hertzian pressure, and 

hence the local viscosities are high. They produce an additional local elastic or plastic 

deformation at the tips of asperities. As a result of the local deformation, both the effective 

surface roughness and the pressure ripples are reduced in height within the overall contact 

zone. An asperity flattening model was suggested by Kweh, Evans and Snklle (1989), in 

which an isothermal chl contact between a rough stationary surface and a smooth moving 

surface was considered (Figure 2.22). If this asperity flattening occurs in practice, it would 

give continuous chi filrm under conditions where such film had been thought impossible. 

The amplitude of initial surface roughness influences the pressure distnl>ution and film 

thickness. As higher amplitude roughnesses are considered, the amplitude of the pressure 

ripples may make the pressure in the valleys between asperities become insignificant. Thus 

the viscosity drops and the contn'bution of the valley regions to the load capacity and the 

friction force becomes negligible. The pressure distnoution becomes discontinuous (Figure 

2.23). In such cases, a solution based on the assumption of continuous pressure distn'bution 

is not valid. 

Several research efforts provided analysis of discontinuous pressure distributions (Karami, et. 

al .. , 1987; Huang and Wen, 1993). In their models, each asperity contact was considered to 

behave as an isolated ehl point contact and the Reynolds equation was applied for each 

individual asperity. The main points of their modeling work involved the treatment of 

continuity of both flow and surface deformation with the discontinuous pressure and the 

determination of the beginning of the micro-chi section (Huang and Wen, 1993). They 

predicted a critical roughness amplitude value for a sinusoidal roughness in a line contact at 

which the discontinuous pressure distribution occurs.. Although their prediction does not 

directly relate to the present study, their numerical method can conceivably be used to solve 

for isolated micro-chi. In experimental work examining micro-e~ the discontinuous pressure 

distribution was also considered as an imponant end point for the transition from cooperative 

micro-chi to isolated micro-ehl (Sutcliffe, 1991). 
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Figure 2.22 Solution of asperity flattening model (from Kweh et. al.7 1989) 
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Figure 2.23 Discontinuous pressure distribution in rough smface contact 
(from Evans and Johnson, 198S) 
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Solutions of mixed film lubrication have not been established well enough to provide formoJae 

to predict film thicknesses or friction force. Not even the ldnematically simple case of a rough 

surface in contact with a relatively smooth one has been solved. 

2.4 Friction and Rheological Models 

Friction is defined as the force generated in the contact that resists relative motion of the 

bearing surfaces (Hamrock and Dowson, 1981). When the contact surfaces are moving with 

different speeds then sliding between them exists. The slower moving surface exens a 

resistant force on the faster one. Two commonly encountered types of applications in which 

friction is imponant are traction components, such as power belts and tires on roads, which 

require high friction forces, and load transmitting components, such as cranks, gears and all 

kinds of bearings, which are expected to operate with minimal friction. To reduce friction 

forces, lubricants may be used. Thus, the friction forces are often very imponant 

consequence of the rheological behaviour of the lubricant, panicularly in chi. Friction forces 

are often studied with a disc machine apparatus, because it permits high rolling speeds with 

controlled an,ounts of sliding speed. Therefore, the friction behavior in a disc machine is 

presented first and some rheological models which explain the features of friction are 

discussed subsequently. 

2.4.1 Friction behaviour 

During the past twenty years, friction behaviour has been under intensive study. In typical 

ehl, the lubricant goes throughout the contact in a very short time (about 1 ms), under very 

high pressure (about 1 0Pa), and shear strain rate (about 2x108 1/s). In this contact, the 

temperature may also vary because of the associated thermal energy dissipation within the 

film. 
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Disc machines have been developed to simulate the tnl>ology of counter-formal contacts 

under conditions of mainly rolling with some sliding9 and can be used to study ~ntal 

friction behavior of lubricants in these contacts. Disc machines can apply shear to a lubricant 

film while avoiding excessive sliding which can lead to high temperatures and complex chains 

of chemical reactions between the lubricant additives and the surface. In a typical ~ the 

applied load (F) is set to a constant value and surface speeds (u,) and (uz) respectively for two 

discs are controlled. The rolling speed (u = (u1 + u:u / 2) can be kept constan'9 but U1 and u2 

can both be changed so that the sliding speed (u, = u1 • 02) varies. When lubricant is drawn 

into the nip between the discs, it generates a film of approximately uniform film thickness (h) 

under the pressure (p) which is close to the Hertzian pressure distnbution. The variation of 

friction force (Fr) is measured at increasing values of sliding speed and plotted as a friction or 

traction curve, which is usually represented as friction force (Fr) or the friction coefficient (µ 

= Fr/F} versus slide-roll ratio (u✓u). 

The traction behaviour of concentrated contacts is complex and the shape of traction curve 

depends on the lubricant, contact surfaces and operating conditions. Figure 2.24 is a group of 

typical traction curves, where a point contact side-slip disc machine is considered. In this 

case, the sliding speed is in the direction which is perpendicular to the rolling direction. so 

that u, = v and the traction curves are plotted by the Fr versus v/u. These traction curves 

present various rheological behaviours of the sheared lubricant film. 

Traction curve A is measured under a low pressure and shows a linear relationship between 

the Fr and v/u. The lubricant behaves as a Newtonian fluid and the slope of the traction curve 

is proportional to the viscosity (Tt) of the lubricant. When the lubricant is subjected to the 

contact discs, heat may be generated in the inlet zone due to shearing, especially as the sliding 

speed is high. 1be shear heating can lower the lubricant viscosity significantly, which is 

known as shear thinning (Johnson and Tcvaarwerk, 1977), and make the traction curve A 

depart from the solid line to the dash line. 
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Figure 2.24 Typical traction curves from a disc machine 
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Traction curve B is measured under an intermediate pressure, where a viscoelastic film exists. 

Increasing v/u gives a rise of progressive non-linearity in the Fr. This non•lincar variation was 

explained by Hirst and Moore (1974) and Johnson and Tevaarwerk (1977} as a shear rate 

dependent viscoelastic behaviour. The viscous fluid changes from the Newtonian to a non­

Newtonian behaviour because of the cumulated thennal activation energy which was created 

during shearing according to the Eyring theory of fluid viscosity. Other researchers (Bair and 

Wmer, 1979) attributed this non-linear variation of Fr to the limiting shear stress ('ti.}.. As 

soon as localized high pressure made part of the lubricant film reach the fL and behave as 

elastic-plastic solid, then the linear Newtonian response of Fr is modified Under the 

intennediate pressure, the entire lubricant film has not reached ft, and therefore, the lubricant 

film appears to exhtl>it viscoelastic behaviour. When the sliding speed increases, the inlet 

zone heating due to shear and compression may lead to an increase in film temperature and a 

consequent decrease in viscosity and ft. This thennal effect causes an obvious decline in the 

traction curve as shown by the dash line. 

Traction curve C is measured under a high pressure, where the lubricant film is sheared as an 

elastic solid rather than a viscous fluid. The slope is then proponional to the elastic shear 

modulus (0) of the lubricant As the sliding speed increases, Fr reaches a limit and does not 

increase continuously with increase in v/u, which shown as a flat pan in the traction curve. 

This type of traction curve indicates that the lubricant film within the whole contact zone 

reaches the 'tt. Under this ft the lubricant behaves as a perfect plastic solid and shears 

independent of the sliding speed (Smith, 1962; Plint, 1967; Johnson and Cameron, 1967). It 

has been suggested that 'tt is a fundamental material propcny of the lubricant (Bair and 

Wmer, 1979a). In the high pressure case, thermal effects may also occur as shown by the 

dash line. It is possible that the thermal effect occurs before the whole lubricant film reaches 

the tt. Then, the maximum friction force measured on the traction curve may not correspond 

to the tt if the thermal effect exists. 
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The traction curves in Figure 2.24 suggest that pressme is a dominant parameter. When the 

prcssme is high, such as a mean contact pressure (p..) above 1.0 0Pa for a mineral oil, the 

linear region is restricted to extremely low sliding speed and friction is dominated by the 

plastic shearing of the lubricant fiJm. In contrast. when the Pavs is below 0.1 G~ the friction 

is dominated by the viscosity of the lubricanL 

2.4.2 High pressure rheological models 

Several rheological models have been developed to explain the highly non-linear relationship 

between the traction or tiic::tion force and the slide-to-roll ratio, which involve the shear stress 

(t) and shear strain rate ( t) relation in the lubricant film. The two models that have emerged 

from research in rheology are the Eyring thermal activation model and the limiting shear stress 

model. 

• Eyring thermal activation model 

Johnson and Tevaarwerk (1977) described the lubricant behavior that they observed in their 

disc machine experiments as a non-linear viscous flow superimposed on a linear elastic strain 

(Figure 2.25). They suggested the following constitutive equation relating t to y , which is • 

a nonlinear Maxwell type equation. 

. . . 1 d-r F( ) r=r +r =-·-+ • 
' " G dt 

(2.42a) 

where y - shear strain rate (subscripts e and v for elastic and viscous components) 

-r - shear stress 

G - elastic shear modulus of the lubricant 

d-r 
- - shear stress rare 
dt 

F('r) - a shear stress function for nonlinear viscous flow 
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Figure 2.25 Visc<H:lastic nature for rheological model 
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Johnson and Tevaarwerk used the following form of the function F('t), which was suggested 

first by Hirst and Moore (1974) and was based originally on a thennal activation theory of 

fluid viscosity proposed by Eyring (1936). 

F(-r)=!!,_-sinh_!_ 
1J 'ro 

where -r O - Eyring shear stress 

11 - Eyring viscosity 

Then the constitutive equation became 

• i" 'ro inh( t' J r=-+-•s -
G 11 'ro 

where G, to and 11 were specified for particular temperature and pressure. 

(2.42b) 

It is interesting to note that when the viscosity is low, usually under relatively low pressure, 

.!.!!... sinh(.!_J >> .!_ and y = !£?. ~ sinh(.!_} Then, if 't << to, it follows that sinh(t/to) = t/to 
11 't'o G 11 'ro 

and the lubricant behaves as a Newtonian fluid with y = t/Tt (Eq. 2.1). As t ~ to, either 

through higher film pressures, increasing shear strain rates or decreasing temperature, the 

fluid becomes appreciably nonlinear and the full constitutive equation (Eq. 2.42b) applies. 

According to Eq. 2.42b, there are three rheological parameters (0,Tt and to) for a lubricant 

under high pressure and each of these parameters vary with both pressure and temperature. 

Evaluation of these rheological parameters is very difficult. One approach is to use a disc 

machine which can subject a lubricant to suitably high pressures for relatively short periods of 

time (typically about 1 ms). Since the disc machine provides a good simulation for chi 

contacts, the rheological parameters can be determined under conditions relevant to 
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engineering application. However, difficulties arise because shear strain rate, pressuret and 

sometimes temperature vary over the contact. 

To address these problem,, Johnson and Tevaarwerk (1977) assumed that 0, T) and 'to could 

be averaged over the varying contact pressure and kept temperature variation small by 

avoiding high slip velocities.. Then, using an chi formula (Eq.2.24), they estimated the film 

thickness and determined and average shear strain rate ( y = uJhc ). If time was expressed by t 

= x / u, where xis the position in the contact, and u = (u1+u2)/2 (which was the average rate 

of flow of lubricant through the contact), then, Eq.. 2.42b was integrated with the initial 

condition that the lubricant shear stress was zero as the lubricant entered the Hertzian contact 

zone. Lubricant shear stress was solved analytically as 

Assuming that the contact zone extended over the Hertzian contact area allowed the friction 

force to be determined by numerically integrating the shear stress over the contact as follows 

It was possible to detennine unique values of the rheological parameters (Gt 11 and 'to), by 

measuring Fr from a disc machine. Assuming that the lubricant film pressures were close to 

Hertzian, the values of the rheological parameters were assumed to correspond to the average 

Henzian pressure. However, Johnson (1992) noted that the disc machine was not an ideal 

way to study lubricant properties of mineral oils because pressure varied over the contact 
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• Limiting shear stress model 

When the pressure is very high for a given con~ increasing shear strain rate ( t) from zero 

causes a rapid increase in shear stress ('t), which levels off at a constant value before thermal 

effect cause its decline. Smith (19S9), based on his disc machine friction measurements, first 

proposed that the lubricant film was shearing as a plastic solid at the "limiting shear stress" 

rather than a viscous liquid. From his plot of the 't versus y (Figure 2.26), the lubricant was 

assumed to defonn plastically at the 'tt, so that an increase in shear strain rate produces no 

increase in shear stress if the film temperature was kept constanL In this figure, Smith also 

pointed out that the tL was a function of pressure. Later on, his discoveries were discussed 

and developed by other researchers. 

Johnson and Tevaarwerk (1977) suggested that at high contact pressure the lubricant behaved 

like a solid more than a liquid. It was fully elastic and linear at lower shear strain rate, but 

behaved as plastic flow at high shear strain rate when the shear stress reached the tL. ff this 

did occur, the elastic-plastic equation could be used to describe relationship of the shear stress 

and shear strain rate, which was as that indicated by Smith (Figure 2.26) 

(low y) 

(high y) 
(2.43a) 

For low y the equation was given by Johnson and Robens (1974) from their point contact 

disc machine experiments as 

8 Ga. 
-r=---r 

31r u 
(2.43b) 
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Bair and Wmer (1979b} found that the 'tL is a function of film pressure by using a high 

pressure rheometer to measure the 'tL. lbey used a linear equation to descnbc the relation 

between the 'ti.and pressure at a given temperature. 

-rL=A+B·p 

where A,B - constants 

p-pressure 

(2.44) 

To deal with the transition from elastic to plastic behaviour over a wide range of contact 

pressure, Bair and Winer (1979~b) proposed a Maxwell type constitutive equation based on 

measurements with a pressure rheometer (not a disc machine), which had three independent 

rheological parameters, G, 11 and tL. 

where G - elastic shear modulus 

11 - viscosity 

TL - limiting shear stress 

(2.45) 

This equation was used to predict the friction behavior in ehl. The prediction for lubricant 

polyphenyl ether SP4E by using the G, 11 and tL from their high pressure rheometer was 

compared with the friction for the same lubricant, which was measured by Johnson and 

Tevaarwerk in their disc machine. The predicted friction agreed quite well with the measured 

results where the actual average film temperature was considered higher than the bulk 

temperature and was approximately 50 °C (Figure 2.27). 
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Figure 2.27 Comparison of friction results from different measurement methods 
(from Bair and Wmer, 1979b) 
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Another version of limiting shear stress model was introduced by Gccim and Wmer (1980) as 

shown below. 

(2.46) 

It predicted the traction curve for the same lubricant with similar accuracy as the other 

version (Eq.2.45) and was more suitable in cofl1)utational models due to its symmetry about 

zero shear stress. 

Further examinations of the relationship between tL and pressure were performed by many 

researchers using various experimental devices, such as Hoglund and Jacobson (1986a) with a 

high pressure rheometer, Ramesh and Clifton (1987) with a pressure-shear plate impact 

device an~ Evans and Johnson (1986a) with a disc machine containing heating elements 

imposing temperature on the lubricant film. Evans and Johnson (1986), referring to the work 

of Imai and Brown (1976), stated that once 'tL was reached, "the mechanism of fluid flow 

changes from thennally activated motion of independent molecular segments to the formation 

of a shear band through the collaborative motion of adjacent segments". Bair and Winer 

(1992,1993) observed these shear bands optically using a flow visualization cell (Figure 2.28). 

lbey showed the evidence of localized slip mechanism at shear bands in ehl under a pressure 

range of 0.22 GPa to 0. 76 0Pa. 

• Comparison of the models 

The rheological properties of lubricants in ehl have been established by the above models for 

about twenty )'CarS. To specify the lubricant properties which govern the friction behaviour, 

both models give the relations of the shear stress which is developed in the lubricant film to 

the shear strain rate which is imposed on the fluid (Eqs. 2.42, 2.43, 2.45 and 2.46). The 

differences between these models are the explanations of the rheological mechanisms. 



... 

Figme 2.28 Observation of shear bands (from Bair et al., 1993) 

(Synthetic oil 5P4E at P = 220 ~ T = 22'C, y = 025 s1) 
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The thennal activation model is based on an activation energy concept to explain the variation 

of viscosity with temperature and pressure. Recently, experimental measurements by Evans 

and Johnson (1986a. 1986b) showed that the friction behaviour with smooth surface discs 

could take various fonm in response to increasing pressure. Figure 2.29 (Evans and Johnson, 

1986b) is a typical friction regime map of a synthetic traction fluid, Santotrac SO, where the 

vertical axis is the dimensionless film thickness parameter of ( allou/R) and the horizontal axis 

is the dimensionless pressure parameter of (ap • .). The map displays four distinct regimes of 

Newtonian, Eyring, viscoeJastic and elastic-plastic rheological behaviour. In order to 

construct this type of map, i.e .. to distinguish boundaries between the regimes, the values of Tl, 

'to and 'tL varied with pressure and ternpcnture were measured from their disc machine 

experiments and some analytical derivations based on the rheological models. 

The limiting shear stress model describes the lubricant behaviour in a somewhat simple way .. 

It assumes that the lubricant flows as a plastic solid at some shear stress (ti.) which varies 

with temperature and pressure (Smith, 1959; Johnson and Tevaarwerk, 1977; Bair and Winer, 

1979,. 1980, 1992) .. As the shear stress is below tL, Newtonian behaviour dominates. There 

is a transition from the linear Newtonian behaviour to the shear strain rate independent plastic 

behaviour, which was explained by Evans and Johnson with the Eyring thermal activation 

modeL This transition covers a broad range of shear strain rates as pressure is increased. 

However, Bair and Wmer (1991, 1993) disagree with the existence of the Eyring regime. 

They explained this non-linear transition with the localized shear bands, which were observed 

from their high pressure flow visualization cell (Figure 2.28). The band occurred at a quite 

low shear strain rate when a departure from the Newtonian flow began, and it showed the 

shear stress at that location reached some critical value. The number of shear bands increased 

with increasing shear strain rate from as few as one at the onset of non-Newtonian flow until 

the shear region is essentially tilled with bands.. Therefore, the critical shear stress is 

statistically distn"buted by the limiting shear stress 'tt. The functional form of the limiting 

shear stress model (Eq. 2.45 or Eq. 2 .. 46) is expected to give this distribution. 



81 

Figure 2.29 Traction map for Santotric 50 (from Evans and Johnson, 1986) 
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For the high pressure plastic shear bahaviour, the two models give a same explanation. 

Whether the thennal activation exists or not, it is eliminated in this regime. In the present 

study, the rheological properties of formulated lubricants will be established by the limiting 

shear stress model 

2.4.3 Limiting shear stress from ebl friction measurement 

The rheological models developed to analyze friction behaviour of lubricants in chi are 

represented in constitutive equations (Eqs. 2.42b, 2.43, 2.45 and 2.46). They are expressed in 

terms of certain independent rheological parameters of lubricants. Thus, determining the 

rheological parameters is the first step to use a rheological model to predict the lubricant 

behaviour in ehL Unfonunately, only a limited amount of data of the rheological parameters 

is available for most of the lubricants in practical situations, although many effons have been 

made to determine them since the rheological models were presented. 

In general, there are a direct and an indirect approaches to determine the rheological 

parameters. The direct method requires rather sophisticated devices to impose appropriate 

constant values of pressure, temperature and shear strain rate and to measure the rheological 

parameters. The indirect approach uses relatively simple devices but cannot impose constant 

pressure, temperature and shear strain rate. In fact, even the distnbution of these input 

parameters is not known with certainty for the indirect method. Recently, some data 

generated by using the direct method were reported (Hoglund and Jacobson, 1986; Ramesh 

and Clifton, 1987), but the indirect method is used widely because of its lower cost and 

simplicity (Kato, eL al., 1993; Wu and Cheng, 1994). 

The limiting shear stress (ti.), a fundamental rheological parameter, is a function of pressure 

and temperature. If the traction regime is "elastic-plastic", the friction may depends only on 

'tL- Values for 'tL have been measured with a disc machine (Johnson and Tevaarwerk, 1977) 

and a high pressure rheomcter (Bair and Winer, 1979a, 1979b). A recent approach to 
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measuring tL with a-disc machine was developed by Wu and Cheng (1994); it takes into 

account the distnoution of film pressure and was based on the improved version (Eq. 2.46) of 

limiting shear stress model (Gecim and Wmer, 1980). This approach was adopted to 

determine the 'tL for the present study. The major step in this approach is determining the 

limiting shear stress index number (m). If the m is detennined from the measured friction 

force, it can be used to generate an empirical expression of the fL in tenm of the film pressure 

(p). 

For a nominal point contact with an elliptic contact area (1tab) in Wu and Cheng's test rig, the 

lubricant film had a Hcnzian pressure distribution 

(2.47) 

h LSF th . w ere p mu = - - e maxnnum contact pressure 
nab 

x,y - coordinates 

a,b - radius of contact ellipse along x or y direction 

The lubricant was assumed to have reached the tL throughout the contact zone and had not 

been subject to significant shear heating which meant that the inlet temperature of the 

lubricant prevailed throughout the contact. Thus, the 'tL values depended on the lubricant film 

pressure, which followed the constitutive equation (Eq .. 2.43a) originally suggested by Smith 

(1960), and the tL was assumed to have a distribution as follows 

( 
Xl y1)• 

't"L =fL • 1----
mu al bl (2.48) 

where TI..nrar - the maximum tL in contact 

m - an index number for limiting shear stress distribution 
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Under a high shear strain and high load. the maximum traction force (Fr..J can be obtained 

by integrating the tL on the ellipse contact area. 

Substituting the tL (Eq. 2.48) in and integrating it resulted in 

zrab 
F,mu.='t'Lma·( ) m+l 

This can be rewriting as 

F -r =(m+l) /mu. 
Lmu 1rab 

(2.49) 

Then, a general expression for tL could be obtained by combining Eqs. 2.47, 2.48 and 2.49 

't'L =(m+l) /mu. _g_ F ( )
1

• 

1r0b Pmu 
(2.50) 

Since the tL was only a function of pressure and temperature, and the temperature was held 

constant, the tL was related to pressure with Eq. 2.50. For a specified lo8'L the contact area 

(7tab) and the maximum Hertzian pressure (p...J were known. Under a high shear strain rate 

and high load condition, the Frmu could be measured as the highest constant value in traction 

curve. Therefore, to determine the index number of m for a particular lubricant, Fr mu's were 

measured at a constant temperature and at a number of various ehl loads. For each load there 

was a tL expression (Eq. 2.50) including the unknown m and the corresponded 1tab and Pawt• 

The m value was found by ucurve-finding" (it was not clear in their paper what was meant by 
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this expression), and set as a constant for the test lubricant by Wu and Cheng. The plots of 'tL 

versus p for different lubricant temperatures (Figure 2.30) showed that pressure had a 

stronger influence on 'tL than temperature. 

2.4.4 Friction in rough surface lubricated contact 

The friction force increases as the film thickness decreases, especially when the magnitude of 

the film thickness is comparable with the surface roughness. This increase in friction is a 

result of asperity interaction. Friction behavior in rough surface lubricated contact has been 

studied under high pressure and low sliding speed. In the early work of Jefferis and Johnson 

(1967), the influence of surface roughness on friction was investigated using a disc machine. 

The measured maximum friction coefficients (0.06 - 0.07) showed little change from those of 

smooth surface results (0.055). Jefferis and Johnson (1967) suggested that under the 

conditions of mixed film lubrication the friction is still governed by the bulk lubricant 

rheological properties. However, the local pressure at the asperity interaction is higher than 

surrounding pressure; thus, if the shear stress is close to the limiting value, friction force does 

not increase dramatically. 

Later on, Bair and Wmer (1982) identified three regimes of friction based on the feature of 

the effective fi1m thickness parameter {1). At sufficiently high A ratio, the friction force was a 

function of the bulk lubricant rheological properties at operating conditions. There was no 

surface roughness influence. At medium 1 ratio, the film thickness and surface roughness had 

comparable magnitudes. The friction force was detennincd by the bulk lubricant properties 

under conditions of pressure, temperature and load between the local asperity contacts. Bair 

and Winer (1982) interpreted the friction behaviour in medium A. ratio regime, ie. the mixed 

film lubrication, in the same way as Jefferis and Johnson (1967). At )., < 1.0, the friction force 

increased in accordance with the properties of tihm which were adsorbed onto the contact 

surfaces. 
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From Evans and Iohnson's (1987) friction regime map (Figure 2 .. 29), the value of apavs would 

be governed by the pressure at individual asperity tips where the friction force developed 

between rough surfaces.. Since the asperity pressure was greater than the smooth surface 

pressure, the operating point in the regime map would rmve to larger ap.,,.. As the A. ratio 

decreased, the friction behaviour changed corresponding to the changes from hydrodynamic 

film pressure to the local asperity pressure. 

At the high spots of the asperities, there would be a local thinning of the film, resulting in 

local increases in pressure, when the shear strain rate is high. Thus, the friction force will be 

dominated by the shear stress developed in these high pressure and shear strain rate regions. 

Figure 2.31 (Evans and Johnson, 1987) gives an example ofa contact under cenain load and 

kinematic conditions: the mean Hertzian pressure (p.,,.) of 0.63 GPa and film temperature (T) 

of 60°C. With an increase in surface roughness, ie. a reduction of A, the friction behaviour 

changed and the traction curves had different shapes. Associated with the regimes map in 

Figure 2.29, traction behaviour might gradually move to the elastic-perfectly plastic regime. 

More recently, Johnson and Higginson (1988), ·and Sutcliffe (1991) introduced controlled 

roughness in friction force measurements. Johnson and Higginson's (1988) experiments were 

carried out on a regu]ar, circumferentially rippled disc in contact with an smooth disc. To 

establish the mechanism in micro-chi, they assumed that a thin film separating the asperity 

contacts, and this lubricant film sheared at a constant limiting shear stress when it was under a 

sufficiently high pressure. They checked the non-Newtonian effect of sliding in micro-chi and 

concluded that asperity contact is significantly increased with increased sliding speed. 

Sutcliffe (1991) also used the disc machine, but changed his experimental conditions to 

control the lubricant film pressure from a Henzian pressure distnbution to a discontinuous 

pressure distnbution. In his experiments, the film pressure between the asperity contacts was 

much higher than the Hertzian pressure, but the pressure surrounded these asperity contacts 

was reduced to insignificant, which was similar to the pressure distribution (Figure 2.23) 

described by Evans and Johnson (1985). He defined the friction behaviour governed by the 
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rheology of the lubricant both within and surrounded asperity contacts as a co-operative 

micro-e~ and the friction behaviour governed only by the rheology of the lubricant within the 

asperity contacts as isolated micro-ehl He predicted the transition from the co-operative to 

the isolated micro-ehl for the test conditions with A ratio between 0.88 and 2. In other words, 

when A < 0.88, the pressure surrounding the asperity contacts was negligil>le and the friction 

force was only attnl>uted by the film within the asperity contacts. Sutcliffe (1991) also 

pointed out that the fluid film did not appear to break down until A = 0.09 with the film 

thickness as small as 8 run. 



Chapter 3 Development of Test Facility 

This chapter describes the development of testing facilities used in the present research.. A 

side-slip disc machine was available in the Tnbology Laboratory of the Department of 

Mechanical Engineering, University of Waterloo, but it required some modification. These 

modifications included the installation of a temperature measurement system, an electrical 

resistance method for detecting film breakdown, and a data acquisition system consisting of a 

signal conditioner, digital data acquisition board, and a software package. 

3.1 Disc Machine 

The chi of non-conformal contact is very complex. In this contact, typical film thickness is in 

the order of 0 .. 5 µm, film pressu!e exceeds 1 0Pa, shear strain rates are up to 4 x 108 s91
, and 

temperature can rise over 100°C. It is almost impossible to measure these parameters directly 

in practical machine elements such as gears, cams and rolling element bearings. Therefore, 

many of the experimental measurements of ehl parameters were made in disc machines. 

As mentioned previously, the disc machine provides rolling motion with a small controlled 

amount of sliding. Fundamental lubricant behaviour can be studied without the excessive 

temperature rises and associated complex chains of chemical reactions of the lubricant 

additives on the surface which may occur during pure sliding. Hence, the disc machine is well 

suited to studying fundamental behaviour and simulating contacts which have mostly rolling 

motion such as gear teeth and rolling element bearings. On the other hand, the disc machine 

does not provide a good simulation of pure sliding which occurs in machine elements such as 

piston rings or flat faced cam followers. However, it may still contn'bute some useful 

fundamental insight, including some representation of the initial chemical reactions of the oil 

additive. 

90 
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In the present study, a side-slip disc machine similar to that descn"bed by Johnson and Roberts 

(1974) and Johnson and Tcvaarwerk (1977) was used to measure the friction (or traction) 

force in ehl and micro-ehl fiJms and both under approximately isothermal conditions. The 

lubricating oil was entrained into a nominal point contact of circuJar contact area and 

subjected to high pressmes and a range of low shear rates while maintaining an almost 

constant ti1m thickness. The friction force acting through the lubricant film was measured by 

a transducer consisting of a strain gauged ring. With a suitable analysis, the rheological 

properties of the lubricant could be estimated for the specific operating pressure. temperature, 

and shear strain rate. 

3.1.1 Main components 

The side-slip disc machine apparatus was mounted on a high stand beside an oil supplying 

tank and a control tower (Figure 3.1). It consisted of syste~ for lubricant supply, driving, 

loading, and traction measurement. 

• Lubricant supply system 

The lubricant supply system of the disc machine is shown in Figure 3.2. Lubricant was stored 

in a tank, which had an electrical heater and a refrigeration unit. A simple feedback control 

system with an on-off controller allowed the required temperature to be set above or below 

room temperature. 

Lubricant was pumped out from the tank by a gear pump through pipes to an oil filter (17-

1704-2 PHSA, Motomaster, Canadian Tire Co., Toronto, Canada). A valve connected to the 

outlet of the mter detennined which side of the contact was supplied with lubricant so that the 

discs could be run in both directions of rotation. The lubricant was continuously entrained by 

the rolling motion of discs to fonn a lubricant film for the friction force measurement. There 

was a reservoir located under the bottom disc to collect the lubricant which was thrown from 
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Figure 3 .1 Side-slip disc machine 
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the disc surfaces. Plexiglass shields were placed around the discs to direct oil to the reservoir. 

After one measurement, the valve of the reservoir was opened and the lubricant flowed back 

to the oil tank for next measurement. 

• Driving system 

A 746 W (1 HP) DC shunt motor (Reliance Electric Company, Columbus, Ind. 47201, USA) 

drove the bottom disc which in turn drove the top disc by virtue of friction acting through the 

lubricant film of the contact. In this way the two discs had about the same surface velocity. 

The motor had a feedback control system for speed in which the bottom disc rolling speed 

(u1) was measured by a photo-electric sensor beam which was cut intennittently by a 

perforated "target" disc. The aluminium target disc (66 mm in diameter and 2 mm thick) had 

20 holes equally spaced around its circumference and was fitted to the shaft of the bottom 

disc. The pulse rate ('If) of the photo-transistor was recorded by a frequency counter (John 

Fluke MFG. Co., Inc., U.S.A.) expressed in hole/son the counter panel and sent to the motor 

speed controller where proportional control was exened. The motor was coMected to the 

bottom disc shaft with a series of timing belts and pulleys giving a speed reduction ratio of 

0.67. 

The pulse rate ('If) was converted into the bottom disc surface velocity (u1) by the following 

equation 

where R, - bottom disc radius 

n - number of holes in target disc 

'I' - pulse rate in holes/s 

(3.1) 

Inserting the values of R = 0.071374m and n = 20 holes gave the following conversion factor: 



95 

u = 0.02242 • y, (3.2) 

A lateral sliding velocity (v) was obtained by skewing the top disc assembly with a manual 

gear transmission when the discs were rolling, which is discussed in a subsequent section. 

• Loading system 

The load was applied to the top disc by setting dead-weights on a hanger assembly which 

consisted of a gimbal and a pair of cables (Figure 3.3). In order to reduce the effect of 

rotational inertia and mechanical VIl>ration during the skewing of the upper disc at higher 

loads and rolling speeds, a self-aligned single row tapered roller bearing pivot was provided in 

the hanger rod and a heavy oil damper was placed below the weights. The bearing pivot 

separated the upper and lower parts of the weight hanger. The damper supplied strong 

resistance to Vibrations in both vertical and circumferential directions through a plastic disc 

immersed in a high viscosity gear oil (Industrial Gear Oil 680, Monarch Oil Ltd). In this 

way, the weights and the lower pan of the hanger remained essentially stationary when the 

top disc was skewed. 

The applied load was equal to the total weight of the hanger, dead-weights and top disc 

assembly minus the buoyancy force associated with the heavy oil damper. The applied load 

levels were set by the number of dead-weights. 

The mass of the top disc assembly was 1.92 kg and the hanger assembly was 3.321kg. The 

volume of the part of the hanger assembly immersed in the damper oil was 2.12xl04 m3
. The 

density of the damper oil was 895 kg/m3
, the mass of the displaced volume of the oil was 0.19 

kg. Each dead-weight had equal mass as 9.94 kg. Therefore the applied load could be 

calculated from following equation. 

F = n • {97.Sl) + 49.SS (3.3) 

where n - number of dead-weights 
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1. Top disc 
2. Top disc yoke 
3. Drive from motor 
4. Bottom disc 
5. Lubricant supply 
6. Pivot 
7. Load weights 
8. Oil damper 

Figure 3 .3 Schematic representation of the side-slip disc machine 
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• Traction measuring system 

By skewing the top disc slowly about the vertical axis through the contact center over a small 

angle ,, the side-slip velocity v was increased continuously in the direction perpendicular to 

that of rolling. It shean:d the lubricant film between the contact and caused a friction (or 

ttaction) force (Fr) which also acted sideways. The variation of Fr with cf, constituted the basic 

measurement provided by the disc machine. The Fr was measured by a strain gauge load cell 

and the, was measured by a direct current displacement transducer (7DCDT-1000, Hewlett 

Packard, Andover, Mass. JW), referred as DCDT in subsequent of this thesis. 

(1) Friction force 

The load cell had four strain gauges tmunted on a steel ring, two of which were on the 

outside of the ring and the other two were on the inside. They were connected as a 

Wheatstone bridge configuration and provided a sensitive measurement. One end of the load 

cell was fixed rigidly on the top disc support and the other end was fixed on the top disc yoke 

which was suspended from the top disc support by two sets of leaf springs which held the top 

disc in place but imposed little resistance to motion in the "side-slip" direction (Figure 3.4a). 

As the top disc assembly was skewed, the strain gauge output voltage was directly 

proportional to Fr generated by the shearing of the lubricant film in the side-slip direction. 

The strain gauge ring was calibrated by placing known weights on a pan which was suspended 

from a steel cable which went over a pulley and connected to the top disc yoke. The 

calibration results are shown in Figure 3.4b. 

(2) Skew angle 

DCDT transducer was held tightly by a split block, which was fixed on the bottom disc 

support frame (Figure 3.Sa). The DCDT plunger was spring loaded against the top disc 

suppon frame. As the entire top disc assembly was skewed about the contact center, the 



Top disc support frame 

Strain gauge 
load ring 

Strain gauge 
Amplifier Top disc yoke 

Figure 3.4 Friction force measurement 
( a) strain gauge ring load cell 

Leaf 
springs 

(a) 

98 



60 

50 

~ 

40 z ....., 

g 
.._ 30 
C 
0 
tS ·c: 20 LL 

10 

0 ✓ 
0.0 

/ • 
F,= 53J i163 *V / 

, 

/ (' 

/ 
/ 

~ 
V 

) (" 

)Jt' 
~Y' 

/ C :oe1 r. of De~ - ina1 Crl I I 

/ F ~-Sc uari td = O.E 99S 

0.2 0.4 0.6 0.8 1.0 
Strain gauge output voltage ( V ) 

Figure 3 .4 Friction force measurement 
(b) load cell cahoration 

99 

on 
~9 

1.2 

(b) 



Manual 
skewing 
transmission 

I 
I 
I . ·-·-· 1-·-·-· . 
I 
I 

.___~----~-----' 

Bottom disc support frame 

Figure 3 .S Skew angle measurement 
( a) direct current displacement transducer 

DCDT 
Amplifier 

(a) 

100 



101 

. 
transducer output voltage indicated the variation of the displacement of the measured point 

on the top disc assembly related to bottom disc supported frame. The measured displacement 

had linear relationship with the skew angle ♦ when it varied over a very small range. The 

value of ♦ was measured during the calibration procedure by using a skew angle protractor 

(Figure 3.5a). The cah'bration produced a linear relationship as expected (Figure 3.Sb). 

Whenever the DCDT transducer was removed from the holding block or the disc machine 

was reassembl~ a new calibration was perfonned. 

3.1.2 Operating principles 

The main objective peration of this disc machine was to measure the Fr when the lubricating 

fihn was sheared in the side-slip direction under a high contact pressure at a cenain 

temperature. The kinematics of rolling with side-slip shearing indicated that 

v = "1 sin t/J = Uz tan t/J (Figure 3.6a). Since u = (01 + u2)/2 and u1 = u2 throughout small skew 

angle ,. therefore, v = u • tan;. which agreed with the expression given by Johnson and 

Roberts (1974). For the disc machine contact, the rolling speed (u) equaled the entrainment 

velocity and a lubricant film with an almost constant central film thickness (h.:) was generated 

over the contact area. The panicular nominal point contact geometry of the disc machine had 

a Hertzian contact radius of a and area of 1ta2• 

Similar traction force measurements on side-slip disc machine were descn"bed by Johnson and 

Roberts (1974). Theoretical formulae of side-slip shearing were developed for both pure 

Newtonian lubricant and pure elastic lubricant films. 

(1) For a pure Newtonian fluid film. the shear strain rate y (Figure 3.6b) can be 

approximated as v~ where he can be calculated by Eq. 2.24. The shear stress is thus 

constant and equal to T = fl -v / he. Integrating shear stress over the contact area gives the Fr, 

which acts at right angles to the rolling direction. 
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(3.4) 

(2) For an elastic solid-like film, the shear stress is proportional to the shear strain, 

-r=G•y, where, r= J;t-dt= fV-l"Cv/he)dx/u (Figure 3.6c). Integrating the shear 

stress over the contact area gives 

(3.5) 

However, real ehl fihm was neither pure Newtonian flow nor pure elastic lubricant 

deformation. The experimental approach was to measure Fr versus -i, and subsequently 

develop a plausible and consistent rheological model of the lubricant flow. 

In a typical disc machine friction force measurement (Figure 3.7), ♦ was varied over the range 

of ± 0.125 rad as specified by the protractor scale on the top disc assembly. When If, was 

small, v / u =, and thus plotting Fr vs. ♦ showed the friction force behavior as a function of 

slip-roll ratio. When ♦ is varied through the point of pure rolling at q, = 0 the sliding direction 

changes causing the direction of Fr to change as well The measured Fr vs. ♦, or traction 

curve, had a sigmoidal shape. Repeating the above act for the opposite direction of rolling 

gave another measured sigmoidal shape and the cross-over point allowed the origin of the 

traction curve to be detennined exactly. The symmetry of this "traction plot" (Figure 3. 7) in 

the four quadrants provided a method to check the alignment of the disc machine. 
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3.2 Temperature Measurement 

Temperature control was very imponant for an isothermal traction measurement. The 

lubricant supply system should provide the contact with a lubricant at a known constant 

temperature and the rise in the lubricant film temperature in the contact zone should be 

negligible. 

3.2.1 Temperature of supplied lubricant 

Lubricant supply system of the side-slip disc machine was designed to control and provide the 

lubricant at a constant temperature during the experiment. The feedback control system with 

an on-off controller for the heater allowed the tank temperature to be set to a specific value 

above room temperature. However. the lubricant temperature might have changed when it 

was pumped out from the tank to the contact. In order to keep the operator informed of the 

real lubricant temperature, additional temperature checking points were needed in the 

lubricant supply system. 

One thermometer was inserted in the oil tank to get the actual reading of the tank lubricant 

temperature at any time. Another crucial point to measure the temperature was the entry to 

the contact. A thennocouple was fixed to the outlet end of the oil supply pipe with its tip 

immersed in the lubricant outside the jct. If the lubricant temperature dropped during the 

flow from the tank, then the tank temperature was adjusted to a relatively higher value. 

Conversely, if the temperature increased for some reason, the tank temperature could be 

preset at a lower value. 

Ensuring that lubricant was supplied to the inlet zone at a known constant temperature was 

the first step in an isothennal experiment. The next step was keeping the lubricant film 

temperature constant in contact zone. 
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3.2.2 Contact zone temperature measurement 

As discussed previously, the inlet temperature of the lubricant could be used to give the 

viscosity in an isothcnnal ehl formula for film thickness. In a disc machine with ehl conditions 

close to pure rolling, the appropriate inlet lubricant temperature was likely to equal the 

average of the disc surface temperature just prior the entering the contact, while, the inlet 

shear heating associated with the flow field was negligiole. Although, the disc surface 

temperature could also be elevated because of the accumulation of heat from side-slip shear in 

the contact zone, the steel disc was such a good heat conductor and an elevated surface 

temperature would require considerable generation of heat within the film. When the side-slip 

velocity was low, there should not be significant side-slip shear heating in the contact zone. 

To measure the surface temperature, a thermocouple was placed in light contact with the 

moving bottom disc surface. But two important things of contacting thennocouple 

temperature measurements had to be considered in this case: one was the placement and the 

other was the load between the thennocouple tip and disc surface. 

(1) To get an accurate reading, the thermocouple should be placed in the inlet zone as close 

as possible to the contact zone. But the geometry of the apparatus itself and the size of the 

thermocouple tip made this difficult. The closest point to measure the inlet zone temperature 

was along the central line of the contact zone in rolling direction and the distances from the 

center of contact was 5 mm (Figure 3.8). When the disc machine was kept running, the disc 

surface temperature changed gradually from the room temperature towards that of inlet oil 

temperature, until a stable temperature was obtained. Under the same load and kinematic 

conditions, the outlet zone temperature was checked with the same thennocouple by running 

the disc machine in the reverse direction. The outlet zone temperature did not show the 

difference from the inlet zone temperature. This finding suggested that there was no 

significant accumulation of heat from side-slip shear in the contact zone. 
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Figure 3 .8 Schematic representation of disc surface temperature measurement 

108 



109 

(2) Many early papers (Cameron, 1966; Jefferis and Johnson, 1968) discussed how a Hsurface 

contacting" and embedded thermocouple could provide the same estimate of the disc surface 

temperature. For a contacting thennocouple, a suitable force must be detennincd to push it 

against the disc surface with sufficient force to measure surface rather than lubricant 

temperature, yet not such a large force that would cause any false temperature elevation due 

to friction heating. Since the contact force was not known for the inlet thermocouple (No. 1 

in Figure 3.8), a second contacting thermocouple was installed. 

A device was designed to push the thennocouple against the disc surface with a controlled 

contact force (Figure 3.8). The spring constant was determined before it was mounted in the 

device. The contact force was increased in increments of 3N from the point where the 

thennocouple seemed first to touch the disc surface very lightly. Unfortunately, due to the 

space limitation, this thenmcouple could not be placed very close to the contact due to the 

space problem, and to avoid any possible disc surface damage, it was moved 5 mm laterally 

along the ax.is of the bottom disc. Thus, this thermocouple provided information on a suitable 

contact force but would only detect substantial heating of the disc surface. 

The test results gave quite a wide range of contact force to obtain a stable and accurate 

temperature reading before a sudden increase in temperature caused by friction heating 

between the thennocouple tip and the disc surface at about 15N (Figure 3.9). During the 

friction force measurements, this device was used along with the inlet zone thennocouple to 

estimate surface temperature. When the disc machine was kept running, the whole disc 

surface slowly reached the desired temperature and both thenmcouples gave quite stable 

temperatures. Usually, the thennocouple with controlled contact force recorded a 

temperature not greater than 1 °C below that of the inlet zone thermocouple, although it was 

located in a distance from contact zone and was offset from the contacting part of the bottom 

disc by about 5 mm. 
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Despite these temperature measurements, it was still posnble that inlet shear heating could 

elevate the oil teq,erature. 1be evidence of this heating might be removed by heat transfer 

by conduction and convection. When the film thicknesses were calculated, a further 

calculation was performed to estimate the influence of inlet shear heating as discussed in a 

subsequentsecaon. 

3.3 Electrical Resistance Method for Detecting Film Breakdown 

The objective of adopting an electrical resistance measurement technique was to check 

whether the ehl formula (Eq.2.24) of Hamrock and Dowson (1977) was appropriate for the 

present experiments. A drop in film resistance was expected near 1 = 3. Providing this 

occurred, the tnbological conditions for subsequent experiments could be selected to be in the 

ehl and isolated micro-chi regimes. No attempt was made to link electrical resistance with the 

asperity interaction of mixed film lubrication. Such work has been attempted by others 

(Furey, 1961; Johnson and Higginson, 1988; Yang, et.al., 1996), but it was considered 

beyond the scope of the present investigations in which friction force was measured to study 

rheology of lubricant films. 

Cameron and his coworkers (1958) used the electrical resistance measurement technique in an 

attempt to determine the ehl film thickness. Higher resistance occurred between two rolling 

surfaces when a lubricant film separated them and the resistance level correlated to some 

extent with its thickness. However, the application of this technique became extremely 

difficult when the fluid fihn was very thin, because asperity contact made the electrical 

resistance drop rapidly instead of decreasing proponionally to the average film thickness. On 

the other hand, thin surface layers might sometimes form on the contact surfaces and prevent 

an expected drop in resistance when the lubricant film had broken down. Therefore, the 

electrical resistance method was considered difficult to apply with precision, yet could be 

applied to provide useful approximate infonnation regarding the existence of continuous fluid 

film lubrication (Kato, et al., 1993). 
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3.3.1 Electrical resistance circuit 

The electrical resistance measurement technique was easy to implement. A simple circuit 

(Figure 3.10) was built up following the design of Furey (1961). The circuit consisted of a 

power supply battery, two resistors (R1= 1.0 x 106 n and R2= 1.0 x Ur' il), and a voltmeter 

readout. This circuit minimi7.Cd the occurrence of electrical discharge through the oil film by 

lowering the applied voltage. When a battery with the input voltage of v. =1.5 V was used, 

the maximum measured output voltage was Vo = 15 mV. The top disc was electrically 

isolated from the bottom disc by putting isolated epoxy resin rings around the outer race of 

the top disc supported bearings. The bottom disc was electrical connected to the resistor R2 

through the stand of the disc machine. A carbon brush acted as a pickup, which was spring­

loaded against one end of the top disc shaft and electrical connected the top disc to the other 

endofR2. 

At a certain load level and temperature, the Vo varied with the electrical resistance of the 

contact between the two discs. If the disc machine was running at a sufficiently high rolling 

speed and the two discs were separated by continuous fluid film, the Vo approached 15 m V 

and no electric current flowed across the contacts. If the rolling speed was low and asperity 

interactions occurred between the contact surfaces, then the film resistance was reduced and 

Vo dropped as the electric current began to flow across the contact. 

3.3.2 Output voltage 

An example set of unfiltered Va signals was measured and plotted as waveform graphs 

through a computer program, which simulated an oscilloscope (Figure 3.11). The MCT 5 

base stock oil was used with the applied load of F = 244.5 N and smooth surface discs. The 

plots showed visible oscillations superimposed on the average Va- As u varied from 0 to 4 

rn/s, the Vo was read from a digital voltmeter as an average value given by a built in 

processor. The measured V0 for various rolling speeds (u) are listed in Table 3.1. If the he 
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was considered together with the u, the full scale Vo output region represented u > 2.S m/s, 

where he> 0.4 µrn which was three times of composite surface roughness (Ge • O.lµm). 

Below this speed, the film thickness was reduced and the asperity interaction started to occur. 

The Vo decreased to zero when u < 0.6 mis, corresponding to the he= 0.15 µm, which was 

comparable with the surface roughness. Thus, more asperity interactions occurred and the 

full chi film was replaced by micro-chi. 

Table 3.1 Measured Vo for various u 
(for MCT S, F=244.5N, smooth disc) 

u(m/s) v.(mV> llc(Jun) 

0.0 0.0 0.0 

0.2 o.o 0.0835 

0.4 0.0 0.1329 

0.6 0.0 0.1743 

0.8 0.1 0.2114 

1.0 0.2 0.2455 

1.1 0.375 0.2617 

1.2 1.225 0.2774 

1.3 2.525 0.2926 

1.4 4.235 0.3075 

1.5 6.775 0.3221 

1.6 9.325 0.3363 

1.7 11.85 0.3503 

1.8 13.25 0.3639 

1.9 14.05 0.3774 

2.0 14.65 0.3906 

2.5 15.75 0.4535 

2.8 15.9 0.4893 

3.0 15.9 0.5125 

4.0 16.2 0.6214 

Vo versus u plots, for the data from this example and for the other three loads of 439.5 N, 

634.5 N and 829.5 N, showed as sigmoidal functions (Figures 3.12). From these plots, it was 

easy to find the asperity interaction starting point, where the lubricant additive might have 

significant influence on friction between contacts. Eventually, these plots could be used to 

decide the bibological conditions for the friction force measurements in the present study. 
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Figure 3 .12 Typical plot of output voltage versus rolling speed for various loads 
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3.4 Data Acquisition and Processing 

The most iq,onant modification of the disc machine for the present research was an 

installation of a computer data acquisition system. Previously, friction force and skew angle 

measurements from the disc machine were recorded on an x-y plotter. The cofl\luter data 

acquisition system facilitated n:cording, storing and processing of the experinental data. A 

software package was chosen to implement the data acquisition and processing. 

3.4.1 Data acquisition system 

• Hardware 

A PC-LPM-16 data acquisition hardware board (National Instrument Corporation, Austin, 

TX, USA) was selected and plugged into the personal computer. It was a low power 

multichannel input and output board with 16 digital 1/0 lines which were useful in high 

resolution applications. A hardware configuration was used to set certain analog inputs and 

outputs, such as polarity range, jumper setting, etc. Then, a software configuration was set up 

as a currently selected device in the main lists (Figure 3.13) and as the default set-up for the 

friction measurcmenL 

The 1/0 connector for the PC-LPM-16 was located on the back panel of the board. Two 

analog signal input channels were connected with disc machine: one for Fr from the strain 

gauge load cell through an amplifier, and the other for cp from the DC displacement 

transducer. A ground pin on the connector was chosen for analog input ground signals. 

• Software 

The computer software package used in the present study was Lab VIEW, standing for 

Laboratory Virtual !nstn1ment Engineering ~orkbench (National Instruments Corporation, 

Austin, TX, USA). It worked within Microsoft Window 3.1 operating system. LabVIEW 

uses a graphical programming language to create pro~ in block diagram form for 
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Figure 3 .13 Configurations for PC-LPM-16 data acquisition system 
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scientific computation. process contro~ and Ra.Surement applications. This program allows 

"virtual instrument" (VI} to be constructed which attempt to imitate actual instruments. 

Libraries of functions and tools arc available to build up the Vis. 'The most valuable feature 

of Lab VIEW is its ability to acquire data from almost any sources. 

A computer data acquisition system was set up for the disc machine and included some Vis 

for controlling data acquisition and data processing for the friction force measurements. 

• Specific application programs 

Analog input signals from the disc machine were recorded in a waveform graph and stored in 

a digital data file. A program (AITOWA VE. VI) was written to perform this process. The 

graphical program had three features: front panel. block diagram and hierarchy diagram 

(Figures 3.14a, 3.14b and 3.14c) as discussed below. 

The "front panel" was an operating interface which provided a visual image that resembled an 

instrurrent front panel The cormnands to acquire signals were input from controllers on the 

front panel in a manner similar to select settings on a conventional voltmeter or a plotter. The 

output data were stored in tables and presented in graphs. The graphs were similar to those 

from a plotter, but the stored discrete data allowed scale changes to be perfonred long after 

data collection. 

In the front panel of AITOWA VE. VI (Figure 3.14 a), the PC-LPM-16 (Device control) and 

its three working channels (channels control) should be selected first. Two channels (one 

with an analog filter and one without it) collected discrete voltage from the strain gauged load 

cell which measured the friction force. The last channel collect discrete voltages from DCDT. 

Then, the total scan number (N) and the scan rate (f.) were set considering the friction 

measuring operation time and the resolution of signals. At the chosen interval, the continuous 

analog signal was convened to a series of digital values. These discrete values were also 
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plotted as three '~aveform'' graphs of voltage versus the sequential data point number (0 -

1023). The operating conditions and the output file name were labeled at the top of the front 

panel. 

The block diagram was a pictorial representation, i.e. a logical flow chart of the program 

which was created on the front panel It was constructed by linking descriptive program 

icons that perfonned specific data acquisition functions. A LabVIEW program received 

instructions from its block diagram which transferred data, perfonned specific functions and 

controlled the order of execution. 

In the block diagram of AITOWA VE.VI (Figure 3.14b), all the "controllers and indicators" 

from the front panel were automatically shown as tenninals. They were linked with some 

specific operation sub.programs, which were sub-Vis and shown as icons (Al CONFIG, Al 

ST ART, etc.), to construct the desired logical relationship of the program and to control the 

collection of the analogue input signals. 

The hierarchical diagram was a tree of all Vis and sub-Vis currently being utilized. Each VI 

had its icon in the hierarchical diagram. When the main VI was open all the corresponding Vis 

had to be loaded in the memory. VI hierarchy describes a map showing the interaction and 

sequencing of an application. 

In Figure 3.14c the AITOWAVE.VI was the currently used VI which was highlighted. It 

required five sub-VI to complete the data acquisition. The five data acquisition sub-Vis 

needed more sub-Vis to support their work. Therefore the hierarchical diagram for this 

program shows three levels of Vis which were coMected by lines. 
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3.4.2 Power spectrum analysis and sampling frequency 

As mentioned above, data acquisition involves digitizing analog signals. A number of general 

references (Bendat and Piersol, 1980; LabVIEW Analysis VI Reference Manual, 1993; 

Johnson, 1994) provided some background information of a digital signal processing. When 

continuous analog signals are digimed at a constant time interval At, the corresponding 

sampling frequency is f1 = 1/ At = n/t, where n is the number of samples and t is the total 

time. The value off, can be selected following the Nyquist criterion, which indicates that f, 

must be at least twice as large as the highest frequency component in the input signals, in 

order to avoid its misrepresentation known as aliasing. In other words, for a specified fn the 

highest possible frequency component which can be represented properly is the corresponding 

''Nyquist frequency". 

f =Is 
,, 2 (3.6) 

To select a suitable Is, a power spectrum analysis of the signals provided some guidance. 

Power spectrum analysis is perfonned a fast Fourier transfonnation (FFf) to transform linear 

time sequence signaJs into the frequency domain. This transformation can be used to show 

individual frequency components of analog signals that can be related to measured physical 

phenomenon. Funhennore, this analysis can be used to help avoid either a too low sampling 

rate which may cause aliasing or an unnecessary high sampling rate which is often expensive. 

In the present study, the power specttum analysis for the data acquisition and digital 

processing was performed by a program, PS.VI. This program read recorded data 

representing Fr or 4' from a spreadsheet file written by AITOWA VE. VI. It chose a series of 

data by using an index may function and sent it to the sub-program, POWER 

SPECTRUM. VI. The time based data were transformed into the frequency domain, and the 

power spectrum (square of the amplitude of the transformed individual frequency component) 
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was found and plotted (Figure 3.15). The highest peak on the power spectrum plot occurred 

at a particular frequency which indicated that the original analog signal (which could be 

considered a summation of many individual sinusoidal components} had a dominant 

component with a large amplitude at that frequency. 

The PS. VI program was used to analyze the data which were collected at various fs increasing 

up to 4096 Hz within the same period of measuring time (t = 5sec ). For a number of 

experiments with smooth top disc, the results showed that the highest power spectrum peak 

was always located at the position close to zero frequency, since the traction curve 

measurement had an overall sigmoidal shape. Comparing with the highest peak (which 

represented the maximum friction force and was a quantity of interest in the experiment) there 

were no other large peaks shown on the power spectrum plot and this did not change with the 

increasing in sampling number n, as well as f.. If fs was incre~ then the fv also increased 

and the possibility of aliasings dccrcascd for the friction measurements. For aliasing to have 

had a significant influence on friction measurement, a large amplitude component would have 

to be present with a very high frequency. 

Subsequent work with a rough top disc might have shown somewhat different results. 

However, the lack of influence of Is on the power spectrum and the time required for 

subsequent data manipulation and processing were considered. Thus, a suitable value for Is 

was selected as follows: 

n 1024 
f =-=-=204.8(Hz) 

s t s 

As the Is was selected, any signals with the frequency higher than f N = f, /2 = 102.4(Hz) 

would cause aliasing. Actually, besides of the highest peak, there were some smaller peaks 

which did not show on the plot. By changing the scale to let them become visible, it was 

found that these peaks occured at multiples of 60 Hz (Figure 3.16). Therefore, they were 
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considered to be noise from the electric circuits of the instrumentation. To avoid posSJole 

signal distortions from the electric circuits and other posSinle physical phenomena in 

subsequent tests which were not of primary intere5'7 an analog filter was applied before any 

digital signal processing occurred. 

3.4.3 Analog filter 

The analog filter allowed signals of low frequencies to pass but rejected or attenuated those of 

higher frequencies. It was a simple low-pass filter (Hilburn and Johnson, 1983) with standard 

capacitors, resistors and operational amplifier (Figure 3.17) with a low cutoff frequency of 20 

Hz. This cutoff frequency would not give any posSil>le signal distortion of the friction 

measurement results which had a frequency close to 7.ero. Also, it would have little posstl>le 

distortion of the 9 Hz component which corresponded to the angular rotational speed of the 

bottom disc shaft. 

The filter was tested by the sinusoidal signals from a signal generator. The responses for 

three series of input signals with various amplitudes, RMS = 0.5V, IV and 2V, were quite 

consistent (Figure 3.18). The test results showed that any signals with a frequency greater 

than 100 Hz would ahnost totally be filtered out. As mentioned above, the sampling rate was 

chosen asfs = 204.8 Hz and the Nyquist frequency was/N = 102.4 Hz. If this tilter is used in 

the data acquisition system on disc machine, no significant aliasing is possible. The tilter was 

built into the amplifier between the strain gauge load cell and data acquisition board. The 

difference between the curves with and without the analog filter (Figure 3.14a) gave a clear 

view of the benefit in signal clarity of the filtering. 



R1 
24K 

INPUT ---

C1 
940pF 

R2 
24K 

C2 
470pFT 

OUTPUT 

• Linear circuits 
manufacturing 
amplifier 

Figure 3.17 Circuit of low pass analog idter 

128 



1.0 

0.8 

0 i 0.6 
a:: 
> ..... 
;::: 0.4 

0.2 

Jldeal -,, 
I 
I + 500 mv sine wave input 

◊ 1000 mV sine wave input 

0 2000 mV sine wave input 

0 20 40 60 80 100 120 140 160 180 200 
Frequency ( Hz ) 

Figure 3 .18 Low-pass analog filter property curve 

129 



Chapter 4 Materials and Methods 

This chapter describes materials and methods used in the present experimental work. First, 

the properties lubricants, both base stock and formulated oils, are introduced. Secondly, the 

experimental design is explained, in which the experiments are grouped under various 

operating conditions. F'mally, each of the friction force experiments under specific operating 

conditions is given a number and estimates of the central film thickness Che) and the effective 

film thickness parameter (1) are made for each experiment. 

4.1 Lubricants 

The lubricating oils used in the present research were made by Imperial Oil Limited, Canada. 

Four formulations of a low viscosity oil were base stock alone (MCT 5), base stock with a 

friction modifier additive (MCT S + FM), base stock with an anti-wear additive (MCT 5 + 

AW), and base stock with an extreme pressure ~ditive (MCT 5 + EP). The base stock oil 

was a commercial product directly refined from crude petroleum. 

To show the influence oflubricant additives on friction in ehl and mixed film lubrication, each 

of the formulated oils and the base stock oil were tested under exactly the same operating 

conditions. With the base stock as a reference, the effects of lubricant additives on the 

rheological behaviour were evaluated directly from the comparison of the friction force 

measurements in the side-slip disc machine. 
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4.1.1 Base stock oil 

The inspection data of MCI' S base stock oil (IMP 4805) provided by Imperial Oil Limited 

are listed in Table 4.1. By comparing the viscosity to the Society of Automotive Engineers 

(SAE) grading system, revealed that it might be an SAE SW ( v 100 = 3.8cSt 1, but insufficient 

infonnation was provided to make a definite identification of the grade). 

Table 4.1 Inspection data of mineral oils used in present study (from Imperial Oil Ltd.) 

INSPEcrJONS MCT5 MCT5+FM MCT5+AW MCT5+EP 

V40 (cSl) 18.47 19.12 18.13 18.46 

VuJJ (cSt) 3.796 3.803 3.800 3.800 

p,s(lcgfm3) 863.0 863.S 865.S 866.8 

From the given data of the V40 and V100, the VT of a lubricant at any required temperature T 

could be calculated from Eq. 2.4 as discussed previously. An example of a calcuJation of the 

V30 for MCT 5 is shown below. From Table 4.1, V40 = 18.47 cSt and V100 = 3.796 cSt, the 

constants in Eq. 2.4 were A= 9.72319 and B = 3.852S8. Inserting T = 30° C into Eq. 2.4 

with these constants gave 

log(log(v30 + 0.7)) = 9.72319 -185258 x log(30+ 27115) 

v 30 = 27.71 cSt 

The density (p) of a lubricant at any required temperature T was calculated using Eq. 2.2 with 

T = 30 °C, Pis = 863.0 kg/m3 and y = 7.2 x 10""' 11°C, 

p 30 = 863.0 X [ 1 - 0.00072 X (30 -15)] = 853.7 kg/m3 

Finally, viscosity (Tio) at atmospheric pressure and 30°C was calculated from Eq. 2.3, 

<110 )30 = V 30. p30 = 27.71 X 853.7 X 10-3 = 23.656 mPa·s 

1 cSt - kinematic viscosity unit (lcSt = I x 10~ m2/s = l mm2/s). 
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Viscosity was chec"ked using the Brookfield Synchro-Lectric viscometer (Brookfield 

Engineering Laboratories, Stoughton, Mass., USA) and density was checked by a floating 

densimcter (ERT Co. USA), both at a number of temperatures (fable 4.2). 

Table 4.2 Measurement results of '110 and p 

T MCT5 MCT5+FM MCT5+AW MCT5+EP 

(•C) 11,(mPu) p~mJ) 1'1,(•Pas> p(q(mlj 'l,(mPu) p(q/mJ} 11, (mPas) p (q/mJ) 

2S 31.2 855 31.S 857 30.S 861 32.5 861 

30 24.S 851 25.0 854 24.7 858 26.1 858 

35 21.5 848 19.7 850 20.9 854 20.7 856 

40 18.1 845 17.0 846 17.2 852 17.3 853 

45 14.9 840 14.5 843 14.0 849 14.5 850 

so 12.4 837 12.5 840 12.0 846 12.5 848 

55 11.1 835 10.S 837 10.5 842. 11.0 845 

60 9.6 833 9.7 834 10.0 838 9.3 842 

Comparisons of the viscosities and densities between the data measured at the Tnl>ology Lab, 

University of Waterloo, with the inspection data provided by Imperial Oil Ltd. at the same 

temperature showed little difference. These comparisons between measured viscosities and 

those calculated by the ASTM procedure from inspected data were made by plotting them 

versus temperature (Figure 4.1). Once again, little difference was shown between the two 

methods of determining viscosity. As a final example, MCT 5 at 30°C showed a relative 

difference of 3.6% for viscosity and 0.3% for density when comparing the measured data to 

the results of ASTM calculation procedure. Since the viscosity of lubricant was measured on 

the Brookfield viscometer in an opened system and it was difficult to keep a uniform 

temperature when the spindle was rotating in the lubricant, especially when the temperature 

was much higher than the room temperature, an unavoidable temperature decrease might have 

occurred. Therefore, the measured values were usually higher than those from ASTM 

calculation. 
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In subsequent calculation of ehl central film thickness9 the measured viscosities were used 

because at that time the inspection data were not available. When the inspection data became 

available and the ASTM calcuJation procedure gave almost the same results for T = 30 °C 

and 40 °C, it was deemed unnecessary to recalculate the central film thickness. 

4.1.2 Formulated oils 

• Friction modiraer formulation 

MCT 5 + FM formulation (IMP4806) was the MCT 5 base stock oil with 0.5% (wt) friction 

modifier. This proprietary friction modifier had a long chain polar molecular structure which 

attached ionically to metal surfaces. These molecules were intended to reduce the amount of 

metal-metal contact. Some automobile engine tests had been done by Imperial Oil Limited to 

compare the fully fonnuJated oil with this FM additive and without it. The detailed results of 

the tests were confidential but they showed a successful performance of the FM additive in 

that the fuel consumption in automobile engines decreased. 

The FM additive did not cause much change in viscosity and density under atmospheric 

pressure. The viscosity Tto and density p of MCT 5 + FM were checked by measurements in 

the same manner as MCT S (Table 4.2). The Tio vs. T plot for the MCT S + FM formulation 

in the range of T = 25°C - 60°C almost coincided with that of base stock alone MCT 5 

(Figure 4.lb). 

• Anti-wear additive formulation 

MCT 5 + AW formulation (IMP 4807) was the base stock MCT 5 with 1.2% (wt) zinc 

dialkyl dithio phosphate (ZDDP). The ZDDP is a commonly used additive which is added to 

all crank case oils to control the wear in automobile engines. This additive is made from 

primary and secondary alcohols. The ZDDP was ~signed to decompose and form surface 

compounds. 
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The 1'10 and p of MCT S + AW were checked by measurements (Table 4.2). The comparison 

of the viscosity-teq,crature relations (1'10 vs. T) between AW additive formulation and base 

stock alone is shown in Figure 4. lc. There was no significant diffcrcnce in viscosities in the 

whole range of temperatures, which is similar to the FM additive formulation. 

• Extreme presmre additive formulation 

MCT 5 + EP fonnulation (IMP 4808) was the base stock MCT 5 with 2% (wt) ang/amol 33 

additives. This additive was a sulphur-phosphorus compound, often used in gear oils. The 

effects of the EP additive could be tested in an F.ZG gear test apparatus (a German test 

machine). It could also be evaluated in a special four-ball test, in which the load was as high 

as 2 to 6 kN and running time was as shon as 10 second or until the balls were seized 

together. The effects of EP additives could also be indicated by the fuel consumption data in 

automobile engines. 

The llo and p values of MCT 5 + EP fonnulation were measured using the same method 

described before (Table 4.2). The EP additive did not change the Tto vs. T plot significantly 

from that of the base stock MCT 5 alone under atrmspheric pressure and in the whole range 

of temperatures (Figure 4. ld). 

4.2 Design of Experiments 

The experiments in the present research involved the use of a side-slip disc machine with a 

circular point contact geometry to measure the friction force by shearing an isothermal 

lubricant fiJm under conditions of mainly roDing with a small amount of sliding. The disc 

machine was run with two levels of disc surface roughness: one was a contact between two 

smooth surface discs to simulate eJastoh)'drodynamic lubrication (ehl), the other was a contact 
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between a rough surface disc and a smooth surface disc to simulate mixed film lubrication. 

Lubricating oils were sheared under various operaling conditions. During each measurement, 

the inlet oil temperature was kept constant. Several rather elaborate series of experhnedts 

were performed (Figme 4.2). 

4.2.1 Disc surface rougbnes.! control 

The bottom cylindrical disc was always kept as smooth as pomble, and the roughness of the 

top "crowned,. disc surface was either very smooth or quite rough depending on whether ehl 

or micro-eh! were sought. Both discs were made of wrought tool steel: SAE 01 (The 

Society of Automotive Engineers, Oil quenched tool steel) for the bottom disc and Keewatin 

(Atlas Steei wrought tool steel} for the top discs. The C0"'1QSitions of these two steels were 

listed in Table 4.3. They had very good hardcnability and were hardened to a Rockwell C 

value of 63. Special cutting and polishing processes were needed to produce smooth and 

rough disc surfaces at such a high hardness level. 

Table 4.3 Alloy composition of disc materials (%wt) 

Material C Ma Si Cr Ni V W 

Keewalill 0.89 1.25 0.42 0.47 0.14 0.43 

SAE 01 0.85-1.0 1.0.1.4 o.s- 0.4-0.6 0.3-. 0.3- 0.4-0.6 

• Smooth surface disc 

The bottom and top smooth discs were cut to the required geometry before hardening. After 

heat treatment. the disc surfaces were lathe turned with a diamond tip cutting tool first. The 

feed rate and cut depth were controlled precisely. Then they were lapped carefully with tine 

diamond paste in the circumferential direction, until the a "mirror" finish was achieved. This 

procedure gave a root mean square (RMS) surface roughness of 0.08 - 0.11 µm. 
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The surface roughness was checked on a Talysurf S profilometer (Rank Taylor Hobson, 

Leicester, UK). It had a processor (SM model) to provide a set of values for the selected 

roughness parameters and a profile graph. All the commands for a measure~nt were given 

through the processor, which contained the circuits for providing necessary functions, such as 

selecting measurement conditions, controlling parameter requirements, collecting signals, 

processing data, creating and storing the surface profile. The processor printed out the 

required parameter values and plotted the surface profile. Although, the Talysurf is an 

independent system, it was connected in parallel to a personal computer (PC) and data 

acquisition system. Thus, the binary data file obtained from the Talysurf for the surface 

profile could be saved in an ASCll file by running a Quick Basic program: CONBD.BAS on 

PC. Then, the surface profiJe could be plotted on PC with much more flexible control of the 

size and other characteristics than the original Talysurf plot. It provided more possibilities for 

further analysis. Typical smooth disc surface roughness measurements before the experiments 

showed a somewhat rougher surface in the axial direction than in circumferential direction 

(Figure 4.3). 

• Rough surface 

The rough surface top disc was first prepared following exactly the same processes as for the 

smooth surface disc. Then, a desired roughness was produced by sandblasting. The sand 

used in blasting was a graded silica abrasive. The si7.e of the abrasive particles, according to 

American Foundrymen's Association rating, was No. 60 AFA, and had a mean diameter of 

about 1.524mm (0.060 inch). The abrasives were shot on the smooth disc surface by 

compressed air in an industrial surface cleaning machine. The air pressure level provided 

some control over the resulting surface roughness. It was chosen as 690 kPa (100 psi) in the 

present study. The abrasive gun kept shooting at a fixed angle while the disc was rotated 

slowly on a holder.. Usually, after one rotation the disc surface changed from that of a mirror 

finish to a uniformly shaded appearance, without appreciably affecting surface dimensions 

(Figure 4.4). Measured RMS surface roughness about 1.0 - 1.5 µm. 
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Figure 4.4 Smooth and rough top discs 
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• Roughness measurements 

The roughness of disc surfaces was measured after 10 - 15 minutes "run-in" when the surface 

roughness had stabili7.ed. Run-in had a significant influence on the sandblasted rough surfaces 

in particular (Figure 4.5). Both axial and circumferential directions were measured. The 

parameters, such as the central line average (R.), the RMS (Rq) and the maximum peak-to­

valley height (R..J were selected on the processor SM in Talysurf 5 profilometer. The 

measured conditions, venical and horizontal magnifications (Vy and Vb), traverse length 

(T.L.), and cut-off (C.O.), were selected to be as large as possible for each case. However, if 

T.L. was too large, it became more difficult to remove the underlying curvature of the 

surfaces and smaller C.O. lengths were required. The data given in Table 4.4 are the 

measurement l'esults of two pairs of top and bottom discs .. which were labeled as (S01, B01) 

and (S(h, B(h) and were used for two repeated sets of smooth disc experiments. Each value 

was an average from three measurements on the same disc. 

Table4.4 Roughness measurement records for smooth discs 

D&c Dlrectfon v. v .. T.L. c.o. Ra a.. Rau 

<••> (mm) (Jun) (Jun) (Jun) 
Top(SOI) Axial 10000 s 5.6 0.8 0.051 0.064 0.594 

Circumf. 5000 s 7.2 0.8 0.052 0.065 0.326 

Average 0.0515 0.064S 

Bottom(Bl1) Axial 5000 s 7.2 0.8 0.056 0.070 1.083 

Circumf. 10000 s 7.2 0.8 0.049 0.061 0.838 

Average 0.0525 0.065S 

Top(SOi) Axial 10000 s S.6 0.8 0.050 0.063 0.576 

c~. 5000 s 7.2 0.8 0.053 0.066 0.469 

Average 0.0515 0.0645 

Bottom(BOz) Axial 5000 s 7.2 0.8 0.059 0.074 0.895 

Circumf. 10000 s 7.2 0.8 0.053 0.066 0.927 

Average 0.056 0.070 

Note: Each individual parameter in the axial or circumferential direction is the 
average of 3-4 measurements at different locations on the disc surface. 
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For the second set of experiments ("Rough Disc Experiments" - Figure 4.2), the bottom disc 

was rcpolished and two new top discs were prepan:d by sandblasting. The roughnesses of the 

top and bottom discs were measured on the Talysurf (fable 4.5). There were two rough 

surface top discs (Rl and R2) which were used for two applied load levels, 147.0 N and 

244.5 N, respectively. Both were used with the repolished bottom disc (BR). Another two 

top discs (S 1 and S2) were used for matched sets of experiments which paralleled those 

involving the two rough top discs (RI and R2) and involved the same bottom disc (BR). The 

smooth top discs (S 1 and S2) had RMS roughnesses an order of magnitude lower than the 

rough top discs (Rl and R2) (Table 4.5). 

Table4.5 Roughness measurements for discs used in rough disc experiments 
and matched smooth disc experiments 

DiK Dinctioll v. V111 T.L. c.o. Ra &. -(111111) (IDID) (Jun) {Jim) (Jun) 

Top(Rl) Axial 2000 s 2.S 2.S 0.855 l.17S 8.884 

Circumf. 2000 s 2.S 2.S 0.843 1.117 8.069 

Average 0.847 1.146 

Top(Rl) Axial 2000 s 2.S 2.S 0.646 0.889 6.761 

Circumf. 2000 s 2.5 2.S 0.853 1.233 10.27 

Average 0.150 1.061 

Bohom(BR) Axial sooo s 7.2 0.8 o.oss 0.074 1.3S1 

Cin:umf. 10000 s 7.2 0.8 0.051 0.069 0.935 

Average 0.053 0.072 

Top(S1) Axial 2000 s S.6 0.8 0.059 0.073 1.074 

Circumf. 2000 s S.6 0.8 0.046 0.063 1.472 

Average O.OS2S 0.068 

Top(S2) Axial 2000 s S.6 0.8 0.062 0.077 1.230 

Circumf. 2000 s 5.6 0.8 0.046 0.058 1.583 

Average 0.054 0.061S 

Bohom(BS) Axial sooo 5 7.2 0.8 0.050 0.063 1.0SS 

C-ucumf. 5000 s 7.2 0.8 0.057 0.071 1.138 

Avenge 0.0535 0.067 

Note: Each individual parameter in the axial or circumferential direction is the 
average of 3-4 measurements at different locations on the disc surface. 
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• BA and RSC for rough surface discs 

As mentioned previously, the two sandblasted rough surface discs Rl and R2 were tested 

under two load levels. The roughness of the surfaces was checked at least three times during 

the experiments. The first profile before testing showed a Gaussian distnbution (Figure 4.5a). 

It had a symmetrical distnbution about the mean line, but after 10 to 15 minutes "run-in" 

under the applied load, the profile had a serious skewness (Figure 4.Sb), because the asperity 

tips had been worn down or flattened by local plastic defonnations. However, as the local 

contact stress decreased, elastic defonnation dominated so that the last check which was 

made after the friction experiments (Figure 4.5c) showed virtually the same profile as that 

after run-in. The profile checking mentioned above, included three or four measurements on 

each disc in the circumferential directions at locations separated circumferentially by 120° or 

90°. By measuring in the circumferential direction only, it was possible to keep the trace 

within the contact zone which was visible as a darkened line on the disc surface. 

To determine the real area of contact, two other parameters bearing area (BA or Tp% 

according to the Talysurf processor) and high spot count (HSC) were measured at various 

height levels. To illustrate the measurement procedure, data for disc Rl was used which had 

been collected after a set of friction force measurements under an applied load of 147.0 N. 

Conditions of measurement were Vv xSOO0, V-. XS, T.L. = 2.S mm, and C.O. = 2.5 mm. 

Three unfiltered profiles were taken in the circumferential direction and gave the BA and HSC 

data which were directly related to the contact zone. The measured results were first shown 

on the screen of processor SM. Then, they were printed out as required. The output data 

(Figure 4.6) included three columns: the increment of Depth (µm), the BA in unit traverse 

length (Tp'I,) and the high spot count over the whole traverse length (HSC*). The Tp% and 

HSC* were measured at equal increments of Depth (µm), which started from the highest 

asperity tip, across the mean line and to the lowest valley. The interval depended on the 

selection of the vertical magnification and was one-twentieth {1/20) of the full scale range in 
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each case. In this example, the selected V v was xSOOO. Then the increments of level was 

0.50µm Cfalysurf S System, Operator's Handbook). 

If the mean line of the profile was set as the origin of vertical axis (z), the relationship 

between z and measured Depth was given by F.q. 4.1. 

z = Depthcr,'5a50> - Depthc_M~ (4.1) 

where Depthc.,r,~> - linear inte9'0lation value of Depth at Tp(Cfo) = 50 

The BA and HSC in unit length had the following relations with measured values Tp% and 

HSC* 

BA=Tp(Ofo)/100 (4.2) 

HSC=HSC*/L (4.3) 

where L - traverse length 

and for the trace in Figure 4.6, L = 2.5 mm. The printed values of Tp% and HSC* from the 

trace were convened into HSC and BA for further analysis to detennine the real area of 

contact (Table 4.6). Similarly, Table 4.7 gave the same convened data set for rough disc R2. 
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Table 4.6 Talysurf measured data for rough surface disc RI 
(3.dat, 4.dat and 5.dat for duce traverses) 

J.dat 4.dat 5.dat 

z(illll) BAC HSC(V.a) z(Jlm) BAC HSCCV.m) zC,,.) BAC HSC(l/JDm) 

S.676 0.07 S.2 1.174 0.01 0.8 1.098 0.0 

0.196 0.40 22.0 0.694 0.12 6.4 0.618 0.10 

-0.294 0.65 21.6 0.204 0.40 19.6 0.128 0.44 

-0.784 0.76 16.4 -0.286 0.64 18.4 -0.362 0.67 

-1.264 0.84 12.0 -0.766 0.15 20.0 -0.842 0.77 

-1.754 0.90 10.4 •l.256 0.82 13.6 -1.332 0.84 

-2.244 0.94 6.8 -1.746 0.88 11.2 -1.822 0.89 

-2.724 0.97 3.2 -2.226 0.92 7.6 -2.302 0.92 

-3.214 0.97 2.0 -2.716 0.94 4.4 -2.792 0.9S 

-3.704 0.98 2.4 -3.206 0.96 4.0 -3.282 0.97 

-4.184 0.99 2.0 -3.686 0.97 3.6 -3.762 0.98 

-4.674 0.99 0.8 -4.176 0.98 2.0 -4.252 0.99 

-S.164 1.00 0.0 -4.666 0.99 0.8 -4.742 0.99 

-S.146 1.00 0.0 

Table 4. 7 Talysurf measured data for rough surface disc R2 
(6.da~ 7 .dat, 8.dat and 9.dat for four traverses) 

6.dat 7.dat 7.dat 

zQun) BAC HSC Z{Jlm) BAC RSC z (Jun) BAC HSC z{Jlm) 

0.583 0.14 S.6 0.021 0.49 20.0 0.04S 0.16 5.6 0.077 

0.083 0.46 20.0 -0.479 0.73 22-4 -0.455 0.(,() 28.0 -0.423 

-0.417 0.70 24.0 -0.979 0.82 20.8 -0.955 0.7S 22.0 -0.923 

-0.917 0.79 18.8 -1.479 0.90 12.0 -1.455 0.83 14.8 -1.423 

-1.417 0.86 12.8 -1.979 0.94 9.2 -1.9S5 0.88 11.6 -1.923 

-1.917 0.90 9.2 -2.479 0.97 4.8 -2.4S5 0.92 8.0 -2.423 

-2.417 0.92 1.6 -2.979 0.98 2.4 .2.955 0.94 S.6 -2.923 

-2.917 0.95 5.2 -3.479 0.99 1.2 -3.455 0.96 3.2 -3.423 

-3.417 0.96 3.6 -3.979 1.00 0 -3.955 0.97 2.4 -3.923 

-3.917 0.97 2.4 -4.479 1.00 0 -4.455 0.98 1.2 -4.423 

-4.417 0.98 2.0 -4.979 1.00 0 -4.955 0.99 1.2 -4.923 

-4.917 0.99 2.0 -S.45S 0.99 0 

0.8 

8.0 

28.4 

27.2 

18.4 

13.2 

10.4 

7.6 

4.0 

3.Z 

2.0 

l.Z 

0.4 

l.dat 

SAC 

0.46 

0.72 

0.82 

0.90 

0.94 

0.96 

0.98 

0.99 

1.00 

1.00 

1.00 

147 

HSC 

22.8 

25.2 

18.4 

14.0 

7.6 

4.8 

3.6 

2.4 

0.4 

0.4 

0 
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4.2.l Operating conditions 

The operating conditions were directly related to the detennination of the lubrication regimes. 

When the test facility and method were chosen, some of the conditions were fixed for all of 

the experiments, such as the geometry of the disc machine, the disc materlai the range of 

skew angle, room temperature oil viscosity, etc. But some other conditions had to be 

selected carefully for each group of tests, even each test, since they affected the rheological 

behaviour of the lubricant film directly and their choice placed the lubrication in a specific 

regime. The applied load (F), entrainment velocity (u), composite disc surface roughness (ac:) 

and inlet zone lubricant temperature (T) were considered as crucial parameters of testing 

conditions. As they were selected, the contact pressure (p), inlet lubricant viscosity (Tto), film 

thickness Che:). as well as the effective film thickness parameter l could be calculated and the 

lubrication regimes could be determined. 

• Applied load 

Applied load system of the disc machine included the top disc assembly, weight holder 

assembly, dead-weights and heavy oil damper, which was discussed in Chapter 3 (Figure 3.4). 

Eight load levels could be used on this disc machine (Table 4.8). Once a load was selected, 

the apparent area of contact (AJ as well as the average pressure (p.vJ and maximum pressure 

(pmax) could be calculated (Table 4.8) following the Hertzian equations for nominal point 

contact (Eqs. 2.11 and 2.12). 
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Table 4.8 Applied load levels and corresponding contact area and pressure 

Weights F(N) A.Cm1) P.•(GPa) ,-(GPa) 

1 147.0 2.51Se-7 0.5845 0.8767 

2 244.S 3.S31e-7 0.6924 1.0387 

3 342.0 4.416e-7 O.TI4S 1.1617 

4 439.S S.220e-7 0.8420 1.2629 

5 S37.0 S.966e-7 0.9001 1.3502 

6 634.S 6.(j(jfe-7 0.9517 1.4276 

1 732.0 7.334e.7 0.9981 1.4971 

8 829.S 7.972e-7 1.0405 I.5608 

Four load levels of 244.SN, 439.SN, 634.SN and 829.SN with 2, 4, 6 and 8 weights were 

selected for the smooth disc tests. However, only two load levels of 147.SN and 244.5N with 

1 and 2 weights, respectively, were selected for the rough disc tests because it was hoped that 

the progressive plastic deformation of asperity tips would be limited and a stable surface 

profile would develop after a run-in period. 

• Entrainment velocity 

Entrainment velocity (u) was a crucial parameter to determine the film thickness in ehL As 

mentioned in Chapter 3, assuming the surface velocities of the top and bottom discs were the 

same, the u was adjusted by the pulse rate v (Eq. 3.1). However, a high u might introduce 

high mechanical vi1>rations on the test rig when the load F was also high. Therefore, the 

ranges of u and corresponding 'I' for this disc machine are listed in Table 4.9. 

Table 4.9 Conversion of pulse rate 'If and rolling speed u 

u (m/s) 0.1 0.2 0.25 0.3 0.4 0.5 0.6 0.7 0.75 0.8 0.9 1.0 

.(laole/s) s 9 11 13 18 22 27 31 33 36 40 45 

u(m/s) 1.25 1.S 1.75 2.0 2.25 2.5 2.75 3.0 3.S 4.0 

'l'Claole/s) 56 67 78 89 100 112 123 134 156 178 
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• Inlet mne lubricant temperature and ambient pnaure viscosity 

Inlet lubricant viscosity varied with teq,erature, which affected both film thickness and the 

friction force. In the present experiments, oil was drawn into the inlet contact zone at a 

specified temperature. Thus, the central film thickness he which depends on the inlet zone 

viscosity could be determined by using Eq. 2.24, as discussed previously. However, the inlet 

temperature was measured about S nm from the contact centre and some inlet shear heating 

couJd have occurred before entrainment into the contact zone. Such heating could rapidly 

dissipate in the outlet zone because of the high thermal conductivity of the steel discs, and 

thus running the discs in reverse as discussed in Chapter 3 might not detect a temperature rise 

in the outlet zone. Fonunately, a calculation of a correction for thennal effects in the contact 

could be performed (Mobil EHL Guidebook, 4th edition, 1992; Cheng, 1970). The 

calculated correction factors, at all the applied load levels and the highest rolling ~ were 

quite close to 1, CT = 0.9712 - 0.9988. They were much greater than the criterion of CT S 

0.9 which was suggested as significant by Cheng (1970). Therefore, according to these 

calculations, the inlet shear heating effect could be ignored and no thermal correction was 

necessary for fihn thickness calculations. As discussed in Chapter 3, preliminary tests for 

temperature measurement showed that disc surface temperatures in both inlet and oudet zone 

during a friction experiment were approximately the same. These measurements suggested 

that the side-slip velocity did not introduce significant heating in the contact zone. 

Funhennorc, thennal effects caused by the side-slip would cause a decline in the friction force 

with increasing amounts of side-slip (increasing skew angle). Such a decline was not seen in 

any of the preliminary friction experiments. Therefore, all the friction measurements in the 

present study were considered to be under isothermal conditions. The inlet temperature T, as 

measured by the inlet thermocouple 1 (Figure 3.8), was used for the experimental plan and the 

ambient pressure viscosity 1'10 at T and a constant pressure-viscosity coefficient a were used 

to calculate the he. 
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During the &iction force measurements, T was measured and controlled. Most of the 

experiments were performed at 30°C, but some tests were performed at the higher 

temperatures of 40°C and S5°C. The ambient pressure viscosities Tto of the base stock and 

formulated oils at the three temperatures were measured (Table 4.2). When the temperature 

increased from 30°C to 5S0 C, the viscosity dropped from 25 mPa•s to 11 mPa•s for all of the 

oils. Since it was less than half of the original value, some effect on friction measurement 

results would be expected. 

The inlet lubricant temperature might also effect the value of pressure-viscosity coefficient ex, 

and various formulae were available to calculate i~ but they were not particularly accurate 

(Cameron, 1966; Stachowiak and Batchelor, 1993). In engineering practice, « is often 

considered as a function of the molecular structure of the lubricant and usually used as a 

constant within quite a wide range of temperatures. In the present study, the ex was 

considered as a constant, a = 2.21 x 10..a m2/N, within the inlet lubricant temperature 

variation referring the Mobil EHL Guide Book (1992). 

• Disc surface roughneg and ~ ratio arrangement 

The last imponant operating condition was the composite roughness of contact disc surfaces, 

which was defined as O'c = ( Gr + as) ia. As mentioned in Chapter 2. A. was the ratio of central 

film thickness to the composite roughness ~ = he / ac), and it gave some indication of 

lubrication regimes. When the F, T, 110. ex and u were selected, the central film thickness he 

for isothennal ehl nominal point contact could be calculated using Eq. 2.24. Therefore, the 

experiments in the present study were arranged in various regimes based on the values of A.. 

The average roughness values of smooth top disc S01 and bottom disc 801, Gr = 0.0645 µm 

and <Ja = 0.0655 µm. were taken from the Talysurf measurements (Table 4.4). The composite 

roughness was Oc == 0.092 µm. From the results of the preliminary electrical resistance circuit 
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for an inlet temperature T of 30°C and applied loads F of 244.SN, 439.SN, 634.SN and 

829.SN, the output voltage Vo had a relationship with the entrainment velocity u (Figure 

3.12). If the calculation of he and the measurement of Q: were accurate, it was expected that 

Vo woukl start to drop at A. = 3. This behaviour did occur (Figure 4 .. 7) and by setting 

experimental conditions such that A. < 3, it was possible to expect varying degrees of asperity 

interaction with the assurance of both theoretical calculations and experimental 

measurements. On the other hand, setting A > 3 ensured virtually 7.ero direct asperity 

interaction with the same assurances. 

The average RMS roughness values for the rough surface top discs were Gr= 1..146 µm (Rl) 

and Gr = 1.061 µm (R2), and for the same smooth surface bottom disc BR was <ra = 0.072 

µm (Table 4.5). The composite roughness for Rl and BR contact was O'c = 1.148 ~ and 

for R2 and BR contact was CJc = 1.063 µm. If F, T, Tio, a and u were selected with similar 

ranges as that for smooth disc tests, and the he was calculated by Eq. 2.24, then the A ratio 

would have values A< 1. This range was traditionally located in boundary lubrication (Figure 

2.15). However, some recent research on mixed film lubrication argued that the division 

between mixed film lubrication and boundary lubrication might be moved to A. values well 

below 1.0 (Evans and Johnson, 1987; Sutcliffe, 1991; Johnson, 1992; Cheng, 1992). They 

pointed out that the effect of asperity interaction on friction was still governed by the 

rheological properties of the bulk lubricant, but at a pressure corresponding to the asperity 

contact pressure. It was noted that friction was strongly influenced by non-Newtonian 

behaviour but the effect of additives was not investigated. 
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Figure 4. 7 Typical plot of output voltage vs. A 
(for MCT 5, various F, T, u and camposit RMS surface roughness) 
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4.3 Sequence of Experiments 

In the present study, 1 was used to arrange some experiments in the range 1 < 1.0, others in 

the range 1 > 3.0 and a few in between. All the experimental conditions of F, T, u and <re, as 

well as the calculated central film thickness he and value of 1 ratio for each experiment, are 

grouped and listed in Tables 4.10 - 4.12. The group of the smooth disc expeirments (Table 

4.10) included the base stock alone (MCT 5) and three fonnuJated oils (MCT S + FM~ MCT 

5 + AW and MCT S + EP). The groups of the rough disc experiments (Table 4.11) and the 

matched smooth disc experiments (rable 4.12) included only the MCT S, MCT 5 + FM and 

MCT S + EP. Each individual experiment had a unique number in a sequence from 1 to 210. 

However, each individual experiment represented at least two (sometimes three or four) sets 

of measurements, where each set (Figure 3. 7) involved measuring friction force from negative 

to positive skew angles in both forward and reverse directions. 1berefore, over a thousand 

measurements have been done in the present study. 
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Table 4.10 Experiment sequence for smooth disc tests 

Espt.No. L■•rtca■t Cfc(Jlm) T{9C) F(N) a(m/s) llc(flm) lratio 

l MCTS 0.091 30 244.S 1.6 0.336 3.7 

2 (SOt.B01) 439.S 1.9 0.363 3.9 

3 634.S 2.2 0.391 4.2 

4 829.S 2.3 0.395 4.3 

5 244.S 2.5 0.454 4.9 

6 439.S 3.0 0.493 S.4 

7 634.S 3.3 0.512 S.6 

8 829.S 3.75 0.548 5.9 

9 40 244.5 2.0 0.358 3.9 

10 439.5 2.25 0.372 4.0 

11 634.S 2.75 0.416 4.S 

12 829.S 3.0 0.433 4.7 

13 244.S 3.25 0.495 S.4 

14 439.S 3.75 0.524 5.7 

15 ss 244.S 3.S 0.464 s.o 
16 439.5 3.75 0.467 S.l 

17 634.5 3.8 0.460 s.o 
18 829.S 4.0 0.467 S.l 

19 MCTS+FM 0.092 30 244.S 1.6 0.341 3.7 

20 (S01.B01) 439.S 1.9 0.368 4.0 

21 634.S 2.2 0.396 4.3 

22 829.5 2.3 0.401 4.4 

23 244.5 2.5 0.460 s.o 
24 439.S 3.0 0.499 S.4 

2S 634.S 3.3 0.519 S.6 

26 829.5 3.75 0.556 6.0 

27 40 244.S 2.0 0.338 3.7 

28 439.S 2.25 0.351 3.8 

29 634.5 2.15 0.392 4.3 

30 829.S 3.0 0.408 4.4 

31 244.S 3.25 0.467 5.1 

32 439.S 3.75 0.494 5.4 

33 55 244.S 3.5 0.445 4.8 

34 439.S 3.75 0.448 4.9 

3S 634.S 3.8 0.441 4.8 

36 829.S 4.0 0.448 4.8 
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(Table 4.10 continued) 

Espt.No. Lubricaat G:{Jla} T(9C) F(N) 11(111/s) llcQ,lal) &ndo 

37 MCf5+AW 0.092 30 244.S 1.6 0.338 3.7 
38 (S01 .. B01) 439.S 1.9 0.365 4.0 

39 634.S 2.2 0.393 4.3 

40 829.S 2.3 0.397 4.3 

41 244.S 2.5 0.456 s.o 
42 439.S 3.0 0.49S S.4 

43 634.S 3.3 0.SlS S.6 

44 829.S 3.75 0.SSl 6.0 

45 40 244.S 2.0 0.351 3.8 

46 439.S 2.2S 0.365 4.0 

47 634.S 2.75 0.408 4.4 

48 829.S 3.0 0.425 4.6 

49 244.S 3.25 0.486 5.3 

so 439.S 3.75 0.514 5.6 

51 55 244.S 3.S 0.448 4.9 

52 439.S 3.75 0.451 4.9 

53 634.S 3.8 0.444 4.8 

54 829.S 4.0 0.452 4.9 

ss MCTS+EP 0.092 30 244.S 1.6 0.351 3.8 

S6 (SOr.B01) 439.S 1.9 0.379 4.1 

57 634.S 22 0.408 4.4 

S8 829.S 2.3 0.412 4.5 

S9 244.S 2.5 0.473 S.l 

60 439.S 3.0 0.514 S.6 

61 634.S 3.3 0.535 5.8 

62 829.S 3.15 0.572 6.2 

63 40 244.S 2.0 0.349 3.8 

64 439.S 2.25 0.363 3.9 

65 634.S 2.15 0.40S 4.4 

66 829.S 3.0 0.422 4.6 

67 244.5 3.25 0.483 S.2 

68 439.5 3.15 0.511 5.6 

69 ss 244.S 3.S 0.450 4.9 

70 439.5 3.75 0.453 4.9 

71 634.S 3.8 0.446 4.8 

72 829.S 4.0 0.454 4.9 
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(fable 4.10 continued) 

Espt.No. Lurfcant Clt(JuD) Trc) F(N) II (m/s) bc(Jun) 1ntfo 

73 MCTS 0.095 30 244.S 1.6 0.336 3.5 

74 (502,802) 439.S 1.9 0.363 3.8 
7S 634.S 2.1 0.391 4.1 

76 829.S 2.3 0.395 4.2 

77 244.S 2.S 0.454 4.8 

78 439.S 3.0 0.493 5.2 

79 634.S 3.3 0.512 5.4 

80 829.S 3.7S 0.548 5.8 

81 40 244.S 2.0 0.358 3.8 

82 439.S 2.25 0.372 3.9 
83 634.S 2.15 0.416 4.4 

84 829.S 3.0 0.433 4.6 

85 244.S 3.25 0.49S S.2 

86 439.S 3.15 0.524 s.s 
87 ss 244.S 3.5 0.464 4.9 
88 439.S 3.75 0.467 4.9 

89 634.S 3.8 0.400 4.8 

90 829.S 4.0 0.467 4.9 
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Table 4.11 Experiment sequence for rough disc tests 

Expt.No. Lubricaat Gt{llln) T(-c) F(N) a(m/s) lle(J,118) 1ratio 

91 MCTS 1.15 30 147.0 3.1 0.542 0.47 

92 (Rt.BR) 2..4 0.457 0.40 

93 1.7 0.362 0.32 

94 1.1 0.271 0.24 

95 0.6 0.180 0.16 

96 1.06 30 244.S 3.3 0.546 0.52 

97 (IU..BR) 2.5 0.454 0.43 

98 1.8 0.364 0.34 

99 1.2 0.277 0.26 

100 0.6S 0.184 0.17 

101 1.15 40 147.0 3.7 0.559 0.49 

102 (Rl. BR) 2.8 0.464 0.40 

103 2.0 0.370 0.32 

104 1.3 0.277 0.24 

105 0.7 0.183 0.16 

106 1.06 40 244.5 3.9 0.560 0.53 

107 OU.BR) 3.0 0.470 0.44 

108 2.1 0.370 0.35 

109 1.4 0.282 0.27 

110 0.7S 0.186 0.18 

111 MCTS+FM 1.15 30 147.0 3.1 0.549 0.48 

112 (Rl, BR) 2.4 0.463 0.40 

113 1.7 0.367 0.32 

114 1.1 0.274 0.24 

115 0.6 0.181 0.16 

116 1.06 30 244.S 3.3 0.554 0.52. 

117 (R2. BR) 2.5 0.460 0.43 

118 1.8 0.370 0.3S 

119 1.2 0.281 0.26 

120 0.65 0.186 0.18 

121 1.15 40 147.0 3.7 0.52.1 0.46 

122 (Rl.BR) 2..8 0.438 0.38 

123 2.0 0.349 0.30 

124 1.3 0.262 0.23 

125 0.7 0.173 0.lS 
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(Table 4.11 continued) 

Espt.No. Lurlcaat crc(JuD) T(9C) F(N) II (m/s) lac(Jun) a.nlio 

126 1.06 244.5 3.9 0.528 0.50 

127 (R2.BR) 3.0 0.443 0.42 

128 2.1 0.349 0.33 

129 1.4 0.266 0.25 

130 0.7S 0.175 0.17 

131 MCTS+EP 1.15 30 147.0 3.1 0.566 0.49 

132 (Rt.BR) 2.4 0.476 0.41 

133 1.7 0.378 0.33 

134 1.1 0.282 0.25 

135 0.6 0.188 0.16 

136 1.06 30 244.5 3.3 0.570 0.54 

137 ~BR) 2.5 0.473 0.45 

138 1.8 0.380 0.36 

139 1.2 0.289 0.27 

140 0.65 0.192 0.18 

141 1.15 40 147.0 3.7 0.545 0.47 

142 (Rl,BR) 2.8 0.452 0.39 

143 2.0 0.361 0.31 

144 1.3 0.271 0.24 

145 0.7 0.179 0.16 

146 1.06 40 244.S 3.9 0.546 0.51 

147 (R2,BR) 3.0 0.4S8 0.43 

148 2.1 0.360 0.34 

149 1.4 0.275 0.26 

ISO 0.75 0.181 0.17 
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Table 4.12 Experiment sequence for matched smooth disc tests 

Espt.No. Lllllrlamt Gs{Jla) Tc.-c> P(N} a(lllfs) llc(Jun) J.ntlo 

151 MCl"5 0..095 30 147.0 3.1 0.542 5.1 
152 {Sl,.BS) 2.4 0.457 4.8 

153 1.7 0.362 3.8 
154 1.1 0.271 2.8 

155 0.6 0.180 1.9 

156 0.095 30 244.5 3.3 0.546 5.8 
157 (SZ..BS) 2.5 0.454 4.8 

158 1.8 0.364 3.8 
159 1.2 0.277 2.9 

160 0.65 0.184 1.9 

161 O.OIJS 40 147.0 3.7 0.559 5.9 
162 (S1. BS) 2.8 0.464 4.9 
163 2.0 0.370 3.9 
164 1.3 0.277 2.9 

165 0.7 0.183 1.9 

166 0.095 40 244.S 3.9 0.S(i() S.9 

167 (52. BS) 3.0 0.470 4.9 

168 2.1 0.370 3.9 

169 1.4 0.282 3.0 
170 0.75 0.186 2.0 

171 MCTs+FM 0.095 30 147.0 3.1 0.549 S.8 
172 (SI. BS) 2.4 0.463 4.9 

173 1.7 0.367 3.9 
174 1.1 0.274 2.9 

17S 0.6 0.181 2.0 

176 0.095 30 244.5 3.3 O.SS4 5.8 
177 (S2.. BS) 2.5 0.4(i() 4.8 

178 1.8 0.370 3.9 

179 1.2 0.281 3.0 
180 0.65 0.186 2.0 

181 0.095 40 147.0 3.7 0.527 s.s 
182 (SI. BS) 2.8 0.438 4.6 

183 2.0 0.349 3.7 

184 1.3 0.262 2.8 

185 0.7 0.173 1.8 
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(Table 4.12 continued) 

Espt.No. La•rfaat Gt(Jlm) T("C) F(N) II (111/s) llc{Jlm) 1-nlio 

186 Mcr5+FM O.QrJ5 40 244.5 3.9 0.528 S.6 
187 (52.BS) 3.0 0.443 4.7 

188 2.1 0.349 3.7 

189 1.4 0.266 2.1 

190 0.15 0.175 1.8 

191 MCfS+EP 0.095 30 147.0 3.1 0.566 6.0 

192 (St. BS) 2.4 0.476 s.o 
193 1.7 0.378 4.0 

194 1.1 0.282 3.0 
195 0.6 0.188 2.0 

196 0.095 30 244.5 3.3 0.570 6.0 

197 (S2. BS) 2.5 0.473 5.0 
198 1.8 0.380 4.0 

199 1.2 0.289 3.0 
200 0.65 0.192 2.0 

201 0.095 40 147.0 3.7 0.545 S.1 
202 (S19 BS) 2.8 0.4S2 4.8 

203 2.0 0.361 3.8 

204 1.3 0.271 2.8 

205 0.7 0.179 1.9 

206 0.095 40 244.5 3.9 0.546 5.1 
207 (52. BS) 3.0 0.4S8 4.8 

208 2.1 0.3Q) 3.8 

209 1.4 0.275 2.9 

210 0.75 0.181 1.9 

In the above experimental plan, the entrainment velocities were limited by the disc machine 

used in the present study, i.e. u ~ 4 m/s, or 'I' s 178 Hz. For example, the tests at temperature 

of 40 °C and loads of 634.S N and 829.S N could not run properly. Therefore, they were not in 

the smooth surface experimental plan. Neither were the tests at temperature of 55 °C for all 

four loads. 



162 

-
The experiments 73 to 90 (Table 4.10) were perf'onncd under the same operating conditions as 

experiments 1 to 18. Therefore, the base stock oil (MCT 5) had a repeated set of smooth disc 

tests, but there was a small difference in the top and bottom disc surface roughnesses. 

As mentioned previously, for rough surface tests, it was noted that too high applied loads might 

cause progressive and continuous plastic defonnation of the asperity tips during an experiment. 

Therefore, only two applied load levels were selected, 147.0 N and 244.S N. Experiments 91 

to 150 and 151 to 210 were matched in that they were performed with the same oil and under 

the same operating conditions. The top discs, however, had different surface roughnesses, the 

first set with RMS roughness about ten times that of the second set. Therefore, they 

represented different lubrication regimes, although their film thicknesses should be the same for 

equal loads and entrainment velocities. 

A short FORTRAN program, THICK.FOR, was written to calculate he and A.. The inputs of 

the program included F, llo, a, R, E', Gt- and aa. In general, at the selected temperatures, the 

lubricant viscosity had only little variation among the fonnulations (Table 4.2 and Figure 4.1). 

Also, the same disc pair, i.e. the same Gr and aa, was used to test each of the lubricants. 

Therefore, the calculated values of 1 ratio for all of the smooth disc experiments were found in 

a range of 3. 7 ~ A. ~ 6.2 (Table 4.10), which was satisfied the required range for chi regime, ).. ~ 

3. Thus, the smooth disc experiments were assumed to simulate ehl. 

On the other hand, the rough disc experiments (91 to 150) had values of A ratio under both load 

levels between 0.15 - 0.SS, whereas the matched smooth disc experiments (1S1 to 210) had ).. 

ratio in the range of 1.8 S 1 S 6.0. Thus, it is possible to show the effects of asperity 

interactions and the influences of lubricant additives in the rough disc experiments. The results 

of experiments are discussed in the consequent chapters. 



Chapter 5 Results 

This chapter presents the results obtained from the main experiments performed on the side­

slip disc machine. In all cases, the friction force (Fr) in the side-slip direction is presented as a 

function of the skew angle(♦) in a single traction curve. The results are organized in groups. 

FtrSt, the results for tun ehl with smooth disc surfaces are presented, followed by the results 

for the mixed film lubrication with the rough top discs. Major findings of the present thesis 

can be observed directly from the comparisons of the traction curves, either under the same 

set of conditions but for different lubricant additives, or under different test conditions but for 

the same lubricant formulation. The accuracy and precision of test results are discussed 

briefly in the last pan of this chapter. 

5.1 Friction Force Measurement 

Following the experimental plan, hundreds of friction force measurements were performed for 

ehl and mixed film lubrication. The friction force data was obtained from the data acquisition 

system which featured the software package, Lab VIEW for Windows, as described in Chapter 

3. The analog Fr signal was digim.ed with a specified sampling frequency and stored in a data 

file. The analog ♦ signal was treated in the same manner. Then, all the Fr vs. 11' curves were 

plotted from these data files using a software package, GRAPHER for Windows (Golden 

Software, Inc. OoJden, Colorado, USA, 1994). For a particular set of conditions, a traction 

plot was obtained, which included measured Fr versus ♦ from - 0.125 to + 0.125 rad, in both 

forward (fWD) and reverse (REV) rolling directions to give two sigmoidal curves (Figure 

5.1) which intersect at Fr= 0 as described previously in Chapter 3. 
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In most cases, rolling speed (u) was the first parameter after ♦ to be varied sequentially and a 

corresponding sequence of traction plots was obtained. It was standard practice to repeat the 

sequence of u and thus the corresponding sequence of traction plots. Sometimes, the disc 

machine was stop~ restarted later, nm until the thennal conditions stabili7.ed and the same 

sequence of u repeated again and then again. As a consequence, many sets of conditions had 

four corresponding traction plots (Figure S.l) although,. more often, only the first two traction 

plots were obtained. If a single Fr vs. ♦ curves was required from ♦ = 0 rad to ♦ = 0.125 ~ 

each traction plot provided four choices, one in each quadrant. If four traction plots had been 

obtained, then, sixteen choices were available. In order to avoid excessive data management 

problems and because the curves were all very similar, the present author selected a single 

typical Fr vs. ♦ curve from one quadrant to represent one set of conditions for the specific 

purpose of presenting typical curves in this chapter. 

A summary of the results of each of the experiments was given by quoting the maximum 

friction force CFr...J. To detennine Frmu, a number of the traction curves with low levels of 

signal oscillation were identified from a total of two or four ''traction plots" (usually from the 

first and founh quadrants). Then, the friction force at ♦ = 0.05 rad (corresponding to a slide­

roll ratio of 5%) was identified for each curve and all of these friction forces were averaged. 

In this manner, it was hoped that the most consistent value of Fr mu was obtained. This 

selection of ct, = 0.0S rad for Fr mu was made because in all cases Fe was very close to its 

maximum value, whereas for higher values of ♦ some traction curves had decreases in Fr 

caused by thermal effects (Figure 5.2b, ExpL No. 8). Also, using ♦ to represent the slide-roll 

ratio, i.e. v/u = tan ♦ = ♦ (rad), was correct only when ♦ was small, and thus, accuracy would 

be reduced when ♦ was large. 
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5.1.1 Results for full ebl 

• Traction curves 

The smooth disc tests with S01 top disc and B01 bottom disc were arranged in one group for 

all four fonnuJations: MCT s. MCI' S + FM, MCT 5 + AW and MCT 5 + EP. The traction 

plots were obtained at various rolling velocities, under four loads (244.5 N. 439.5 N. 634.5 N 

and 829.S N) and at three temperatures (30°C. 40°C and SS0 C). Traction curves which were 

measured under the same temperature and similar A. ratios. but various loads and rolling 

velocities, were grouped together and plotted in individual figures. In this manner, all the 

data couJd be presented as a series of 25 plots (Figures 5.2a to 5.Se) with corresponding 

experiment numbers which were related to the exact conditions in Table 4.10. Thus, a 

rigorous representation of the variation of Fr with cfl was given for each experimental 

condition. The shape of each individual traction curve was influenced by the load, rolling 

velocity and inlet lubricant temperature, as well as the thennal effects and mechanical 

vibrations, as discussed in subsequent sections. 



LIST OF TRACTION CURVES FROM SMOOTH DISC EXPERIMENTS 

(Figures 5.2a to 5.5e on page 168 to 179) 

....... L■brkaat Temp.c-c) Expt. No. 
S.2 (a) MCl"S 30 1. 2. 3,4 
S.2(b) 30 s. 6, 7, 8 

S.2 (e) 40 9. 10. 11. 12 

S.2 (d) 40 13.14 

S.2 (e) S5 15,16,17,18 

5.3 (a) MCTS+FM 30 19, 20. 21. 22 
S.3 (b) 30 23,24.25.26 

S.3 (c) 40 27. 28, 29, 30 

S.3 (d) 40 31,32 

S.3 (c) ss 33, 34, JS, 36 

S.4 (a) MCTS+AW 30 37. 38, 39. 40 
5.4 (b) 30 41.42.43,44 

S.4 (c) 40 45,46,47.48 

5.4(d) 40 49.50 

5.4 (e) ss Sl, S2. S3, S4 

5.5 (a) MCTS+EP 30 SS,56,51,58 
S.5 (b) 30 59, 60, 61. 62 

5.5 (c) 40 63. 64. 65. 66 

5.5 (d) 40 67. 68 

S.5 (c) ss 69. 70. 71. 72 
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• Maxinam fridion force 

As descnbed previously. the maxinum friction force Fr .. was determined for each 

experiment (fable 5.1). The experiments were orpni7.ed so that same conditions were 

iq,osed on each of the lubricants. and thus Table S.l was constructed so that each row 

present experiments conesponding to the same conditions. 

Table 5.1 The Fr .. in smooth surface disc measun:ments 

Espt. ,,_(N) Espt. .,,_oo lspt. .,,_(N) Espt. ,,_(N) 

No.• Mcrs No MCT5+11'M No. MCTS+AW No. MCT5+1P 

l 16.82 19 16.52 37 17.1)4 ss 16.11 
2 30.18 20 29.03 38 29.91 56 18.52 

3 43.58 21 42.50 39 43.30 S7 42.0S 

4 59.96 22 56.41 40 57.53 sa 54.75 

s 15.19 23 15.03 41 15.50 59 14.98 

6 28.SS 24 27.81 42 18.51 60 27.SS 

7 42.24 25 40.51 43 42.42 61 38.79 

8 56.59 26 53.88 44 56.06 62. 52.34 
9 16.03 27 15.18 45 15.30 63 14.86 

10 18.60 18 27.65 46 18.32 64 26.70 

11 42.10 29 38.68 47 41.05 6S 37.50 

12 SS.51 30 52.40 48 S3.S2 66 S0.20 

13 15.08 31 14.58 49 14.95 67 13.88 

14 26.57 32 26.04 so 27.06 68 25.68 

lS 14.53 33 13.95 Sl 14.08 69 13.85 

16 25.Sl 34 23.54 52 24.35 70 23.0S 
17 37.22 35 35.09 53 36.20 71 34.57 

18 50.57 36 47.52 S4 48.30 n 46.09 

• Refer to Table 4.10 for the test condidons of each experiment 
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S.1.2 Results for mixed film lubrication 

• Traction curves 

The friction force measurements in mixed film lubrication were performed for three 

formulations: MCT 5, MCT S + FM and MCT S + EP. All the traction plots were measured 

under two loads (147.0 N and 244.S N) and at two temperatures (30°C and 40°C). The 

traction curves which were measured with the rough top discs Rl, R2 and smooth bottom 

disc BR could be compared with the traction curves which were measured in the matched 

smooth disc experiments with the smooth top discs S 1, S2 and the smooth bottom disc BS. 

For each set of the conditions, two traction curves for the same lubricant, at the same 

temperature, similar ~ ratios, slightly varied rolling speeds, but under two different loads, 

were grouped together and plotted in one figure. The matched smooth disc results which 

were measured exactly under the same conditions as in the rough disc tests were plotted in 

the same figure. Therefore, each figure included four traction curves: two thick lined curves 

for the rough disc tests at two load levels and the- other two thin lined curves for the matched 

smooth disc tests. In this manner, all the results were presented as a series of 30 plots 

(Figures 5.6a - 5.1 lc) with corresponding experiment numbers which were referred to the 

conditions in Tables 4.11 and 4.12. As for the full chi experiments, the shape of each 

individual traction curve was influenced by experimental conditions. such as the surface 

roughness, load, rolling velocity, thermal effects and mechanical vioration. as discussed in 

subsequent sections. 



LIST OF TRACTION CURVES FOR ROUGH TOP DISC EXPERIMENTS 

AND MATCHED SMOOTH TOP DISC EXPERIMENTS 

(Figures 5.6a to 5.lle on pages 183 to 200) 

l'fpn L■brkaat Teaap.(-c) lspt. No. 
S.6(a) MCTS 30 91. 96. 151. 156 

S.6(b) 92. 97. 15~ 157 

5.6 (c) 93.98.153.158 

S.6(d) 94. 99. 154. 159 

S.6(e) 95, 100. lSS, 160 

5.7 (a) 40 101.106. 161.166 

S.7 (b) 102.101. 162. 167 

5.1 (c) 103. 108. 163. 168 

S.7 (d) 104. l()CJ, 164. 169 

S.7 (e) lOS. 110, 165. 170 

S.8 (a) MCTS+FM 30 111. 116. 171. 176 

5.8 (b) 112. 111. 112. 1n 

S.8 (c) 113. 118. 173. 178 

S.8 (d) 114.119. 174. 179 

S.8 (e) us. 120. 175. 180 

S.9 (a) 40 121. 126. 181. 186 

S.9 (b) 122. 127. 182. 187 

S.9 (c) 123. 128. 183. 188 

5.9 (d) 124. 129. 184. 189 

S.9 (e) 125, 130, 18S. 190 

S.10 (a) MCTS+EP 30 131. 136. 191. 196 

S.10 (b) 132. 137. 192., 197 

S.10 (c) 133. 138. 193, 198 

S.10 (d) 134. 139. 194. 199 

S.10 (e) 135. 140. 195, 200 

S.ll(a) 40 141. 146. 201. 206 

5.11 (b) 142. 147. 202. 207 

5.11 (c) 143. 148. 203. 208 

S.11 (d) 144, 149. 204, 2()1J 

5.11 (e) 145. 1so. 20s. 210 
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• Maximum friction force 

The Fr .. in rough disc experiments (Table S.2) and the matched smooth disc experiments 

(Table S.3) were obtained in the manner descn"bcd previously at the beginning of this section. 

Once again, experiments in each row of Tab1es S.2 and 5.3 had the same operating conditions 

but different lubricants. 

Table 5.2 11le Fr .. in rough top disc mcasmcmcnts 

Experiment ,,_(N) Experiment ,,_(N) Experiment ,,_(N) 

Numbe..- MCTS Number MCTS+FM Number MCTS+EP 

91 12.955 111 11.0 131 10.095 

92 13.36 112 11.21 132 10.61 

93 15.49 113 12.54 133 11.62 

94 17.11 114 13515 134 12.605 

9S 22.63 us 1554 135 13.795 

96 21.33 116 17.445 136 16.3 

97 22.84 117 18..57 137 16.655 

98 2356 118 18.915 138 17.31S 

99 25.27S 119 20.03 139 185S 

100 31.225 120 22.95 140 20.78 

101 12.61S 121 9.155 141 9.685 

102 12.81 122 10.n 142 9.97 

103 15.65 123 11.21S 143 11.29 

10$ 16.865 124 13.2 144 12.335 

lOS 21.165 125 14.34 145 14.015 
1()6 19.99 126 16.48S 146 15.665 

107 20.895 127 17.52 147 16.105 

108 21.945 128 19.145 148 17.345 

109 25.19 129 20.425 149 19.215 

110 28.65 130 22.615 150 20.315 

* Refer to Table 4.11 for the operating conditions of each experiment 
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Table 5.3 The Fr .. in matched reference smooth top disc measurements 

Experimmt Fr-(N) Esperiaamt Fr-(N) Experiment Frau(N) 

Numhe,. MCl'S Number MCTS+FM Number MCTS+EP 

151 8.48 171 7.135 191 7.31 

152 1.655 172 1.225 192 7.175 

153 7.17 173 7.145 193 7.31 

154 7.70 174 7.005 194 7.02 

lSS 1.56 175 7.135 195 7.17 

156 14.US 176 12.S3S 196 12.49S 

157 13.57 177 12.37 197 12.68 

158 13.82 178 12.445 198 12.53 

1S9 14.735 179 12.34 199 12.57 

160 13.97 180 12.78 200 12.7 

161 7.225 181 6.235 201 6.535 

162 7.41 182 6.4 202. 6.295 

163 1.135 183 6.54 203 6.SOS 

164 1.145 184 6.45 204 6.565 

165 7.31 185 6.48 205 6.54 

166 13.46 186 10.81 206 11.15 

167 12.785 187 10.865 207 10.96 

168 12.99 188 11.19 208 11.235 

169 13.025 189 11.17 20CJ 11.14 

170 13.81 190 11.675 210 11.7 

* Refer to Table 4.12 for the operating conditions of each experiment 
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5.2 Some Observations from the Traction Curves 

S.2.1 Characteristics of ebl 

• Influences of operating conditions on friction force 

The influences of the F, u and Ton friction force were drawn from the results of the smooth 

disc experim:nts. FirSt. the maximum friction force Fr - increased with increasing load F 

(Figure 5.12). Slightly lower Fr~ tended to occur for the lubricants with additives at the 

higher F. 

Secondly, Fr mu decreased with increasing rolling velocity u (Figure 5.13). As u increased, a 

greater amount of oil was drawn in the contact zone and caused an increase in the central film 

thickness (he), which could be calculated based on the relationship descnoed in Eq. 2.24. On 

the other h~ the increase of u also caused an increase in the side-slip velocity (v), which 

could be explained using the relationship shown in Figure 3.6. As mentioned previously, the 

shear strain rate (y) expressed by vlhc affected ·the friction force as descnbed by rheology 

models (Eqs. 2.42, 2.43, 2.45 and 2.46). There was no simple and direct relationship to 

descnbe the comprehensive results of the above influence of rolling velocity on the friction 

force. However, at a small and constant skew angle ♦ = 0.05, by which the Fr max was 

determined, and with the limited velocity variation (11 < 4 m/s) on the side-slip disc machine, 

the maximum friction force decreased with an increase in rolling velocity. 

Thirdly, the maximum friction force Fr - dccreascd with increasing inlet lubricant 

temperature (Figure S.14). However, the influence of T was significant only at the higher 

loads. 
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• Lubricant additives in smooth disc experiments 

There was a small but distinct and repeatable dccn:ase in Fr- as a result of the additives in 

the lubricanL This decrease was shown clearly by comparing the values in each row of Table 

5.1. The effects of additives was enhanced by high loads. 

Both the FM and EP additives decreased the Fr_ compared with the MCT 5 base stock 

alone under the same testing conditions. 'The differences increased with an increase in load 

and varied from less than 1 N under a load of 244.5 N to about 3 - 4 N under a load of 829.5 

N. However, the AW additive had the least effect on Frmu with almost the same values for 

loads of 244.5 N. 439.5 N and 634.S N. and dropped only 1 - 2 N for a load of 829.5 N. 

Subsequent analysis was expected to show little difference between MCT 5 and MCT 5 + 

AW oils. Thus, not all additives influence the rheology to the same extenL When the 

influence was less, there was less need for further examination in the present study. For this 

reason, and the reputed difficulty in removing the ZDDP in the AW additive from disc 

surfaces (Snyder, ct al., 1984), no further work was performed with the AW additive. 

The effect of inlet lubricant temperature was interesting. It was expected that a more 

significant influence of additives would occur at higher temperatures. However, at the highest 

load, all of the additives were as effective at low inlet temperature of 30 °C as at higher inlet 

temperatures of 40 °C and SS°C (Figure 5.14a). Since most additives, particularly the EP 

additive, were designed to be chemically activated on a surface by high temperatures, this 

insensitivity to inlet temperature suggested a different and unknown chemistry in full ehl films. 
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S.2.2 Characteristics of mixed film lubrication 

• Effects of surface rougbnes on friction force 

A comparison of the results of the experiments with rough top discs Rl and R2, and the 

matched experiments with smooth top discs S 1 and S2, gave a clear view of the effect of 

surface roughness on friction. 1be Fr increased with increase in the composite surface 

roughness <Jc. All the ttaction curves from rough disc tests showed higher maximum friction 

force than that of smooth disc tests when they were measured under the same F, u and T 

(Figures 5.6a - 5.lle and Tables 5.2 - S.3). Also, the traction curves showed much steeper 

initial slopes in the rough disc experiments compared with those from the smooth disc 

experiments under the same operating conditions. 

The dependence of Fr .. on u was more pronounced for the rough disc experiments than for 

the smooth disc experiments, particularly when u < 2 rn/s (Figure 5.15). In Figure 5.15, the 

variation of Fr mu with F could be found by measuring the length of vertical bars, where the 

upper end was the Fr mu measured under the F = 244.5 N and the lower end was that 

measured under the F = 147.0 N. The Fraaa increased when the load increased, both in the 

rough and smooth disc experiments. In general, the solid bars, which represented the results 

of the rough disc experiments, were longer than the dashed bars, which represented the 

results of the matched smooth disc experiments. Thus, Fr ma had larger increases with F in 

the rough disc experiments than the smooth disc ones at the same test conditions. 

Inlet lubricant temperature had a slight effect on Fr mu in rough disc experiments, similarly to 

the behaviour descnoed in the last section for the smooth disc experiments with top disc SO 

and at the lowest F. However, under higher loads, the inlet temperatures might have a more 

pronounced effect on Fr ... 
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• Effects of lubricant additives in rough disc experiments 

Both the FM and EP additive formulated oils reduced the friction force significantly under all 

the rough disc testing conditions, cspecially at lower rolling speeds. By comparing Figure 

5.15a with Figures S.lSb and S.15c over the whole range ofu, the Fr.- decreased about S.5 

N for MCT 5 + FM and 4.5 N for MCT S + EP. This behaviour was significantly different 

from the very small influence of lubricant additives in smooth disc experiments in gencr34 and 

showed specifically in Figure 5.15 when comparing with the matched smooth disc 

experiments. 

Comparing the traction curves for MCT S (Figures 5.6 and S. 1) with that for MCT 5 + EP 

(Figures S.10 and 5.11). the EP additive not only reduced the friction force, but also 

effectively reduced the oscillations in the traction curves. As mentioned in Chapter 3, the 

application of the oil damper reduced the major mechanical Vibrations. However, oscillations 

still existed in traction curves for both smooth and rough disc experiments, especially under 

high loads, high temperature and high rolling velocities. In the smooth disc experiments, the 

oscillations had a regular harmonic pattern which might be related to the mechanical vibration 

directly (Figures 5.3e and 5.4e). However, in the rough disc experiments, the oscillations 

occurred more randomly. Supposedly, they might include both the mechanical vibration and 

the variation of the number of interacting asperities in the contact. But nevenheless, there 

were much less of these oscillations in the experiments with MCT S + EP than that in the 

experiments with MCT S. 

5.3 Accuracy and Precision 

Generally, the evaluation of any experimental results must consider ultimately accuracy and 

precision. Accuracy can be studied by considering the underlying physics, checking 

calibrations, modifying procedures to remove unwanted signals and using alternative 
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approaches to obtain similar results. Precision is often studied by repeating the e~nt 

under identical conditions to observe how close the results are to each other. This approach 

to studying precision is known as repeatability. In Chapter 3. the working principle. 

cah'lmllions and some modifications of the side-slip disc machine were discussed in detail In 

the present section. certain issues regarding the accuracy and repeatability of the results from 

the friction force measurements on the disc machine are discussed. 

• Determining the origin of friction force at :zero skew angle 

Side-slip was introduced by skewing the top disc from ♦ = + 0.125 rad to ♦ = - 0.125 rad. 

However, the majority of results reponed in the present thesis were from ♦ = 0 rad to ♦ = 

0.125 rad and gave Fr -· The detcnnination of the zero friction point, where fjl = 0, was 

imponant in detennining the Fr-• It was almost impossible to set an absolute zero position 

because of the high sensitivity of the Fr to small shifts in ♦ in the rising region of a traction 

curve. However, the reversal in rolling direction allowed the origin of the Fr versus ♦ to be 

detennined with high accuracy. The FWD and REV directions of rolling changed the 

direction of the friction force but not its value. Therefore, a symmetrical "traction plot" 

(Figure S. l) was constructed with the two traction curves and the zero friction point was 

given at the intersection point. 

• Error in Fr caused by friction or top disc supporting bearing 

The top disc in the disc machine is driven by a small friction force through the lubricant film 

between the top and bottom discs. This driving friction force applied to the top disc must 

overcome the frictional resistance of the ball bearings which support the top disc shaft. This 

ball bearing friction causes some slip in the rolling direction and thus subject the lubricant to 

some shear stress even when the skew angle is zero (and zero slip has been assumed). 
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The frictional resistance of a rolling bearing arises from the rolling and sliding of the balls over 

the inner races. Considering the top disc shown in Figure S.1~ ~Mc =0 implies that 

Ffd x0.033-2x(F /2)·llb x0.006=0 

Ftd =o.18l82xµb•F 

F11 
where µ. = (l/l)·F 

For example, in a smooth disc test of MCT S with F = 634.5 N and the friction coefficient of 

self-aligning ball bearing considered as Jlb = 0.0010 (Hamrock, 1994; SKF General 

Catalogue, 1980), a driving friction force in the rolling direction is of F1t1 = 0.115 N. 

Compared with the maximum ftiction force measured in side slip direction of Fr mu = 42.24 

N, the friction force in the rolling direction is about 0.272 % of the shear in the side slip 

direction. 

If there is longitudinal friction in the contact zone caused by the bearing frictional resistance, 

then the true friction force acting on the lubricant is as shown in Figure 5.16b. So the percent 

error in using Fr .. rather than Fr11ue is 

FJtrw -F1 mu 1 
o/oe" = -------X 100 = (1---========] X 100 

FJt,w ( )2 
l+ o.18182::.. 

(5.1) 

The calculation for various test conditions are summarized in Table S .4. Only if the friction 

coefficient of ball bearing J1b > 0.1 would the error exceeds 5%. A value of µb > 0.1 is not 

likely to have occurred. 
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Table 5.4 Enor in friction force caused by friction of top disc supporting bearings 

P(N) ,.,_(N) .... ... 'Aerr 

147.0 8.48 0.0577 0.0010 0.0005 

147.0 8.48 O.OS77 0.010 o.os 
147.0 8.48 0.0577 0.10 4.6 

244.5 l.5.19 0.0621 0.0010 0.00043 

439.5 28..55 0.0650 0.0010 0.00039 

634.S 42.24 0.0666 0.0010 0.00037 

829.S 56.59 0.0682. 0.0010 0.00036 

• Top disc alignment 

The symmetry of the measured friction force variations in the four quadrants of the traction 

plot provided a check on the accuracy of the disc machine alignment. Before friction force 

measurements were started, some preliminary tests were performed to check whether the top 

disc was aligned with the bottom disc. If the whole top disc assembly was not aligned 

properly, the zero skew angle on the protractor would not corresponded the zero value from 

the direct current displacement transducer (DCDT), and the plot of the fWD and REV 

traction curves would loose their symmetry. To overcome this misalignment problem, the top 

assembly was continuously repositioned until the ♦ value from the protractor matched the 

DCDT output. If the top disc was tilted in y-z plane, it introduced an extra spin force 

perpendicular to the rolling dkection, which would have sheared the film in the contact. This 

extra force, either positive or negative, showed clearly in the recorded data, in that, the zero 

of 4t from the crossing of FWD and REV traction curves did not occur at zero of Fr. To 

overcome this tilting problem, the top disc yoke was balanced by resetting the leaf springs. 

Then, the top disc axis was adjusted by a worm and gear drive, as well as an adjustable 

protractor and traction plots were generated until the required zero tilt was achieved. 
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• Disc surface deanin1 

The tests always started fiom using pure base stock oil MCT S first and, subsequently, the 

additive formulations. The three additive formulations for the major smooth disc experiments 

with top disc S01 proceeded from the FM to AW and then EP additive oils. The two additive 

fonnulations for the rough disc experimenlS with top discs Rl and R2. and the matched 

smooth disc experiments with top discs S 1 and S2 were performed first with the FM additive 

oil and then the EP additive oil Before introducing a new lubrican~ all the components in the 

whole lubricant circuJation system, such as the oil tank. valves, heating pipes, oil reservoir and 

two discs, were cleaned thoroughly by varsol and then acetone. Also, the oil tilter was 

replaced. The new lubricant was always nm through the system before the real test and 

dumped out. Then the tests were performed with a second quantity of the new lubricanL 

One top disc was used for only one group of tests. For example, after the EP additive oil was 

tested on the disc machine, the top disc was replaced by a new (or rcpolished) one. The used 

disc was sent back to the machine shop to be lightly cut (to a depth of 1 - 2 µm) on a lathe 

and repolished with a fine diamond paste to the same RMS roughness level The bottom disc 

was also repolished from time to time, especially when the top disc was changed from smooth 

to rough, or vice versa. 

• Repeatability 

For each combination of test conditions (F, u, T and ~). the experiments were repeated to 

produce at least two and sometimes four traction plots. The friction force measurements 

showed very good repeatability as shown by the four traction plots in Figure 5.l. To check 

repeatability more rigorously, a set of experiments was performed with new discs (S(h and 

B(h). which had ahnost the same RMS roughness as discs (S01 and B01), using only MCT S 

base stock lubricant but varying F, u and T. Thus, the experiments numbered 73 - 90 were 

under exactly the same testing conditions as the experiments between numbers 1 - 18. The 

Fr mu values for the corresponding experiments were very close (Table 5.5). 
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Table S.S The Fr- in two repeated sets of smooth disc tests for MCT S 

Esperilllent No.• ,,_(N) Esperlment No. ,, .. oo Dilfennce (115) 

1 16.81 73 16.23 3.5 

1 30.18 74 29.52 2.2 

3 43.58 7S 43.02 1.3 

4 S9.96 76 59.0S 1.5 

s lS.19 77 15.49 2.0 

6 28.SS 78 28.27 1.0 

7 42.24 79 42.66 1.0 

8 56.59 80 56.97 0.67 

9 16.03 81 14.98 6.SS 

10 28.60 82 28.32 0.98 

11 42.10 83 41.56 1.28 

12 SS.57 84 54.53 1.87 

13 IS.OS 85 13.90 7.82 

14 26.57 86 26.85 I.OS 

lS 14.53 17 13.23 8.95 

16 25.Sl 88 24.35 4.55 

17 37.22 89 36.94 1.03 

18 50.57 90 48.57 3.95 

* Refer to Table 4.10 for the test conditions of each experiment 

However, much later in the research program when a final set of experiments with a smooth 

top disc was performed under conditions which matched those of the rough disc experiments, 

Fr max seemed to decrease compared with the previous smooth disc test results (Figure 5.17). 

The new top discs (S 1 and S2) with the repolished bottom disc (BS) gave approximately the 

same composite RMS surface roughness as the one for the top discs S01 or S{)z and bottom 

discs B01 or BOi. When the testing conditions were exactly the same as in the previous tests, 

the difference in Fr ma was about 2 - 3 N. Fonunatcly, the Fr mu for the lubricants with 

additives fell below that of the base stock as before, and thus, the overall average Fr max for the 

base stock remained above that of the lubricants with additives. 
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To further explore this difference, original n:conls of these eAperimeilts were checked for all 

of the measured Fr .. posStbJes from the traction plots and the data files for a particular set of 

testing conditions with base stock oil (Table S.6 and Figure S.18). Clearly, the differences in 

the results did not seem to be statistically significant and thus the physics of the experiments 

had not changed in a major way. However, it was necessary to make multiple friction 

measurements in individual full chi experiments and to test the different lubricants in a 

sequential manner. When this was done, small but consistent differences were always found 

in the Fr .. for the various lubricants. 

Table S.6 Multiple Fr .. measurements 
(Perfonned in experiments at the beginning, middle and end of 

the present study for MCT S, F = 244.S N, T = 30 °C, u = 2.5 m/s) 

F,._(N) F,_(N) F, .. (N) 
Early Expt. No. 5 Repeat Expt. No. 77 Later Expt. No.157 

14.26 14.36 13.20 

13.28 14.38 14.57 

16.07 14.91 13.22 

17.09 14.10 13.49 

15.68 16.n 13.64 

14.61 16.47 14.42 

12.liO 16.24 13.92 

14.80 16.54 13.0S 

IS.91 

14.96 

IS.BJ 

14.91 

The reason for the scatter shown in Figure 5.18 was not detennined, although reduced 

friction in the top disc skewing assembly by introducing a brass shim between sliding surfaces 

of steel ring and brass block did seem to be responsible for reduced scatter and improved 

symmetry in the traction plots in the later experiments. It was suspected that a combination 

of minor influences might have conspired to shift th~ average values in Figure 5.17. In any 

case, changing the lubricant formulation for a particular set of discs did change the average 
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F.. in a repeatable manner, while it would be preferable to have a more "global" 

repeatability, subsequent analysis did show that the differences in averages of Ffiau for various 

lubricants could still give useful rheological information. Future improvements in 

experimental protocols might lead to a better global repeatability. 



Chapter 6 Analysis and Discussion 

This chapter analyzes and discusses the results collected from all the groups of friction force 

measurements on the disc machine. ~ the maximum coefficient of ti'iction for each 

experiment was plotted versus A ratio. Secondly, the maximum friction force (Fr ..J from 

each experiment with full ehl (the srmoth top disc, ~ > 3) was used in an empirical procedure 

to determine the limiting shear stress as a function of film pressure for each of the formulated 

lubricants. The third analysis examined Fr._ &om the experiments with micro-chi (the rough 

top disc, A << 1), estimated the real area of contact, and calculated both the average limiting 

shear stress and average film pressure. For each of the formulated lubricants, the limiting 

shear stress obtained by extrapolating the functional relationship with pressure, which was 

derived from the experiments under full ehl conditions, was compared with the value based on 

the measurements under micro-ehl conditions. The efficacy of using disc machine friction 

measurements under full ehl conditions to examine the influence of lubricant additives on the 

fundamental rheological parameter of limiting shear stress was discussed based on the 

analysis. 

6.1 Influence of 1 Ratio on Friction Coefficient 

As mentioned in the previous chapters, the A ratio was used to characterize the extent of 

asperity interaction and to distinguish the lubrication regimes. The A ratio was the central film 

thickness Che), predicted by an chi formuJa. divided by the composite RMS roughness ( CJc) of 

the contact surfaces (Eq. 2.35). In the present study, the friction force measurements on the 

side-slip disc machine were arranged in groups, which were assigned to various lubrication 

regimes by their A. ratio (Tables 4.10 - 4.12). However, Jefferis and Johnson (1968) found 

little change in friction with increasing asperity interaction. If the side-slip machine was to 

provide rheological information, it was expected that differences in 1 ratio should correspond 
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to detectable change in friction. Therefore, a simple analysis_ was performed which consisted 

of plotting the). ratio versus the maximum friction coefficient {1.1..J. 

In the experimental work with the side-slip disc machine, the friction force increased rapidly 

as the skew angle (♦) increased from 7.m>, until an almost constant value was reached when ♦ 

~ 0.0Srad (corresponding to a slide-roll ratio of about 5'11). Therefore, ♦ = O.O5 rad was 

specified to correspond to the maximum friction force CFr..J in the analysis and the JJm- was 

(6.1) 

The Fr .. results were taken from Table 5.2 for the rough surface disc tests and from Table 

5.3 for the matched smooth surface disc tests. As mentioned in Chapter 5, the Fr ... listed in 

these two tables are the average of at least four traction measurements for each operating 

conditions, which could be found in Tables 4.11 and 4.12 following the specified experiment 

number. Therefore, the calculated results of J1mu are the average values, which are given in 

Table 6.1 for the rough surface disc experiments and in Table 6.2 for the matched smooth 

surface disc experiments. 
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Table 6.1 Theµ.. in rough surface disc experiments 

Esperflll•t ..... Elperiaellt .... Esperbllmt p... 

Number MCl'5 Nuablr MCTS+FM Number MCTS+EP 

91 0.0881 111 0.0748 131 0.0687 

92 0.0909 111 0.0763 132 0.0722 

93 0.1054 113 0.0853 133 0.0790 

94 0.1164 114 0.OCJ19 134 0.0857 

95 0.1539 us 0.1057 135 0.()1.)38 

96 0.0871 116 0.0713 136 0.0667 

97 0.0934 117 0.0760 137 0.0681 

98 0.0964 118 0.0774 138 0.0708 

99 0.1034 119 0.0819 139 0.0759 

100 0.1277 120 0.()1.)39 140 0.0850 

101 0.0858 121 0.0664 141 0.0659 

102 0.0871 122 0.0733 142 0.0678 

103 0.1065 123 0.0763 143 0.0768 

104 0.1147 124 0.0898 144 0.0839 

105 0.1440 125 0.0976 14S 0.09S3 

106 0.0818 126 0.0674 146 0.0641 

107 0.0855 127 0.0717 147 0.0659 

108 0.0898 128 0.0783 148 0.0709 

109 0.1030 129 0.0835 149 0.0786 

110 0.1172 130 0.0925 150 0.0831 
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Table 6.2 Theµ.. in matched smooth surface disc experiments 

Esperllllmt .... Exp.ria•t .... Espaia•t ti-a 

Numller MCl'S Number MCTS+FM Nuaw MCT5+EP 

151 0.0577 171 0.0485 191 0.0497 

152 0.0521 in 0.0491 192 0.0488 

153 0.0535 173 0.0486 193 0.0497 

154 0.0524 174 0.0477 194 0.0478 

155 0.0514 175 0.0485 195 0.0488 

156 0.0577 176 0.0513 196 0.0511 

157 0.0555 177 0.0506 197 0.0519 

158 0.0565 178 O.OSO'J 198 0.0512 

159 0.0<,03 179 0.0505 199 0.0514 

160 0.0571 180 0.0523 200 0.0519 

161 0.0491 181 0.0424 201 0.0445 

162 0.0504 182 0.0435 202 0.0428 

163 0.0526 183 0.0445 203 0.0443 

164 0.0527 184 0.0439 204 0.0447 

165 0.0497 185 0.0441 20S 0.0445 

166 0.0551 186 0.0442 206 0.0456 

167 0.0523 187 0.0444 267 0.0448 

168 0.0531 188 0.0458 208 0.04(j() 

169 0.0533 189 0.0451 209 0.0456 

170 0.0565 190 0.0478 210 0.0479 

The overview of the influence of the a. ratio on the 1,1mas of the matched experiments is shown 

in the following figures. Figure 6. la is the results for the F of 147 N with top smooth disc S 1 

and rough disc Rl at Tof30 °C, and Figure 6.lb is for the F of244.5 N with discs S2 and R2 

respectively at same temperature. Quite similar behaviour of 1JtDaJt versus 1 is found at T of 

40 °C, the results are shown in Figures 6.2a and 6.2b with other conditions as the same as 

those in Figure 6.1. 
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In these figures, the µ... was approximately constant for each lubricant as 1 > 1.8 

corresponding to the smooth top disc experiments. From the data shown in the Table 62, the 

additives had only some small but repeatable efrect on µ.. in these experiments. Both the 

FM and EP additive lubricants showed slightly lower µ.. than base stock alone. This small 

effect persisted until A<< 1, whereupon both the FM and EP additives reduced the J.1au 

significantly compared with base stock alone. This could be a result of the effects of asperity 

interactions in the rough top disc experiments. When the 1 was between 0.24 to 0.55, the 

~ increased gradually between 0.06 and 0.10. In most cases, the EP additive reduced the 

~ more than the FM additives. For 1 just below 0.2, an abrupt increase in J1mu occurred 

for each lubricant, and especially the µ_ value for the MCT 5 was two or three times the 

value for 1 > 1.8. 

As suggested by Hamrock and Dowson (1981), the increase in coefficient of friction (µ) 

distinguished the transition of lubrication regimes (Figure 2.15). The region of their film 

parameter (3 < 1 * < I 0) corresponded to the full ehl and gave the lowest µ. In the present 

experiments, this region extended to 1 of 1.8 (A* = 1.2) and the Jlmu was not over 0.06 for 

each of the lubricants. But in the lowest A. region, the ~ was above 0.10, which is 

conventionally recognized as the value for boundary lubrication (Williams, 1994) and the 

chemical propenies of lubricant additives were considered to dominate the friction, together 

with the extent of the contact zones at the asperity tips. 

6.2 Empirical Approach to Determine Limiting Shear Stress 

The intent of the present study was to examine the influence of additives on lubricant 

rheological parameters in ehl and micro-ehl films using a disc machine. In these ehl and 

micro-ehl fihm, the various rheological models discussed in Chapter 2 presented different 

interpretations of lubricant behaviour at very low shear strain rates and relative low pressures. 
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However, there was a general agreement that lubricant reached a limiting shear stress (Ti.) at 

shear strain rates just slightly higher than zero with high film pressure. Since lubricants in 

many practical contacts are considered to operate under these conditions, TL is an important 

rheological parameter and determining the effect of lubricant additives on it was considered to 

be consistent with the objectives of the present study. 

An empirical approach developed by Wu and Cheng (1994) was used to detennine the tL 

from the friction measurements obtained with the side-slip disc machine. Some features of the 

contact were described in previous chapters and could be summariz.cd as follows: 

(1) isothennal lubricant film 

(2) film pressure close to that given by Hertzian theory 

(3) uniform oil film thickness he over a contact zone approximately equal to that 

given by Hertzian theory 

( 4) both surfaces moving with the same velocity (u) in the rolling direction, but with 

a side-slip velocity (v) superimposed on the lubricant film 

(5) uniaxial shear in the side-slip direction 

6.2.1 Determining the limiting shear stress index number 

The empirical approach of determining the limiting shear stress index number (m) was 

described previously in Chapter 2, Section 2.4.3. This approach assumed that the lubricant 

had reached the limiting shear stress throughout the contact. Since the temperature was 

considered at a constant, the tL was related to pressure only and could be related to the 

maximum friction force CFr...J by integrating over the circular contact area (1ta2
) and taking 

into account the pressure variation over the contact. For a specified load and temperature, 

the contact area, maximum pressure (p..J and F ..... ~ere either calculated or measured an~ 

therefore, Eq. 2.50 could be used to relate TL to a function of pressure (p) and index number 

(m). 
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To determine the value of m for a particular lubricant at a specific temperature, F1nax was 

measured at each of four applied loads and TL = f (p) was obtained from Eq. 2.S0. The 

experiments involving the smooth top discs (S01, SOi) with 1 > 3 were used for these 

calculations. At the same film pressure (p), the 'tL expression indicated that some value of m 

must exist such that the same 'tL could be calculated for each applied load. 

Wu and Cheng (1994) did not indicate clearly how this m value was determined. In the 

present study, a value of p was set equal to the maximum Hertzian pressure for the lowest of 

the four levels of applied load. An m value was specified and Eq. 2.50 was used to calculate 

for values of 'tL. An average of the four 'tL values (TL) was calcu1atcd and the sum of the 

squared residuals was detennincd as follows: 

" 
e= l(-ru -:r:L)1 (6.2) 

i:I 

For example, the traction force measurements for MCT5 at a inlet temperature of T = 30 °C, 

(experiment numbers S - 8, 23 - 26, 59 - 62) and Eq. 2.50 gave the following four 

expressions (corresponding to loads of 244.5 N, 439.5 N, 634.5 N and 829.5 N) for the 

limiting shear stress 

Tu =4303xl07(m+lf p 
9
J:z. 

\L038xl0 

'tu =5.469xl07(m+lf p 
9
J:z. 

\.L263x10 

-rLJ =6.336xl07(m+ll P 
9
J:z. 

\.L428x10 

-ru =7lllxl07(m+lf 
60

P ,J:z. 
\LS xl0 



For p=l.038 x 109 Pa and m=0.6, 

'fu = 68.85 MPa. 

'fu = 69.15 MPa, 

'fu = 69.14 MPa, 

'fu = 69.78 MPa. 

and 

f L = 69.23 MPa, 

e =0.4614 
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The above calculations were perfonncd automatically by a FORTRAN computer program 

"TL.FOR". This program was run for ranges of m values, starting from O to 1 and refining 

within that range until them value was determined to three significant digits, which gave a 

minimum e. A single minimum e always occurred at about m = 0.6. In the above example m 

= 0.615 corresponded to the minimum e. 

The same procedures were applied to MCT 5 + FM and m = 0.565 was obtained. Similarly, 

for MCT 5 + EP, m = 0.523 was obtained. 

In applying this minimum square residual method to determine m, two factors influenced the 

results. The first was the number of load levels involved in the detennination.. A slight 

change in m occurred when three load levels were used instead of four and more substantial 

change occurred when two load levels were used. Thus, it was apparent that m was 

influenced by the inevitable scatter in the friction measurements. The recommended course of 

action was to use at least four load levels and repeat the measurements at each load level 

more than once. The second factor was the selection of p. The selected p changed from 

1.038 GPa (})mu at F = 244.5 N) to 0.8 GPa, the m value increased only slightly, thus 

indicating that the calculated m value was not very sensitive to variation in p. 
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6.2.2 Empirical expression or 'rL as function of film pressure (p) 

Once the index number m was de~ an eq,irical expression for the relationship 

between 'tL and p was generated (Eq .. 6.3) by substituting the values of Frau. xa.2 and p.. for 

a particular load level into E.q. 2.50. 

TL =C· p2- (6.3) 

where C -an average value calculated from four load levels 

For both 'tL and p in Pa, the index number m and the proportionality constant C for the 

example given in last section were evaluated (Table 6.3). Similar predictions for temperature 

of 40°C were based on the tests of experiment numbers 9 - 12, 27 - 30 and 63 - 66. The 

Frmax data could be found in Table S. l and the corresponding test conditions were listed in 

Table 4.10. Through the same procedure, the m and C were found and listed in the same 

table (Table 6.3). 

Table 6.3 Constants for the expression of 'tL versus p (Eq. 6.3) 

Temp.(-C) Constant MCTS MCTS+FM MCTS+EP 

30 C 0.569c-3 0.436c-2 0.243e-1 

m 0.61S 0.565 0.523 

40 C 0.134e-2 0.JOOSc-2 0.130Sc-1 

m 0.594 0.571 0.536 

6.3 Real Area of Contact for Rough Surface Discs 

Surface roughness has a significant effect on friction force in mixed film lubrication. This 

effect is a consequence of the decrease in the real area of contact with increased surface 

roughness, which then results in high contact pressure. To continue the rheological analysis 
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in the present study, it is necessary to estimate the real area of contact (At) for the rough disc 

experiments. 

A procedure of the detennination ~ for a rough surface against a rigid smooth surface was 

introduced previously in Clapter 2, Section 2.3.3. From the roughness measurements of 

HSC and BA for rough discs, the contact spot density (n) at various separations between two 

contact surfaces, the average surface height (davs), average asperity height (d*avs) and their 

deviations (a and 0-) were found through a simple stochastic analysis of BA and n/n.u. 

Then, a Greenwood and ~on type of contact model was applied to detennine the real 

to apparent contact area ratio (AJ AJ under a particular load following the methods described 

by De Vall (1983). 

6.3.1 Bearing area and high spot count 

A Talysurf 5 profilometer was used to quantify the surface roughness of all discs used in the 

present study, and gave the BA and HSC at various heights z in the asperity tip region of the 

rough surface discs (Tables 4.6 and 4. 7). Then, the derived formula (Eq. 2.30) can be used to 

determine the contact spot density n from the BA and HSC, which were measured from rough 

discs Rl and R2. 

However, as mentioned in Chapter 2, the statistical analysis method, which was developed to 

prepare the parameters for a Greenwood and Willhumon type model to detennine the Ar, 

requires plots of BA vs. z and n/n... vs. z on probability papers to check the surface and 

asperity height distnoutions. Since the processor of Talysurf S selected the z's internally, it 

was not always possible to get enough data in the asperity tip region. To generate more da~ 

three traverses were taken on the same rough surface disc (for example Rl ). Then, additional 

values were obtained by interpolation with piecewise third order polynomial curves which fit 

BA x 100 versus z on a linear co-ordinate system (Figure 6.3). The coefficient of 
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detennination1
, R-Squaml value reached 0.98258S. Discrete data obtained from this curve 

tits and similar ones for HSC (Figure 6.4) allow many discrete n values to be calculated and 

n.- to be determined (fable 6.4). 

Table 6.4 Results of curve fitting for rough surface disc Rl 

z(JIID) IA HSC(l/aa•) •(1/••i) (a/8-)xlN 

-0.4 0.673537 44.2141 2279.41 

-0.3 0.653722 45.0881 2442.41 100 

-0.2 0.624427 43.2059 2347.98 96.13 

-0.1 0.585690 38..9272 2032.02 83.20 

0.0 0.538656 32.7303 1561.99 63.95 

0.1 0.451894 27.3070 1295.99 53.06 

0.2 0.372834 22.3892 lOSS.97 43.23 

0.3 0.301475 17.9770 841.91 34.47 

0.4 0.237818 14.0703 653.81 26.77 

o.s 0.181862 10.6691 491.59 20.13 

0.6 0.133€i08 7.7734 35S.21 14.54 

0.7 O.OCJ30S5 S.3833 244.59 10.01 

0.8 O.OfJ0204 3.4987 159.69 6.54 

0.9 0.035054 2.1197 100.67 4.12 

1.0 0.017606 1.2462 69.28 Z.84 

1.1 0.007859 0.8782 (77.07) 

1.2 0.005814 1.0157 (139.37) 

The above data were plotted as BA x 100 vs. z on a probability paper (Figure 6.5). For the 

rough disc RI, the BA data were fit with a straight line in the asperity tip region of the 

surfaces. The roughness profiles were measured after run-in and did not have an overall 

Gaussian distribution as shown in Figure 4.Sb. However, the surface height distnoution was 

Gaussian in the asperity tip region, which made intimate contact with the smooth disc surface. 

The features of the distribution included the average surface height (d.vs) and standard 

deviation ( a), both of which were detennined from this plot. Following Eqs. 2.31 and 2.32, 

davg = 0 and <J = 0.48 µm for rough disc Rl. 

1 The coefficient of dcccnninalion, R•squared value equals I - SSe/(SSe+SSr), where SSe is the Residual sum 
of squares, and SSr is die Regression sum of squares (Grapher for Windows Reference Manual, 1994). 
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In the similar manner, piecewise third order polynomial curve was fit to the RSC data (Figure 

6 .. 4). The coefficient determination, R-squan:d value was 0.980137. Data interpolated using 

the curve fit were substituted together with BA data into Eq. 2.30 to calculate the n and 

n/n.- for each z Cf able 6.4). F'mally, the n/n.- x 100 venus z was plotted on a probability 

paper (Figure 6.6). Following the Eqs. 2.33 and 2.34, the average asperity height was found 

as, d* avs = 0 .. 11 µm and 0- = 0.47 µm for rough disc Rl. 

Both the BA and HSC plots on probability paper had lines fitted manually. Software might be 

developed eventually to perform this task automatically and would have to include an 

"exclusion criterion" for points in the low and very high z regions which were not distn"butcd 

in a Gaussian fashion. However, such software would have to be carefully crafted to 

outperform such a manual fit in which both slope and exclusion criterion can be considered 

simultaneously .. 

6.3.2 Surf ace separation and real area of contact 

To estimate the Ar, it was decided to temporarily ignore the presence of lubricant Also, it 

was assumed the Ar was represented accurately by a flat rough surface with a Henzian 

apparent area (A.) against a smooth flat surface. Although, the A. was influenced by the 

surface roughness (Greenwood et. al., 1984), for an elastic contact of surfaces with Gaussian 

distributions of surface and asperity heights, the Ar depended mostly on the load and was 

relatively independent of the A.. 

A Greenwood and Williamson type model (Section 2.3.3) was used to detennine the At for 

the present study. In this model, the separation (z) between a rough and a smooth contact 

surfaces was found and used to detennine the Ar for a specific load. A FORTRAN computer 

program was written to find the separation z by using a secant algorithm for the non-linear 

Eq. 2.40 (repeated below). 
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In this equation, 7.a and z.• were implicit in the probability density functions Fo(T.a), F1(z.*) 

and F1.5(z.*). For any given z. or z:, the corresponding functions were evaluated by 

interpolation from the discrete values in Table 2.3 (McCoo'9 1986) using a natural cubic 

spline routine (Davidson, 1988). 

The aforementioned example (Section 6.3.1) was used to demonstrate the calculation of the 

p, ~ and AJA.. For the applied load F of 147.0 N, reduced elastic modulus E' of 

219.8 x 109 Pa and reduced radius R of 22.SS x 10-3 m, the apparent contact area from 

Henzian formula (Eqs. 2.10 and 2.11) was 

The surface roughness parameters from Section 6.3.1 were: davg = 0 µrn, a = 0.48 µm, d* avg= 

0.11 µm, a" = 0.47 µm and nmu = 244242 mm-1. Inserting these values and the test 

condition parameters, F, E' and A. into Eq. 2.40 and using the secant algorithm with cubic 

spline interpolation gave 

z., = 0.2373 , and z: = 0.00835. 

The corresponding values of Fj(Q 's were: 



It was now possible to calculate the p, ~ and AJA.: 

(1) the asperity tip radius (Eq. 2.39) 

(2) the real area of contact (Eq. 236) 

(3) the ratio of the real to apparent contact areas 

~ = 5108 X 10-a = 0.20] l 
A 2.515 X 10-7 

ll 
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All of the above calculations were performed by a computer program SECANT.FOR. 

Despite distinct differences in input data, results for discs Rl and R2 exht"bited remarkable 

similarity in their output data (Table 6.5). 



244 

Table 6.5 Calculation of p, ~ and AJA. 

Parameter DilcRl DilcR2 

lap•t F(N) 147.0 244.S 

d..s(Jlln) o.o 0.0 

a(Jam) 0.41 0.55 

d*-.(Jam) 0.11 0.03 

a- (Jam) 0.47 0.45 

a..(mm~ 2442.41 3116.17 

A.Cmm2> 0.25151 0.35307 

Output z. 0.2373 0.1574 -· 0.00735 0.1257 

Fa(-} 0.4062 0.4375 

Fa(z.*) 0.395& 0.3319 

F1.s(z.•) 0.4249 0.3574 

IS <mm> 0.1423 0.1132 

A.(mm2) 0.05108 0.07723 

AJA. 0.2031 0.21&7 

6.4 Comparison of 'fL from Experiments with Smooth and Rough Top Discs 

A number of experiments was performed under full chi with various applied loads and the 

measured maximum friction forces were used to find a functional relationship between 

limiting shear stress and pressure for each lubricant (Eq. 6.3 and Table 6.3) as described 

previously in Section 6.1. Could this rheological equation be applied to predict the average 

limiting shear stress for each lubricant (t1.avs = Frau/~) as measured in the experiments with 

the rough top discs? If so, strong circurmtantial evidence would be found for the existence of 

micro-chi. TIie reduction in the maximum friction force as observed for the lubricants with 

additives in the rough top disc experiments could be attnbutcd to a change in the limiting 

shear stress which had been evaluated under full ehl conditions. To develop the application of 

Eq. 6.3, it was used first to predict ti.ave in full chi. 
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• 'rL-a from friction measurements with a smooda top disc 

One approach to using Eq. 6.3 to predict "rL-. was to siq,ly substitute in p = P-. and expect 

that 'tL = 'tL ... Since Eq. 6.3 was derived from Eq. 2.50 which contained the exact 'tL avs, the 

error in the substitution of p = Pava could be derived as follows: 

~~ %err=r-is2mJxlOO (6.4) 

Evaluating this expression for the m values obtained for the present study gave a maximum 

error of less than 2 %. 

To check the approximation of 'tL •YJ by substituting P•vc into Eq. 6.3, a comparison with the 

measured 'tL ave was perfonncd (TabJe 6.6). The agreement was excellent, well within the 

expected 2 % maximum. However, it was noted that the C and m values in Eq. 6.3 had been 

derived directly from these experiments, and thus, excellent agreement had to occur if the 

precision of the experiments was good. Nevertheless, it was established that an accurate 

prediction of 'tL •vs was possible by substituting p = P•vs into Eq. 6.3. 
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Table 6.6 Measured and predicted Tt.avs for chi conditions 

Esperimeat 1'1. •• CMPa) 

Number Masuncl Predicted 

s 43.03 42.Sl 

6 54.69 54.11 

7 63.36 62.93 

8 71.Il 70.24 

9 43.JS 42.57 

10 54.68 53.7S 

11 63.24 62.19 

11 10.29 69.16 

23 42.SS 42.54 

24 53.27 53.10 

25 60.76 61.00 

26 67.59 67.48 

27 39.27 38.55 

28 49.08 48.23 

29 56.46 55.50 

30 62.50 61.46 

59 42.41 42.89 

60 52.78 52.66 

61 58.18 S9.88 

62 65.65 65.74 

63 39.49 39.10 

64 48.70 48.26 

65 SS.53 SS.04 

66 61.09 fi0.58 

• 't1.a.,. from friction measurements with a rough top disc 

The friction forces measured in the experiments with the rough top disc were assumed to arise 

from isolated micro-ebl In isolated micro-ehl of a surface with spherically tipped asperities, 

the film pressure could be approximated as a number of Jocali7.ed Hertzian distributions. In 

the present study, it sccm:d reasonable to use Eq. 6.3 with p = Pavs for all of the micro-

contacts to predict 't'La.s· The predicted 'tt.avs could be compared to the directly measured 't1.avg 
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that was obtained from dividing the measured maximum friction force Fr.. by the estimated 

real area of contact>-. 

As l. decreased, either a transition Crom cooperative to isolated micro-ehl or film breakdown 

occurred in some of the micro-contacts, both of which could cause increasing Fr... To 

obtain an appropriate range of Fr... values for the directly measured 't1.avs, it was assumed that 

isolated micro-chi dominated approximately when 0.23 < 1 < 0.54. The friction of the base 

stock oil did seem to have a big increase below 1 • 0.23, which suggested a breakdown of 

micro-ehl and gave a basis for scJecting the above lower limit for the range of~. The upper 

limit was chosen because no friction measurements were available for 0.54 < A. < 1.8 and at l. 

= 1.8 the F,.. values were as low as for full chi thus indicating little micro-ehl took place. 

For subsequent comparisons, two values of "ft.avs were calculated from the Fr mu obtained for 

the highest and the lowest 1 values in this specified range. In this manner, a range of 'tt.avs 

values were estimated with a corresponding Pavs for the lubricants in each of the experiments 

with top discs Rl and R2 (Table 6.7). 

Table 6. 7 Measured and predicted 'tt.avc for micro-eh! conditions 

Lubricating EspL "rt. •• (MPa) 

OU Number Measured {W.5) Mtas11red (WA) Predicted 

MCT5 91,92 253.62 261.52 245.33 

96.97 276.19 29S.74 275.88 

101.102 246.97 2S0.1S 231.46 

106.107 258.84 270.56 259.24 

MCTS+FM 111.112 215.37 219.46 212.92 

116.117 225.88 240.48 237.16 

121. 122 190.97 210.85 196.29 

126.127 213.45 226.85 2.18.89 

MCTS+EP 131. 132 197.63 212.80 190.45 

136,137 207.68 211.00 2.10.44 

141,142 189.(1() 195.27 180.19 

1469147 202.84 208.53 199.59 
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• Comparison of-ri..a values 

The predicted t1.avs could be compared with the directly measured one in the isolated micro­

ehl (Table 6.7). A more obvious comparison was made by plotting the data of Table 6.7 in 

Figure 6.7a for T = 30°C and Figure 6.7b for T = 40°C. The predicted Tuvs included values 

from Table 6.7 and further discrete values listed in Table 6.8, which were generated by 

substituting Paa values into Eq. 6.3. All of these values were linked by a solid line generated 

using a cubic spline interpolation. 

Table6.8 Predicted 't1.avs from empirical expression with Pavs 

P•• 1'1.a• (MPa) (T = lrC) 'Cl.a• (MPa) (T = WC) 

(GPa) MCT5 MCTS+t'M MCT5+EP MCTS MCTS+FM MCTS+EP 

o.s 28.500 29.466 30.530 28.984 26.758 27.697 

1.0 66.852 64.489 63.039 66.036 59.063 58.235 

l.S 110.079 101.969 96.338 106.899 93.857 89.947 

2.0 156.812 141.140 130.162 150.452 130.371 122.44S 

2.S 206.338 181.618 164.381 196.122 168.222 ISS.SU 

3.0 258.209 223.169 198.918 243.552 207.171 189.122 

3.S 312.116 265.634 233.723 292.499 247.060 223.110 

The agreement between the directly measured and predicted 't1.avs was quite good, particularly 

for the tests at F = 244.S N (with top disc R2). Since two test temperature had only a 10°C 

difference, an influence of temperature on additive perfonnance was not found All of the 

lubricants showed a slight decrease in 't1.avs with increasing temperature. 

The comparison indicated that in the rough disc experiments with l. ratio greater than about 

0.24, micro .. ehl occurred and the shear stresses throughout the contact reached the limiting 

shear stress. 1berefore, the limiting shear stress model can describe the lubrication in the 

present isolated micro--ehl regime. 
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From the engineering point of view, determining the tL from friction measurement in a side­

slip disc machine under fitll ehl is a useful technique. Although smooth discs are requin:(1 

long run-in is not required and experiments can be performed with minimal surface damage. 

It is a sirq,Je and low cost procedure as compared with the expensive full engine tests and 

field tests. It is also more precise than some simple pure sliding tests in which extensive 

surface damage occurred from sliding action. The present method gives a direct evaluation of 

the tL, a controlling rheological parameter in micro-e~ and is sensitive enough to give 

different values for different additives. 

Although no other research groups have tested MCT 5, the limiting shear stress versus 

pressure results of the present study can be compared with those obtained by others using 

various oils to ascenain whether the present results are in the same range. They are indeed in 

the same range (Figure 6.8). 

In summary, the disc machine can be used as a test apparatus to screen a large number of 

lubricant additives. Disc machine results can provide useful information on rheology for the 

designers and users of lubricant additives. However, the present method should be applied to 

more other additives and high temperatures to explore the generality of this approach. 
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Chapter 7 Summary, Conclusions and Recommendations 

7.1 Summary 

The work reported in this thesis dealt mainly with the investigation of the friction behaviour 

of fonnuJated lubricating oils in both chi and micro-ehl regimes. A side-slip disc machine was 

used to provide a simple method of measuring the friction force due to shearing of the 

lubricant film in the contact between the rolling discs. The disc machine subjected a 

lubricating oil to high pressures, while maintaining an almost constant ehl film thickness. 

The friction force measurements were performed using both smooth and rough discs. The 

composite RMS surface roughnesses were about 0.lµm for the smooth disc experiments and 

1.0 to 1.5µm for the rough disc experiments. The first group of experiments were performed 

using base stock oil (MCT S) alone combined with three type of additives (FM, AW and EP) 

with smooth top and bottom discs and under four load levels of 244.S N, 439.S N, 634.S N 

and 829.5 N. The entrainment velocities were varied between 1.6 m/s and 4.0 m/s. Three 

inlet lubricant temperatures of 30°C, 40°C and SS°C were used. The second group of 

experiments involved both rough and smooth top discs with smooth bottom discs, which were 

performed under identical loads, tolling velocities and temperatures in "matched" 

experiments. In other words, the operating conditions for each matched experiments were the 

same except the composite RMS roughness of disc surface. Two load levels of 147.0 N and 

244.5 N, five entrainment velocities between 0.6 m/s and 3.3 m/s, and two inlet lubricant 

temperatures of 30°C and 40°C were applied. The results in all experiments consisted of the 

traction curves of friction force (Fr) versus the skew angle ( ♦) of the top disc (which equaled 

the ratio of side-slip to rolling velocities). 

To anal)'7.C the results, an effective film thickness parameter (A) was defined in this thesis as 

the ratio of the theoretical central fi1m thickness (he) to the composite RMS surface roughness 
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( ac) of the discs (Eq. 2.28). This parameter was used to determine die lubrication regimes in 

an approximate manner. For an of the smooth disc e~peth1e11ts, l wu greater than 3 and 

there was, in theory, a continuous fluid film between discs without asperity interactions. For 

the rough disc experiments, the 1. ratio was within the range of 0.15 to 0.5, and the asperity 

interactions had to be considered. The experimental results were summamed by plots of 

friction coefficient (µ.) versus A. ratio (Figures 6.1 and 6.2). The influence of lubricant 

additives on friction was shown and discussed by referring directly to these plots. 

Subsequent analyses focused on the mechanical behaviour, especially on the rheological 

behaviour, of the lubricants with additives in ehl and micro-chL It was assumed that the 

lubricant fihm were sheared at a limiting shear stress (ti.). This assumption was examined by 

using the smooth disc fi'icdon measurements for full ehl (1 > 3) to determine the limiting shear 

stress for each lubricant. F~llowing the approach developed by Wu and Cheng (1994), an 

empirical expression of the relationship between tL and p was found (Eq. 6.3). In the rough 

disc experiments, assuming isolated micro-ehl occurred, the friction force was predicted as 

the product of the average limiting shear stress (at the average pressure) and the real area of 

contact. The real area of contact had been determined from the roughness measurements of 

discs and other experimental parameters by using a Greenwood and Williamson type model, 

with an assumption of the entire load was only carried by the asperity contacts. The 

comparison of the predicted friction force with the measured results from the rough disc 

experiments showed quite good agn:emenL 

The results and analysis of part of the data for T = 30 °C was presented at the 23rd Leeds­

Lyon Symposium on Tn"bology in September, 1996. The associated paper was accepted for 

publication in the "Fundamentals and Applications in Lubrication and Traction", Tnbology 

Series, 32, Elsevier, edited by C. Taylor et al., and included some reviewers' questions and 

authors replies (Appendix A). 
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7 .2 Conclusions 

1. Friction force was measured on a side-slip disc machine with various disc surface 

roughnesses for base stock and three formulated lubricating oils. The friction force 

measurements of the smooth disc experiments showed only slight but repeatable differences 

between the base stock and formuJated oils. 1be friction force measurements of the rough 

disc experiments showed significant effects of additives on the friction force. Both the 

friction modifier {FM) and extreme pressure (EP) additives reduced the friction force. In 

most cases, the EP additive reduced friction more than the FM additive. The antiwear (AW) 

additive had somewhat more erratic behaviour, sometimes marginally reducing friction force, 

while at other time, giving the same friction force as the base stock oil in the smooth disc 

experiments. 

2. The output voltage in the electrical resistance circuit dropped at A = 3 (Figure 4. 7), as 

expected (Section 4.2.2, Chapter 4), thus, providing experimental support for the Hamrock 

and Dowson (1977) formula (Eq. 2.24) for central film thickness, which was developed from 

their theoretical numerical analysis. 

3. The plots of the maximum friction coefficient (µ....J versus A ratio suggested that 

additives had a very small effect on friction coefficient until A. ratio dropped below 0.55 

whereupon both the FM and EP additives reduced the friction force compared with base 

stock alone. It was suggested that the additives worked more efficiently in the mixed film 

regime than in full ehl. 

4. Following an empirical approach (Wu and Cheng, 1994), in which it was assumed that 

all of the lubricant fihm were being sheared at the limiting shear stress (ta.), results of the disc 

machine friction force measurements under conditions of full chi (1 > 3) yielded an expression 

(Eq. 6.3) for "rL in tcnns of the film pressure (p) for each lubricant formulation. 
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S. The 'tL expression was used to estimate 't1.awa in the rough disc experiments assuming 

isolated micro-ehL The 'ttavs value agree well with the measured values of the maximum 

friction force (Fr..J divided by the real area of contact (A) for the base stock oil alone and 

when it had the FM and EP additives. This agreement supported the validity of the empirical 

approach used to find 'tL and showed how limiting shear stress can be used to predict friction 

forces in isolated micro-ehl. 

6. A procedure was developed to quantify the influence of lubricant additives on limiting 

shear stress by friction force measurements in a disc machine under full ehl This finding 

suggested that lubricants could be designed to have an optimal limiting shear stress using disc 

machine measurements as a guidance. 1bc measurement of the friction force in a disc 

machine provided a simple, low cost method to assess the influence of additives compared 

with high cost engine tests and extensive field testing. Also, this procedure may be 

particu1arly suitable for selecting additives to exhibit a desired behaviour from a large number 

of candidate formulations. 

7 .3 Recommendations of Further Research 

Further research should focus on two directions: continuation of the work on the friction 

measurement using the disc machine and studies of the fundamental lubrication mechanisms in 

micro-ehL The continuing work should include improvements to the accuracy, precision and 

range of operating conditions of the testing facility, experiments on more lubricant 

fonnulations under various conditions, and a development of the analytical procedures. The 

studies of fundamental mechanism. shouJd use various experimental and analytical methods to 

clarify the relationship between the rheological properties, such as the limiting shear stress, to 

the chemical properties of the lubricant additives. Thus, the mechanism of additive influence 

on friction in micro-ehl would be explained thoroughly. 
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1. nae were some limitations of the disc machine which should be removed in the future 

research. For example, the oil temperature cannot be higher than 60°C in the present disc 

machine. However, many lubricant additives are designed for use in an elevated temperature 

environment to protect the contact surfaces, such as piston ring, and cylinder by Conning a 

film as a result of some special thermally activated chemical reactions. The current inlet 

lubricant temperature upper limit does not allow the effects of such additives be seen clearly. 

A new design for a high temperature lubricant circulation system would give better evaluation 

of the influence of additives on friction at higher temperatmes. 

2. 1be manual system of skewing the top disc introduces some difficulties and errors 

during the friction force measurements. In the present experiments, it is very difficult to make 

a uniform operation of skew angle to match the sampling time for the data acquisition system 

and to obtain a symmetrical traction plot. 1bcreforc, an automatically controlled system of 

skewing the top disc is needed to satisfy these requirements, simplify the operation and get 

more precise results. 

3. A hydraulic loading system can be used in the side-slip disc machine, instead of the 

suspended weight assembly. This would allow the applied loads be adjusted continuously and 

avoid some mechanical vibrations. 

4. In the present research only a few lubricant additives have been studied using limited 

range of disc surface roughnesses. However, many new lubricant additives were designed for 

various applications. The additive designers put more of their efforts on the chemical 

compositions and properties, but pay less attention to the high pressure rheological 

propenies. Useful results wouk:l come from funher tests on new lubricant additives using the 

procedures described in the present thesis, and would be available to the machine designers 

and users. 
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S. 1be experiments in the present study have concentrated on very smooth and very rough 

disc surfaces, which are expected to simulate the ehl and isolated micro-ehl regimes 

respectively. In practice, the intermediate surface roughness exists and makes the lubricant 

work in the cooperative micro-chi regime. The mechanical behaviour of lubricant additives in 

this regime has attracted considerable attention. Thus, further experimental studies of the 

influence of lubricant additives within this regime coukl be performed, perhaps using the disc 

machine. 

6. It should not be expected that the influence of lubricant additives on friction in micro­

ehl could be completely detcnnined by using only the disc machine. All the related 

fundamental studies, such as detennination of the chemical and physical properties of 

lubricant additives~ and the experimental techniques, such as visualization of the shear 

defom1ation of lubricant film under high pressure and high temperature, could provide 

rheological evaluation of lubricants in ehl and micro-ehl It would be beneficial to compare 

the results of the present study to those of alternative experimental techniques (Cann and 

Spike, 1989; Bair et al., 1993) for the same oils and additives. 
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Influence or Lubricant Additives on Friction in a Disc Machine 

H. Yu and JB. Medley 

Department ofMechaaical Ellgiaecring 
University of Waterloo. Waterloo. ON N2L 3Gl, Canada 

The friction bchniour of base stock 111d fmmulated lubricating oils UDdcr c:oadi1ioas of continuous 
eJastohy~'IIIIDic IDbri:alioa (c:hl) aadmicro-dal were investigated in a side-slip disc macbiae byvll)ing the surface 
roughness of the cmcs. Undl:r mi:ro-ebl ~ the frictioa was 2 • 3 times larger tha UDdcr ehl conditions and the 
additives produced sipificmt difl'c:n:nccs ill the &i::lioa. Forehl small but distinct and repeatable differences in friction 
were produced by the additives. These diffc:reaccs permitted the derivation of a limitiag shear' stress expression as a 
function of p~ using a empirical approach suggested ill the literallR. for each of die labricants. The friction 
measured under micro-ehl conditions along with aa estimation of the real area of COlltlct allowed aa alternative 
evaluation of the limiting sbear sam wllich agreed quite well with~ predictions based on the fiiclion measured mider 
ehl conditions. Thus.. it was suggested that friction measurements under ehl conditions could be used to evaluate and 
explore the infbu:n:e rtf addilives on die limiting shear saress. Furthermore. a simple model for mction in micro-ehl was 
developed which was CODSistent \\ith the results of the present investigation. 

NOMENCLATURE 

a radius ofHertzian contact circle 
~ , t\ apparent. real area of contact 
~ ~ ~ • average surface.. asperity height 
E. reduced elastic modulus 
F load 
Fr friction force 
h; central fi1m thickness 
m limiting shear stress index number 
n asperity density 
P pressure 
R reduced radius 
T lubricant supply temperatme 
u entraim:nmtveloci~ 
Zm . Zia* dimensionless surface. asperity separation 
ct pressure-viscosity coefficient 
~ &Vcr&@e asperity tip radius at scparatiOll z 
110 viSfi:OSity at aunospheric pressure 
1 lambda ratio 
µ coefficient of friction 
\' kinematic~ 
p lubricant density 
o . o• std de\iation of surface. asperity heights 
Or: composite RMS surface roughness 
oT. a8 RMS roupness of top~ bottom discs 
-rt. limiting shear stress 
cf> skew angle 

I. INTRODUCTION 

Crankcase oils are Kgrad&:d'9 according to their 
viscosity variation with t.emperalUre but their "service 
categ~ depends 011 performmce in filJl engine rests 
which~ intluenced significaatly by the eflica~- of their 
addiliYepackages. One aspect of additive performance 
is how they accommodate shear. This rheological 
behaviour influences fiictiou and. in en@ines~ friction is 
an important pan of the overall energy efficiency and is 
related ultimately to engine wear. 

New additives are proposed fiequently by lubricant 
chemists but it is much too cxpcosive to evaluate them 
in full engine tests. The simplified standard lubricant 
tesrs. such as 1bose involving 4-ball (ASTMD2266) and 
Timken (ASTM D2509) dc:vices. may be helpful 
indicators of .the combined rheologiw-chemical 
addm-e bebaviour' but cannot be rcla~ with precision. 
to performance in filll engine tests. Therefore. it is 
mcfu1 to develop new simple and ine>.l)CDSive tests for 
evaluating rheological behaviour of lubricaD.t additives 
which. oa their own or in conjmction with existing 
standard teStS.. can give a better indication of lubricant 
performance in fill1 engine tests. 

In many engine beariap. elastohydrodynamic 
lubrication ( ehl) films are thin enough to allow 
individual asperities to play a roie in the tn'bology. 
These ~-ioreractioas may be 66COOpcrative,. in that 



they interact with eadl other to maintain a relatively 
continuous lubricaDt filllL However. IS dac surfKCS 

approach more closely\> dlCl'e may be a 1nllSirioll to 
"isowar micro-eh1 m wbicla each aspcn1y coatact acts 
IS IA iadividual bariDJ, Evmmally, surface films of 
molecular dimaasioas may begin to iDtcract ad the 
fiiction is governed by die chemical behaviour of these 
surface films rather daa lubricaat rheology. lb& is 
known as boundary lubri:alion. Additive packages are 
often considered to be developed for boundaty 
lubralion but~ may be a much more common 
state and thus pcrformmce of additives UDdcr these 
conditions may be importmt. 

Tbe purpose of the piescnt study is to aplore the 
intluence of additives oa. iiction ill eh1 111d micro-ehl 
using a side-slip disc machine of a particular aommal 
point cmtact geomeay. Ia 1he long term. a simpl~ low 
cost 15 procedure for quan~ing additive rheological 
behaviour is sought. 
~ machines ba\re been used to study ebl forrnany 

years. The lubricant film caa be subjected to various 
combinations of rolling and slidmg velocity and fiic1i011 
forces can be measured accurately. 

Jefferis and Johnson (1968) used a disc machine to 
study the influence of smfac:e roll!fmess 011 fiiction in 
lubricatc(f oootacts. They found that \\ilea lubricant film 
thickness ck:creased.. fiiction iacrused only slightly with 
asperity interaction md Sll@gested - e\'CD with very 
rough surfaces. the lubricant rheology dominated the 
traction between the discs. More recently!' disc machine 
experiments by Evam and Johnson (1987),. Johnson and 
Higginson (1988) and Sutcliffe (1991) supported this 
view with more data. dircctJy linking friction at asperity 
contacts to bulk lubricant rheology. Ullfornmare~~,. the 
role of lubricant additives on the fiictiOll at asperity 
contacts was not examined. 

Lubricant additives were emnined by Snyder et al 
(1984) using the disc machine of the present Sllldy but 
their investiption emphasized tbe influence of additives 
on ehl film thickness rather thm rheology. Much of 
their work was performed under conditions of 
continuous fluid film lubrication and they reported that 
no significant changes iD their peak traction coefficients 
were seen with any of the additives. 

Recently~ sophisticated instrumentation bas beea 
developed for au:uuringtwo dimensional maps of she:ar 
stress \\ithin ehl contacts (Cann and Spikes. 1989; 
Spikes. 1994) and profiles of shear through ebl film 
thicknesses (Bair et al 1993). Such de\ices provide a 
much more direct measurement of lubricant rheology 
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than Ill overall fiiction force measurement from a disc 
machine ad cm be used to investigate additive 
bchaiour~ but they may not be so suitable as simple. 
low cost test pnx:edmes. 

2. MATERJAU; 4ND METHODS 

2.1. Lubricants 
Three formulations of a low viscosity mineral oil 

(from Imperial Oil Ltd) were used in the present study 
(Table I). The first oil WIS base slack alone (MCT S) 
\\iaile the sccoad was bac stock with 0.5 % ~· weight 
of a tiictioll modifier (MCT S + FM). The friction 
modmcr was a Jong chain polar molecule that attached 
ionically to die IDda1 surfaces. Ia automobile engine 
tests. the fuel coasumption would decmse because of 
this addiliw. Tbe durd oil was the base stock with 2 % 
by weight of m extteme pres.me additive (MCT S + 
EP). The extteme pressure additnre wu ang/amol 33 !' 
a sulphur-pbosphoms c:ompouDd. and the efficacy of this 
additive could be demonstrated in a 4-ball test (ASTM 
02566). 

The supplier (Imperial Oil Ltd) provided the 
Jcinemaric viscosity (v) and the dcnsi1y {p) at the 
appropriate stllldard temperatures for each lubricant 
(Table 1). Followmg1bcestablishcd ASTM proced~ 
111 absolule viscosity (110 ) was prmicted at the lubricant 
supply tcmpcnture iD the present ~-periments for each 
of the lubricants. These values of Tto were checked by 
measwemeats with a Brookfield viscometer and showed 
acceptable agreement. 

Table 1 
Lubricant Specifiutions 

T MCTS MCT5 MCTS 
C'C) +FM +EP 

v (cSt) 40 18.47 19.12 18.46 

v (cSt) 100 3.796 3.803 3.800 

p(g/ml) IS 0.851 0.8S4 0.858 

%.2. Disc madline 
A side-slip disc macbme (Fig I and 2) was used to 

provide a simple method of subjecting a lubricating oil 
to hip pressmes and a rmgc of low shear rates. while 
maiataining ID almost constant ehl film thickness. The 
load was applied by hanging weights on the top disc. 



An oil damper wn placed below the weights and a pivot 
was provided in the hanger rod so that the weights did 
not move when the top disc was skewed (rotated in the 
plane of the contact zone). Both of these features acted 
to reduce the mechanical vibntioos at the higher rolling 
speeds and loads. A DC motor drove the bonom disc; 
which in tum drove the top disc, at about the same 
surface velocity, by virtue of friction acting through the 
contact By skewing the top disc manually, a side-slip 
velocity was imposed and continuously increased, thus 
causing a friction (traction) force which acted sideways 
(perpendicular to the rolling direction). The friction 
force was measured by a load cell which used strain 
gauges and the skew angle (cf,) was measured with a 
displacement transducer. A digital data acquisition 
board (PC-LPT-16 from National Instruments, Austin, 
Texas) was used with. a purpose-built signal 
conditioning unit (Wheatstone bridge, amplifier and an 
analog anti-alaising filter). To help record and process 
the da~ a software package (LabView for W-mdows 
from National Instruments) was employed. 

Figure l. Side-slip disc machine which is mounted on 
a high stand with the weights hanging below. 

Thermocouples wen: placed in light contact with the 
disc surfaces and in the inlet oil stream in order to 
detenniDe an appropriate inlet oil temperature. lo 
addition, a simple circuit was fabricated to determine the 
electrical resistance of the oil film. The resistance 
measurements provided some insight into the beginning 
and extent of asperity interaction. 

It is important to realize that if the application of this 
disc machine is established for evaluating additive 
performance, much of the instrumentation descnbed 
above can be simplified or eliminated. 
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1. Top disc 
2. Top disc yoke 
3. Drive from motor 
4. Bottom disc 
5. Lubricant supply 
6. Load weights 
7. Heavy oil damper 

7 

Figure 2. Schematic representation of the side-slip 
disc machine. 

2.3. Disc fabrication 
The discs were machined from wrought tool steel 

(SAE O l for the bottom disc and Adas Steel's Keewatin 
for the top disc). Then, they were hardened by heat 
treabnent to a Rockwell C value of 63~ precision cut on 
a lathe with a diamond tip cutting tool and lapped with 
fme diamond paste until m RMS roughnesses (Or and 
og) in the range of 0.08 - 0.1 l µm were measured with 
a profilometer device (T alysurf 5, made by Rank Taylor 
Hobson, Leicester, UK). Two rough top discs were 
fabricated by adding the additional step of sand blasting 
with a graded silica sand (No. 60 AF A with a mean 
diameter of about l .S mm) to achieve a Or- in the range 
of 1.0 - l.5 f1DL 

2.4. Operating conditions 
A mmber of procedural guidelines were developed 

to select the operating cooditions. The thermocouples in 
the inlet zone were monitored and rolling speeds kept 
low enough that inlet shear heating was not detected. 

When using the smooth discs at a particular load, the 
electrical resistance measurements allowed a range of 
rolling speeds to be set that proceeded gradually through 
the initial breakdown of the ehl film. Likewise~ with the 
rough top discs, the rolling speeds were set to approach 
the point at which the resistance dropped close to zero, 
thus suggesting a breakdown of micro-eh! films had 
occum:d. [twas n:cogni7.ed that the electrical resistance 
could give an inaccurate indication of the extent of film 
breakdown because of oil deposit and oxide layers on 



the surface. HOWC\-er~ by choosing a taDfe of rolling 
speeds md various load. it WIS ensmed that 
measurements were made ia regions of e.yaw:.ntal 
interest. 

Loads up to about 829.S N were applial to the 
smooth disc coataclS bat the tcsling with die rough 
upper cmcs used Ollly loads of 147.0 N ml 244.5 N 
because of the risk of propessive plastic dcformatim 
changing dae surface IOUpacss colllimwly. la all 
testing. nm-in was allowed to occur umil Ille surface 
roupncss bad stabilized in the: COlltlCt zone. 

ne tests always pn,ceedcd hm using pme base 
stock oil to osi:ag base stock oil "ith FM ad daCD EP 
additives. Before imroducing a new lubriCIIIL 1he top 
disc was cleaned with solvems (varsol and ICCtODC) and 
lightly polisbcd wi1h abrasives while the bottom disc 
was just cleaned with die solvatts. 

A total of 84 indi\'1dual tests were incladed in the 
present study. widl the lubricant supply tempcnture m 
always at 30 ac_ Each test consisted of manually 
skewing the top disc fiom one side to the other. 
repeating this act for the opposite direction of rolling 
(Fig 3) • finally'.' repeating the entire procedure a 
second time. The reversal in rolling~ allowed 
the origin of the frictioa force versus skew mp; to be 
determined exactly and the symmetry of the friction in 
the four quadnDts provided a check on the precision. of 
the disc machine. la most cases. a single quadrant was 
selected to represent the friction in each iDdividual test 
and the other seven values only provided 111 indication 
of reliability. While m ·averaging" procedme might be 
appro~ it was not implemented at tlm stage. 
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Figure 3. Typical traction con•e from the side-slip disc 
machine for smooth disc surfaces. 

An outline of the experimental input parameters is 
pro,ide.d in Table 2. Derailed data lists will be available 
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in 1be first aurbors PbD lhcsis. ·1n Table 2. a composite 
root mem ~ (RMS) t'OUpness is calculated as 
fo~-s: 

(1) 

Also. die roup tap discs Rl and R2 have the same 
combinations of loads and velocities a the smooth top 
discs s l md s~ 1especlively. 

Table2 
!!J?ut earamcters for the ~1:inlCDts 

Top 

Disc 

so 
SI 

S2 

Rl 

R2 

21 

20 

- 15 g, 
~ 11 

s 

Oe F u 
(pm)I (N) (mis) 

0.094 244.5 -829 .5 1.6 • 3.8 

0.095 

0.095 

1.146 

1.061 

T•30'C 
F •2".SN 
u • 1.1 mis 

147.0 0.6 • 3.1 

244.5 0.7 • 3.3 

147.0 0.6 • 3.1 

244.5 0.7 - 3.3 

-- MCTS 

-- ..:fS•FM 

- ..:fl•EP . _______ ...,...._..__,..-.,.--...,.---, 

(a) 

I 

... 

T•30-C 
F•2 ... SN 
u•1.llll/s 

... 0.11 
♦ (rad) 

-.:Tl 

- ..:l'l•FM 

- .:Tl•EP , _.,_ _______________ _ 

(b) CUii ... 
♦ (rad) 

11.10 

Figme 4. Typical ctfect of additives on friction for 
(a) smooth top disc (S2) and (b) rough top disc (R2). 

1 The composite roughness of top disc SO is <Jc= 0.092 µm in Table 2 of this paper. 



J. RESULTS 

As~ with a side-slip disc machine (Johnson 
ml Tevaarwak 1977). die fi'iclion force (Fr) iDcn:ascd 
rapidly to a mnimnm value as the sb\v m@le (♦) 
inaascd fiomzao (Fag 3 mcl -'). Although. Fr \\'IS aot 
much intluenced by die additives for the smooth top 
disc. a distinct and repeatable decrease ia friction did 
occur. this effect was much more pronounced when the 
rough top disc was used. In gen• the EP additive 
redua:dFrmore thaa the FM additive. At cf, > 0.05 rad 
(correspoadmg to a slide-roll ratio of about S%),. the 
friction force remained relatively constant ad thus this 
value was considered to correspond to Fr~ in the 
subsequent analysis of the present study. 

-1. ANALYSIS 

-1.1. Friction and lambda ratio 
One rather obvious analysis to perform in tnl>ology 

is to e.xamine thC! iuOnence of the lambda ratio O.) on the 
maunum friction coefficient (Jl_) where 

he 
1 =-

ac (2) 

The central film thickness (hJ is calculated. 
assm:Diog i§othennal ehL for 'lo at 30 °C of 24.5 mPa ~ 
E' of 219 .8 GPa. R of 22.58 mm and e of 22. l GPa·1 

along with various values of u and Fusing 

h.: ( ')0.53 ( TJo u)o.67 ( F ) ~-067 
- = 1.90 a.E - - (3) 
R E'R E'R: 

from Hamrock and Dowson (1981 ). 
The Oc values are taken from Table 2. Elec1rical 

resistance measmcmcnts through the contact indicated 
that a continuou fluid film occurred for about l > 3. As 
mentioned pre\,jously, the Fr .. was specified as 
occurring at 4> = O.OS rad ( corresponding to a slide-roll 
ratio of 5%) md dividing by the load gives the 
mmmum friction coefficient (Jl:ia ). By eliminating ct, 
from further consideration. a COBcise overview of the 
present e.'\-periments can be shown in Figure S (except 
the testing with top disc SO). 

Broadly similar bcha,'iour of J1ia& versus l was 
found using top discs S 1 and RI \\ith F = 147 .0 N (Fig 
Sa) and top discs S2 :md R2 \\ith F = 244.5 N (Fig Sb). 
However. the friClion for the roup disc tests.. 
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c:orrespouding to the low 1 regions. differed enough to 
sugpr tbat the variatioas ill their surface te.\."tUrc such 
as asperity lip radius CP> ucl ma.mum conta~ density 
(a_) influmccd friction_ 

Ia general p._ remained coastmt for 1 > I but 
hrc 1 siguificmnfr as l. cbupped filrthcr. For .t just 
below 0.2. p_ was two or tbn:e times its value for l > 
1. The addi1ivcs had a small but repeatable etrect of 
redaciag P.. ill the RgioD of 1 > 3 which persisted until 
1 < l,. wheieupon both types of additives reduced the 
p_ sipifisantJy ~pared with base stock alone. 

I 
::s. 

(a) 

IIC 

I -..... 

(b) 

1.11 

0.12 

o.• 

O.M 

0.1 

0.11 

0.12 

O.OI 

0.1 

0 0 

~ 0 
0'\ A 

~ °'·o 
~~ ' 

~-

z I I 

A. 

0 
◊ 

2 3 5 

IICT5 

IICTS•FM 

MCTS•EP 

z I 
1.0 

MCT5 

MCTS+FM 

MCTS+EP 

f 

1.0 
2 3 5 

Figure 5 .1 Plots ofµ._ versus l for (a) F = 147 .0 N 
(top disr:s S1 mlRl) and (b) F = 244.5 N (top discs S2 
andR2). 

.U. Limiting shear stress from ebl friction 
The effect of the additives when l > 3 was puzzling 

because a continuous fluid film sufficient to separate the 
asperities occurred and was verified by electrical 
resisuuce measurements. To quantify this behaviour. it 
was decided to estimate the limiting shear StteSS from 

1 The rma1 version of plots of.,._. versus A. in Figures S (a) and (b) in this paper can be found in Figures 6.1 (a) 
and (b) on pages 226 - 227. 



the F c- obtaincd for the tests with top disc SO. These 
tests involved four loads (244.5 ~ 439.S N .. 634.5 N 
and 829.5 N). Following the ptoc:edure of Wu and 
Cheng (1994), the values of the limi1iDg shear stress 
index IIUIDbc:r (m) 11-ere detcrmmcd for the lubricants as 
descnl>cd in derail in Appendix A. 

Once m was dctcrmmccL eqn (A4) was used to 
generate. e.qnessiull of die fomi (l'ith Tr. and p ia Pa) 

(4) 

where C = aven,e of the four load lcvc~ 

which was evaluated (Table 3) for the lubricants of the 
present stUdy . 

Table 3 
Constants foreqn (4) 

MCT5 MCTS 
+FM 

m 0.615 0.565 
C 0.000S69 0.00436 

MCTS 
+EP 

0.523 
0.0243 

-1.3. Real area of contact for the rough discs 
To analyze lhe fi'ictioD behaviour for the rough discs 

( discs RI and R2) \\inch had l < 1. it was do;ided to 
ignore the lubricant. for the momen~ and esrima•e the 
real area of contact. The "alpha~ roughness parameter 
of Greenwood et al (1984) WIS 0.135 for disc~ and 
0.111 for disc R2. According to Greenwood et al, the 
apparent area of contact (A. ) WIS influenced by the 
rough surface such that if Herttim theory (which 
assumed smooth surfaces) was used to calculate A. , it 
would be about 20% smaller dam the actual value. 
Howe\·er. it was coasidered relevant to note tbat for 
elastic contact of a surface with Gaussian clisln"bmions 
of surface and asperi~· heipts. the real area of contact 
(~) might depend mostly on the load and be relatively 
independent of the A_. 

In any ~ it was assumed that the Ar was 
represented accurately by a Oat roup surface. with an 
.A, ~qual to the smooth surfaa:d Henzian value. loaded 
against a smooth fiat surf~ A portion of a typical 
Talysurf profilometer-ttace of one of the rough top discs 
is shown in FiFC 6. The <Iara from the profilometer 
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processing unit wu analyzed to p,: the characteristic 
feanm:s of the smfa::e and aspaily height disln1nnions 
(Appc:ncm B al C). The Hatzim value for A. was 
caJcu1atcd with die following SlaDdard expression. 

., 
A. = 1t ( l.SFR)j (5) 

• E' 

Tlm.-proe,cdme oudiDal in Appcndi.~ D was used to 
estimate ~ (Tabk 4). The standard de\iation of the 
smface beipl5 (o) was not equal to the RMS roupness 
of the disc (Gt,) because the IClllal smiace hei@ht 
dislribation wa only Gaussia ill the region of the 
~ tips (Appendix C,. Fig Cl) because of the deep 
valleys aacl rounded peaks foUDd in tbe nm•in. SUifa~ 
profile (Fig 6). 

• 
• 

ea 
:L 
-2 
N 

a..--------------~._.. 
u cu OA a.a a.a 

x{mm) 

Fipre 6. Typical surface of one of the rou@h top discs 
after run-in. 

Table4 
Calculation of the real area of contact 

Parameter Disc 

RI R2 

F(N) 147.0 244.5 

ct.. (pm) 0. 0. 

O(JlDl) 0.48 0.55 

cl..,* (pm) 0.11 0.03 

a• (µm) 0.47 0.4S 

n__(mur1) 2442. 3116. 

7,.s 0.2373 0.1574 

z.* 0.00735 0.l25i 

P<mm> 0.1423 0.1132 

~(mm7 0.05108 0.07723 



.U. I.i:mitin1 shear stress from micro-ehl friction 
Assuming that isolated micro-ehl occumd for the 

rough els rests somewhere ill lhe range 0.25 < l. < 0.5~ 
the mcamred Fr .. divided by the calcalatal Ar pvc aa 
estimate for T1.ar these values of T1...,. WeR calcuJated 
for l =0.25aad0.511111 dlcc-onespoading prc:ssare was 
taken to be the avetaFvaiuc obtaiacd by dividing F by 
Ar, In this mamaer. a. small rap of 1t. .. values "-ere 
estimated ftith a comspondiDg p ... forthe lubricants ill 
each of the tests •ilh top discs RI 111d R2. 

-1.S. Comparison of tbe limiting shear drat from 
ebJ and lllicru-elll friction meuuremeats 

In the ~),CIWMlfS involving top disc SO. 't'1. .. WIS 

determined by dmdiag lhc measmed F c _ by the 
Hertzian COD1act m:a which was calculated using eqn 
(5). Substituting P-. into eqn (4) gave a prediction of 
TL.._ and when the measmed values were compared to 
the predicted ones for the example of the base stock oil 
(MCT 5) close agreement was obtained (Table S). 
Assuming an absolutely precise nlue of m had been 
obtained from Appendix A. eqn (A4) was manipulated 
to show that the pcrce11t error ( % err) in estimating a 
value of ~L .. ming P-. in an ~-pression such as eqn H) 
would be 

Im+ l I %err = -- - l x 100 
1.5Zm 

(6) 

and a.'aluating. dm equation for the m values obtamed in 
the present stUdy gave a ma.unum percent error of less 
than 2%. Thus. for the present ehl experiments. eqn ( 4) 
with p = PD¥ could give an accurate estimate of 't'Lnr 

TableS 
The use of eqn ( 4) in predicting TL..,. for the base stock 
lubricant (MCT S) 

F (N) P--, (GPa) • -rt...,, (MPa) 

measured predicted 

244.5 0.692 43.0 42.5 

439.5 0.842 54.7 54.1 
634.5 0.952 63 . .J 62.9 
829.5 1.041 71.l 70.2 

Rcmiembering. that the film pressure in isolated micro­
ehl of a surface with spherical tipped asperities could be 
approximated as number of localized Hel'tZian 
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clistributioas. it seemed rasoaable to use eqn (4) to 
predict tbc avenge limiting sbcar stress iD micro-dd 
with the 1llldcrstaadiDI that die pressure ia eqn (4) 
would be die avenp. piCSSWe « all die micro-contaets. 

Fmally. adncteompariscm could be made between 
- 't'1. .. pmlictcd fiom ehl fiictiOll 111d that pn:dicted 
fiom mim>-cbl (Fig S). Surprismgly~ c:cmsidering the 
usumptioas aad simplificalioas made ill the analysis .. 
the agn:cmaat wu quite good. particularly for the 
testing atF = 244.S N with top disc R2. This apeement 
sugested that the TL~ given by eqn ( 4) which 
was dctc:rmincd &om ehJ fiic:tion measurements was 
reasonably accurate md dms a useful technique for 
finding Ti. llacl been fomtd which was sensitive enough 
IO give different values for the different additives. 

◊ ......-.:IICTS 
a.a 0 IIIC'l'I 

., .... .... 
• 
£1.2 

4CP 

I -.. 0.1 

, .. 
0.0 1.0 :.a i.o 4..0 

(a) 
P.,.(GPa) 

0 ~IICTS MCl"S 

0.3 0 ...........-: ... .... 
A ......-a: .. - .. 

• 
__ .., 

I o.2 -• I 
.J 

.. 0.1 

0.0 • I 

1.0 2.0 3.0 '-O 
(b) P.,,,.(GPa) 

Figure 8. Comparison of the average limiting shear 
mess predictions based on ehl and micro-ehl friction 
ineamn:mc:ntsfor(a) F = 147.0 N and (b) F = 244.5 N. 



5. DISCUSSION 

Ad6C uw;hinetJf rdativcly simplcconsttudion bas 
been used to illvestipte the iaOneace of additives on 
lubricant rheology. For the present expaiweuts. a 
plamle analysis has been made which explains the 
friction as arising from the lubricant nodiing a 
limiting shear srrus. This analysis remains i:oasisrent 
for lambda ratio geater than 0.25. thus sug!C5bDg that 
micro-ehl can persist doWll to these low values. The 
limiting shear san:ss WIS illflucnccd by the additives 
used in the preselll e,cperimC41S. 

The limiting sbar stress c:oaJd be evaluated. at a 
lambda ratio @realer than 3. where fidl Ouid film 
lubrication occms md where neither extensive 
characterization of the disc surfaces nor ftcqucnt 
monitori:og of progn:ssive damage to the disc surfll':CS is 
required. Ir is hur! that we belit!'llt the main 
contribution of the prt!Sfflt sllldy lies. Side-slip disc 
machine friction measurements can be used under 
conditions of cootmuous eh1 to evaluate limiting ,;hear 
stress that is a useful parameter for predicting friction in 
the mi.xed film regime under conditions of micro-ehl. 
The limiting shear stRSS is illfluenced by the additives. 
thus suggesting that lubricant chemistry could be 
designed to give an optimal limiting shear stress using 
the disc machine measurements for guidanc:c. 

However~ oure:ndmsiasm forlhis approach must be 
tempeted with. some uncertainty regarding the generality 
of the procedure. Although additional data has been 
generated. for the first authors PhD thesis and it seems 
to support the: findines of the present paper. more testing 
is required with other additives and higher lubricant 
temperatures. The developed procedures for finding the 
limiting shear stress index value and the real area of 
contact are both vety sensitive to small changes in the 
input parametels. CaatiDucd work is required to 
improw dJCpreeision of all of the procedures described 
in the present SIDdy. Maintaining tbe 5.'(>Climmtal 
studies mldcrmao-eblcoaditioas is advoc:atcd to check 
the estimated values of limiting shear SlrCSS obtained 
under continuous ehl conditions and another type of 
viscomere:r (IS opposed to a disc machine) is 
recommc:ndal to provide additioaal. pe:rhaps more 
precise. confinnation of these estimated values. 
De\ice.s such as those used by Caan and Spikes (1989) 
md Bair et al (1993) ~· be good choices for this future 
\Vork. 
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5. CONCLUSIONS 

• The limiliDg sbearsams •-.s c.<dimatc:d from friction 
masun:mcnts under COllblluoas ehl conditions and 
l@l'CICS qumclosdy•'illllbat obtaiaed muL:r isolated 
mi;ro.cb1 conditions. 

• The limiliagsbear samswas iuflUCDced by lubricant 
additives. 

• The limiting shear stress combined with an 
evaluation of the real area of contact prmided a 
simple mctioa. model for isolated micro-ehl 

• A simple. low cost test procedure using a side-slip 
els JNC'Jriw: UDd&:r c:oadirioas of continuous ehl was 
suggested for~ lubricant additives. 
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APPENDIXA 

Determininc the limiting shear mesa indu number 
from friction measurements with a dilc mac:Nae 

[Jl elastohydrodynamic contacts. the lubricant may 
be subjected to high pressures and shear rates. The 
resisting shear sttess in the lubricant often reaches a 
limiting value (-rJ which depends oa pressure and 
temperature but is iDdcpcadent of the shear rate 
(Johnson and Tevurwerk. 1977; Bair and Wmer. 
1979). This model for lubricant behaviour is verv 
simple and there is some debate renrdinst the a1ent t~ 
which it applies in elastohy~.;amic ~ts (Bair 
and W-mer. 1992; Bair et aL 1993). 

In the present study, an c:mpirical approach 
following Wu and Cheng (1994) was adopted to 

determine a limiting shear stress ~ number {m). 
This approach used friction mc:asurements from a disc 
machine and was based on the assumption that the 
lubricant bad reached l.imjtiJl~ shear stress throughout 
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die ccatact zoae, the values of \\ilich depended on local 
fib pressure. It was fiuthcr usmned that the limiting 
~~ sttcss was rachcd before shear heating was 
s.r,116car m dmstbemlel tempaature of the lubricant 
prevailed tbraupout dae CODlaCt. 

Wu md Cheng (1994) applied their technique to a 
nommal point COlltlet with circuJar coatact area and 
approximated the local film pn:ssme as Henzian using 
the studud formula 

P : P- ~ l - ( :r (AI) 

where Prra: l.5: . a = ( l.SFR)! 
:a- E' 

and Ihm assumed that the limitin12: shear stress has the 
following dislnbution -

'tL = tL as ( I - ( : r) • (A2) 

where m = limiting shear stress index number. 

It followed that dJCmaximum friction force as measured 
with a~ machine was 

~- = !:-::!" 'tLrdrd8 

and • _ infiom eqn (Al) along with elementarv 
integrations gave • 

(AJ) 

Eqns (Al), (A2) and (A3) were combined to give 

'tL :: (m + 1) Firm: ( J!_):. 
1t a· P.,,,. 

(A4) 

To determine the value of m for a particular 
lubricant. the ma.~um friction fon:e was measured at 
each of four applied loads (244.5 N. 439.5 N. 634.S N. 
829.S N). Attbe same pressure (p). eqn (A4) indicated 
that some value of m must exist such that the same 
liruiriag ._stress could be calculated for each applied 
load. 

Wu and Cheu (1994) did not indicate clearlv how 
this m value was-detc:rmmed.. In the present smdy~ a 
value of p was chosen equal to the ma.unum Hertzian 
pressure for the lowest of four levels of applied load. 
An m value was spc:cified anci eqn (A4) used to calculate 
four"-alues for T._.. An average of the four 't L values was 



calculated 111d dim the sum of the squared residuals 
wmddammcdas follows: 

' 
E = r [~Li - ~L-sf (AS) 

r•l 

This calcuJation was rq,cated fornmges ofm. ~ 
starting from O - 1 aad refining withia daat nD@e until 
the m value to da'ec! sipfficaat digits wu ddermiDed 
which gave a minimum e. Ia the present saudy. a single 
minimum occmrcd at IIOlllld m. s 0.6 iD all cases. 
Slight changes ill m occumd when a different "-alue of 
p wm chosaL Men substanlial cbmges ill m occuncd 
when 2 or 3 rather Iba 4 load le\"Cls ~ used but 1be 
changes between 3 111d 4 load levels were much less 
than those between 2 and 3 load lcvcls. Thus. it was 
appan:ut that m was iDfluenccd by the inevitable scatter 
in the friction mcasmaacolS and the best course of 
action was to use at least 4 load levels and perhaps 
repeat the measurements at each load level more dam 
once. In this ~ the present study was deaned 
adequate but in.tbtare work more load lewls and friction 
measurements would be used md continuing etforts 
would be made to improve the pn:cision of the 
measurements. 

APPENDIXB 

Contact spot density between Oat rough and smooth 
surfaces 

If the topography of a nominally flat~ region 
can be measured giving an accurate three dimensional 
map~ it is relatively simple 10 ascertain the number of 
~erity contacts when a smooth flat plane is located at 
a particular separation. Wllh a specified apparmt area 
of contact ( A. ), a direct measurement of contact spot 
density ( n) could be made at that separatimL 

However. if a pmfi)ometer trace is used to measure 
surface topo@nphy giving I two dimmsioaal graph. it is 
somewhat more cfiflicult to establish m expression for 
contact spot densi1y which is related to the fcanues of 
the profilometer tnce. To addns this problem. a rigid 
smooth plane (represented in two climensioas as a 
horizontal line) located at some separation ( z ), is 
considered to be in coatact with m isotropically rough 
surface which is meamred by a profilometer (Fig B 1 ). 
A line representing the 1Vet3!e of the roup surface 
heights is also horizontal and the rough surface 
undergoes perfectly plastic deformation. The n at z is 
the same if the two surfaces deform elastically but it is 
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~ for visualizatiOll ill lhe present development 
to consider die above rigid-plastic pair. 

Aa expression relaling a to the high spot count 
(HSC) ad bcarillg area (BA) at z caa be cfe\·elopcd. 
Follofting Slaadanl dcfiDitioas. the HSC is one balf the 
DDmbcr of times dac rough surface profile crosses the 
borizoml liDenpnscnting the smooth surface di\ided 
by die profile laagdt while the BA is the sum of the 
1cngdl of the borizomal line segments contained llithin 
the rougll smface profile divided by the profile length 
(F1gB I). The HSC and BA are plO\'ided as tbnctions of 
height (or scparatioa) z by the 5M pn:,ccssor of the 
T~-smf profilomcter which was used in the pracnt 
study. Howe\rer~ this processor selects the heights 
iatcmally ml oftm does not supply the n:quired 
pmmetcrs at enough heights. When this occurred. 
additional values were obtained by iDb:rpolation with a 
third orda'polynomial. 

Following Gn:mwoocl md Tripp (1967). the 
aperities are amimed 10 have spherical tips of about the 
same radius of curvature but various heights. When a 
smooth flat plane is pressed into such a spherical tip the 
coatact circle increases rapidly after initial contact. then 
more slowly as the separation z decreases. As a result, 
the contact spots all have about the same radius of 
curvature (;; ) when the smooth flat surface is at some 
height z despite the variation ill asperity heights. 

It is COIM:llic:at to consider the A_ shO\'\U in Fig B 1 
aad to note that if asperity contact areu are larger and 
smaller than those sho"~ some e,-..1ra contact spots 
would be include and some would be missed but on a 
long trace n should stay about the same. It follows that 

HSC 
n = 2a (Bl) 

To dctamine c111 apn:smOll for i_ .. consider a long trace 
that. for tbe givenz. intersects many contact spots. ne 
~ Jcagdl of u-.:e within the contact spots (Fig B2) 
is 

BA -- = 2:r 
HSC 

where from calculus ;r = 

1 --= -,~a 
2 

2a 

(B2) 

Tta 
= -4 



! 
I 
I 

I 

in this case 

3 HSC =-
L 

3 n =-
A. 

Figure BL Representation of a rigid plane in mntact 
with a perfectly plastic roup surface.. obtained from a 
two dimensional profilometer trace. 

Figure B2. Half of a contact spot 

Eqns (Bl) and (B2) imply that 

: nsc-z. 
n=--

4 BA 
(BJ) 

The above expression is valid for elastic surfaces 
because ~ .. size aod not the number or the location of 
the contact spots changes. this same expression was 
derived m a somewhat different way by Cooper et al 
(1969). 

APPLl\lDIX C 

Determining the surface and asperity height 
distributions 

The HSC and BA were measured for decreasing z 
w,ing a profilometer with interpolation as mentioned in 
Appendix B. It was then possible to determine a. for 
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each Z value using eqn (BJ). As~ ll increased 
•ith decreasing z until a m111.im11111 valuc(u_) was 
ladlalat a particular separation ( ~) as a result of the 
merging of asperities. 

Since die BA represented • cumulative fiequeacy 
plot of the surf..:e heigh~ the type and features of the 
sudice bcipt dislnl>ution was obtaiDcd by plotting BA 
on probabili1y paper (Fig Cl). For both disc l md 2. 
the BA data fit a sttaight liDe oa the probability paper 
for the asperity tip region of the surfaces. ID other 
wcws. the surface height distnl,ution was Gaussian in 
the part of the surfxe which would make intimate 
CCJIIIICt\\irh die smooth.disc surface. ne features of the 
disttibutioll included the average surface height (cf..,) 
md the standard deviation ( a) both of which could be 
determined fiom tbe plot Oil probability paper. The 
location of the z-axis was adjmted so that z = 0 
corresponded to the average surface height for 
coaveaience in later calculations. 

90---------------, 

80 -+----~-~------------! 
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Z(µm) 

Figure C 1. Plot of BA on probability paper (disc Rl ). 

If m asperity was considen:d to be any summit on 
the surface which has a height greater than Z1-• then the 
cmnulative freqUCllc:y of the a.q,erity (as opposed to 
smface) height distnoution wu given by n/n_ which 
could then be plotted on probability paper (Fig C2). 
Oacc apin. the data fit a sttaipt line for the outermost 
reuon of the swfaces for both disc I and 2. thus 
indicatinst a Gaussian <listnl>ution. The feamres of the 
disan'buticia included the average sperity height (dn, ") 
and the standard deviation ( a•) which could be 
determinc:d from the plot on probability paper. 
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Figure B2. Plotof Dfn.. on probabili1y paper (disc RI). 

In both the BA and the nfn..it plots on probability 
paper. the fitted lines were estimated Kby t:'JC". Clearly. 
software must be developed to perform the curve fits 
and a criterion must be developc:d for excluding the 
points in the low z rq:ioas which are not clisttil>uted ill 
a Gaussian fashion. However. this shOflCOIDDlg in the 
present analysis was not expected to infJ.IIC'llce the 
overall findinp si!"fficantly. 

APPENDIXD 

Determining tbe real area or coniact for a specirted 
load 

If the separation z were kno"11 for a specified load 
and the deformation w& perfectly plastic .. the ratio of 
real to apparent area of contact would equal the BA at 
that z (considering m apparent area that was the length 
of the trace and of iDfiuitcsimally width) . 
Unfortuoatelylf z was not known 111d the dcfomlllioll 
was elastic in the present study. However. assuming 
that all conracting asperities at a particular z have 
spherical tips with about the same radii of curv~ 
which could be represented adequately by an average 
value~ and that~ deform mdepend=tly~ a procedure 
was developed to find z. Following Greenwood and 
Williamson (1966)~ Hertzim equatioas were applied to 
individual ~ coot.acts and Gaussian distn"butioos 
of surface and aperi1y height distnln11ions were 
employed to ~ield the followin! equations: 

(i) for the surface heights 

A,. = ! ..4. F0(.:.) 
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(DI) 

(because Hemiaa contact areas were half 
tbose of pURly plastic deformation) 

(ii) for the asperity heights 

A,. = 1tPA.,n11111ta• F; (:~) (02) 

F = ,! AO.S £' A n 'a8)l.S F. (• •) (03) 3 t' 11 ... \'. 1.S •• 

:-d. 
z. = trig 

• a• 
,s: 

F-(C) :: _!_ L·cs -CF e -:" ds 
J /ii ' 

for j = O. 1. l.5 

£;=effectiveelasticmodulus 
P = averqe tip radius for all contacting a:.~es 

at separation z 

Eqns (DI) and (02) gave an expression for the :asperity 
tip radius at a particular z 

Fo(:"') P=----- (04) 

and substituting into eqn (03) )ielded 

F. (% )-!?:. _!_ F - 1 ... ,. -0 
( )( ) 

.. F.(•·) 
0 

• 4 n_ a• E'A• [r-1..sC=~) )2 
(D5) 

which was solved for the separation z which 
corresponded to the specified load F. A computer 
program was written in Fortran to perform the solution 
of eqn (DS) which contained a secmt root finding 
adgotitlun that used the discrete values of the Fl· s given 
by McCool (1986) and a natmal cubic spline routine to 
provide mterpolated values when required. 

Once the z value bad been determined.. the 
corresponding 7,a value was calculated and eqn (D 1) 
gave the real area of contact. Also. it was posSt"ble to 
calculate the average tip radius for all contacting 
asperities using eqn (D4 ). 



Discussion of the Paper by Yu and Medley in the 23rd Leeds-Lyon 

Symposium on Tribology 

Question 1: J.A. Williams, Cambridge University, Dept. Engineering 
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You demonstrate the importance of the 1 ratio on the overall friction coefficient of your rough 

surface experiments for which you ass~ I think, a Greenwood and Williamson type of 

topography. This requires that the surface can be ascribes a single characteristic value of 

asperity curvature - how did you assets its value from your topographical measurements and 

could you indicate the sorts of values you have used. 

Question 1: Mamix Visscber, The University of Leeds 

The authors derived average pressure and average shear stress values for the "real contactsn. 

To this end they used the Greenwood and Wdliamson contact model to calculated the real area 

of contact. This, and other, contact models make use, however, of parameters which are not 

intrinsic properties of the surface but depend on the measurement parameters [Dl, 02]. The 

mean peak radius, e.g., varies significantly with the sampling interval. Hence, by manipulating 

the roughness measurement, one can get any value one likes. My question, therefore, is: have 

the authors considered this fact, and how have they overcome the problem? 

References 
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Question 3: J.C. Bell, Shell Research Ltd. UK 

The authors have estimated the contribution of friction of lubricant additives by the use of the 

limiting shear stress ('ti.) model of Wu and Cheng. The mechanism by which additives affect 'tL 

is far from clear. Would the authors please clarify this mechanism and how it is reflected in the 

Wu and Cheng model 

Authors' Reply 

Drs. Williams and Visscher seem to be asking essentially the same question. In our 

presentation., we did not elaborate on our "Greenwood and Williamson" type model but, in our 

paper, details are provided in Section 4.3 and Appendices B, C and D. The influence of 

Greenwood and Williamson led us to assume that asperities had spherical tips, defonned 

independently and that Gaussian distributions could be applied to surface and asperity height 

distributions. However, using the relationship for contact spot density, derived by Cooper et. 

al. (1969) and also in Appendix B of our paper in a somewhat different manner, we assumed 

that all contacting asperities at a particular separation z (Figure B 1) had spherical tips of about 

the same radius of curvature (but various heights) which could be represented adequately by an 

average value (J3). The method of obtaining the separation z and corresponding P for a given 

load can be found in De Vaal (1983) and also in Appendix D of our paper, and the numerical 

values for our two rough surface (discs Rl and R2) are listed in Table 4. By detennining a 

separation z and an average p, both related to the applied load, we allowed small surface 

ripples and/or noise which might be part of the trace of the surface heights (Figure 6), details 

of which would be sensitive to sampling interval, to merge when the surfaces are at separation 

z and thus not influence the calculated real area of contact significantly. In this manner, our 

calculated P was not a single constant value for the surface but a function of the applied load 

which, in tum, set the separation z. For our surface topography and loads, the P value was not 

likely to change much unless the load was reduced si~cantly. 
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This approach differs from that of Visscher et al [D2] but it seems to achieve a somewhat 

similar result in that it eliminates smaller scale "asperities'• from consideration. Since our 

surfaces were run-in before testing so that virtually all asperities would be deforming elastically 

under load, plasticity index could not have been used to determine a sampling interval 

However, our approach might provide a versatile alternative which would be useful in the 

modeling of Visscher et al. 

If a Greenwood and Williamson model requires a "mean peak radius" as stated by Dr. Visscher 

or a ''single characteristic value of asperity curvature" as stated by Dr. W-tlliams, then perhaps 

we should not have associated Greenwood and W-llliamson so directly with our modeL Since 

the calculation of real areas of contact was only a means to an end in our paper, we make no 

claims to have a universal model based on "intrinsic" surface properties. However, we do feel 

that the adopted approach gives a unique prediction of real area of contact which is reasonably 

accurate for the run-in surfaces in our study. 

In response to the question of Dr. Bell, we have found that under our conditions of high 

pressure and low temperature, the friction can be controlled by the limiting shear stress and the 

additives cause a decrease in the limiting shear stress as predicted by Equation 4 of our paper 

by reducing the value of m which is the index number from the model of Wu and Cheng 

(1994). The determination of mis described in detail in Appendix A of our paper. One can 

speculate that the additives influence the fonnation of the shear bands, described by Bair et. al. 

(1993) by allowing the lubricant to "slide over itself' more readily. However, Dr. Bell may be 

seeking a specific and verified mechanism related to the lubricant chemistry and including the 

influence of temperature. It was beyond the scope of the present study to detennine these 

important aspects of the mechanism, but nevcnhcless we do feel that some experimental 

evidence of its existence has been obtained. 

Additional Reference 

De Vaal, J.W. (1983) Thcnnal contact conductance of rough surface. MASc Thesis, 

University of Waterloo, 76-80. 




