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Lubricated Contacts & Wear

• Engineering Design

• Materials

• Additive Chemistry

 

When modelling wear and failure mechanisms involving lubricated contacts, we are most usually 

concerned with modelling real systems such as the contacts in mechanisms, gear-boxes, engines, 

bearings and machining and forming processes. 

The special difficulty with lubricated tests is that in a lubricated contact we have a complex system, 

the performance of which depends not only on the contacting materials, the contact geometry and 

conditions of load and relative motion, but also the lubricant additive chemistry. So we are faced 

simultaneously with issues relating to engineering design, materials and chemistry. 
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Wear Free Processes
Conditions for Hydrodynamic Separation

• Mechanism for delivering lubricant to where required
and in sufficient quantity to flood inlet to contact

• Sufficient entrainment velocity to carry lubricant into
contact in order for it to generate necessary
hydrodynamic film

 

A good starting point is to consider those real processes in which we would not expect wear to occur; 

we can then consider those process where wear and failure does occur and try to identify the reasons 

why. 

Providing we have a clean lubricant, free of abrasive particles or wear debris, with a contact operating 

under fully hydrodynamic or elastohydrodynamic conditions and providing complete separation of the 

material surfaces, we should not expect to generate any wear. If all types of tribological contact 

operated with hydrodynamic or elastohydrodynamic lubrication, then we would not have any 

problem with wear; we would need little in terms of lubricant additive chemistry, other than the 

provision of additives to provide oxidation and shear stability and we could use any moderately viscous 

fluid. If this were the case, we could lubricate our systems with glycerine instead of oil. This clearly is 

not the case. 

The problem is that in order to generate hydrodynamic separation of the surfaces, any system must 

fulfil two requirements. Firstly, there must be a mechanism for delivering the lubricant to where it is 

required and in sufficient quantity to flood the inlet to the contact. Secondly there must be sufficient 

entrainment velocity to carry the lubricant into the contact in order for it to generate the necessary 

hydrodynamic film. This latter condition, except in the case of externally pressurized bearings, requires 

the contacting surfaces to be in motion with at least one surface moving from the direction of lubricant 

supply and at sufficient speed to generate a thick enough hydrodynamic film. 
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Elasto-hydrodynamic Contact Between
Two Rollers

• With same surface velocity with a fully flooded inlet

 

The slide illustrates what happens in an elasto-hydrodynamic contact between rollers running with 

the same surface velocity with a fully flooded inlet. 

It is important to note that the system is surprisingly very weakly dependent on load, so that once an 

elasto-hydrodynamic film of sufficient thickness to separate the surfaces is generated, increasing the 

load has little impact on the level of separation. 

In an ideal world, we would like to achieve this kind of lubrication regime, but with many real 

mechanisms and, more importantly, all mechanisms starting from rest, we are unable to do this. 
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Elasto-hydrodynamic Contact Between
Two Rollers

Zero entrainment condition

Start-up condition

Starved lubrication

 

This slide shows what happens: 

 if the surfaces are sliding in opposite directions - the zero entrainment condition 

 when the surfaces are at rest - the start-up condition 

 if there is insufficient lubricant to flood the inlet - starved lubrication 
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Examples of Boundary & Mixed Lubrication

• Journal bearings at start-up or during starved lubrication because of failure of
supply

• Elastohydrodynamic bearings at start-up or during starved lubrication because of
failure of supply

• Piston ring and liner contacts at bottom and top dead centre, where entrainment
velocities fall to zero

• Piston ring and liner during running because of starved lubrication

• Gear contacts during running because of negative entrainment

• Cam and tappet or finger follower contacts during running because of negative 
entrainment

 

In the cases where we cannot prevent intimate contact between the mating surfaces we have to rely 

on lubricant additive chemistry or coatings to limit wear of the surfaces and to provide protection 

against scuffing, which is the onset of adhesive wear. It follows that, excluding the special case of 

rolling contact fatigue, all lubricated wear testing is focused on modelling contacts that are operating 

outside the hydrodynamic or elastohydrodynamic regimes. Under these conditions, lubricant viscosity 

plays little or no part and the performance of the contact depends critically on the lubricant additive 

chemistry. 

Examples of such contacts include: 

Journal bearings at start-up or during starved lubrication because of failure of supply. 

Elasto-hydrodynamic bearings at start-up or during starved lubrication because of failure of 

supply. 

Piston ring and liner contacts at bottom and top dead centre, where entrainment velocities 

fall to zero. 

Piston ring and liner during running because of starved lubrication. 

Gear contacts during running because of negative entrainment. 

Cam and tappet or finger follower contacts during running because of negative entrainment. 
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Morphology of Lubricated Contacts

• All lubricated tribo-system go through start/stop cycles and 
changes in operating point

• Overall wear of system is sum of multiple contributions, at 
different operating points, over life-time of components

 

It is important to note that every time a tribo-system goes through a start/stop cycles, or indeed a 

change in operating point, there will be a degree of repeat running-in. The overall wear of the system 

is thus the sum of multiple contributions, over the life-time of the components, not simply some 

constant rate wear process. 
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Example of Negative Entrainment

• Cam and Follower

 

As an illustration of the issue of negative entrainment consider the case of a simple cam and tappet.  
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Key Points – Lubricated Wear

• To generate wear in a lubricated contact, no point in choosing a test configuration 
that produces hydrodynamic separation of the surfaces. Tests must be run in 
boundary or mixed lubrication

• For those contacts that produce hydrodynamically separated surfaces, when 
running, hence no wear, tests may need to be run with stop/start cycle rather 
than at constant speed

 

To generate wear in a lubricated contact, there is no point in choosing a test configuration that 

produces hydrodynamic separation of the surfaces. Tests must be run in boundary or mixed 

lubrication.  
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Experimental Requirements

• How much wear do we need to produce?

• What should the correlation criterion be?

• How many tests do we need to perform?

• How do we produce boundary or mixed lubrication regimes, hence wear?

• How do we produce wear and not failure?

 

We need to consider the following questions: 

 How much wear do we need to produce? 

 What should the correlation criterion be? 

 How many tests do we need to perform? 

 How do we produce a boundary or mixed lubrication regimes, hence wear? 

 How do we produce wear and not failure? 

A single wear measurement, at the end of the test, tells nothing about the wear rate or wear 

transitions. We therefore need to supplement post-test wear measurements, with intelligent real-

time observations, of which the most commonly used metric is to use changes in friction, electrical 

contact potential and temperature close to the contact, to indicate possible wear transitions. Hence, 

in many cases, we do not use real-time wear measurement, but use other methods to identify 

significant wear transitions. 
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How much wear do we need to produce?

Ring and Liner

• Fired engine tests typically produce no more than about 10 microns of cylinder wear. Wear occurs on 
both ring and liner surfaces. Hence, to model this, we need to be able to generate and then measure a 
maximum of approximately 10 microns of wear

Thin Hard Coatings 

• Thin hard coatings are typically 2 to 4 microns thick and do not really wear, but fail through fatigue, 
hence we only really need an on-line mechanism for detecting the failure

Thick Coatings

• Thick coatings are typically 20 to 50 microns thick and do wear. To model this, we need to be able to 
generate and then measure a maximum of approximately 50 microns of wear and this is usually confined 
to coating

Polymers against Metals

• It is possible to generate significant amounts of wear and we potentially need to be able to measure 
perhaps up to 50 microns of wear

 

Fired engine tests typically produce no more than about 10 microns of cylinder wear. Wear occurs on 

both ring and liner surfaces. Even scuffing failure is preceded by mild wear. 

The deepest honing marks are typically about 10 microns deep and are frequently not fully removed 

during engine life, thus the contact is still running on the original surface and is still influenced by the 

remains of the original surface topography. 

Hence, to model this, we need to be able to generate and then measure a maximum of approximately 

10 microns of wear. 

Thin hard coatings are typically 2 to 4 microns thick and do not really wear, but fail through fatigue, 

hence we only really need an on-line mechanism for detecting that failure. 

The failure is confined to the coating and there is no point running on the test, once the coating has 

failed. No one is interested in the friction or wear of the substrate. It is important to ensure test run 

on the coating, not the substrate. 

Thick coatings are typically 20 to 50 microns thick and do wear. To model this, we need to be able to 

generate and then measure a maximum of approximately 50 microns of wear and this is usually 

confined to coating. 

With polymers running against metals, it is possible to generate significant amounts of wear and once 

again we potentially need to be able to measure perhaps up to 50 microns of wear. 
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How many tests do we need to perform?

Wear is a stochastic process
Images © Falex Tribology NV

 

So how many tests do we need to perform? Wear is a stochastic process. This is obvious with rolling 

contact fatigue and fretting, but also applies to sliding and sliding-rolling contacts. 

The following example, albeit a simple dry sliding contact, data courtesy of Falex Tribology NV, 

illustrates the point well. Ten samples each, of three different polymers, were run simultaneously, 

against a steel counter-face, using a crossed-cylinder geometry, on a ten station test machine. The 

resulting wear scars were measured and the results presented as box plots. 

What is of interest here is how the distributions vary significantly, depending on the total number of 

cycles run. This would suggest that, in this case, the number of tests required to achieve an acceptable 

confidence level may vary, depending on the chosen number of cycles. 
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How many tests do we need to perform?

Box Plot - Lubricated Sliding Wear Tests

• Allows rational approach to outliers

• Discarding extreme outliers improves re-calculated confidence level

• Appropriate samples size: ten?

Weibull Plot – For Rolling Contact Fatigue Tests

• Appropriate samples size: twenty to thirty?

 

With regard to the question about how many repeat wear tests we need to perform, the answer is 

that it depends. A box plot allows us to adopt a rational approach to outliers, in other words, 

measurements that appear to lie an abnormal distance from other values, in a series of repeat 

measurements. A point beyond an inner “fence” is considered a mild outlier. A point beyond an outer 

“fence” is considered an extreme outlier. It will be apparent that if a decision is made to discard 

extreme outliers, there will be a corresponding improvement in the re-calculated confidence level. 

A sensible sample size, for a box plot, which is an appropriate method to apply to lubricated sliding 

wear tests, is perhaps ten repeat tests. In practice, many experimental tribologists hope to get away 

with just three repeat tests 

For tests involving rolling contact fatigue, cycles to failure can be widely different for nominally 

identical materials, running under nominally identical test conditions. This is because the materials 

are unlikely to be homogenous and the fatigue process will be influenced by randomly located stress 

raisers, within the core of the material. Whereas it is possible to impose control on what is going on 

with the surfaces of our sliding wear test samples, we have no way of controlling the sub-surface 

conditions that influence rolling contact fatigue life. Depending on the required confidence level, a 

minimum of ten, but more usually twenty or thirty repeat tests may be required. In the case of rolling 

contact fatigue of bearings, it is normal to present results in the form of a Weibull plot. 
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How to produce boundary or mixed lubrication

• In order to generate wear we need to have low surface speeds, to ensure 
boundary or mixed lubrication

• Cannot sensibly accelerate experiments simply by increasing sliding velocity

• Wear tests are likely to take a long time!

 

How to produce a boundary or mixed lubrication regime? 

In order to generate wear we need to have low surface speeds, to ensure boundary or mixed 

lubrication. 

We cannot sensibly accelerate our experiments simply by increasing the sliding velocity, as that will 

change our position on the Stribeck curve. 

Wear tests are likely to take a long time! 
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How to produce wear and not failure

• In order to generate wear and not precipitate failure, need to limit 
frictional energy input, which requires low sliding speeds

• In order to have some control on lubricant additive action, need to 
avoid out of control frictional heating

• Cannot sensibly accelerate experiments simply by increasing load

• Wear tests are likely to take a long time!

 

How to produce wear and not failure? 

In order to generate wear and not precipitate failure, we need to limit frictional energy input, which 

requires low sliding speeds. 

In order to have some control on lubricant additive action, we need to avoid out of control frictional 

heating. 

We cannot sensibly accelerate our experiments simply by increasing the load. 

Wear tests are likely to take a long time! 
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Lubricant Additive Chemistry

• Types of Boundary Additive Film

• Physisorped - 70 to 150 C

• Chemically Reacted - 170 to 240 C

• The higher the temperature, the faster a given chemical reaction will proceed

• To produce wear and not failure, ensure contact temperature does not get 
too high

• Friction, hence energy input, often goes up with increasing temperature

 

Before considering how to model boundary lubricated contacts in a bench test, we need first to 

concentrate a bit on what the lubricant additives work. There are two basic forms of additive 

protection available to surfaces that are either temporarily or permanently in intimate contact, 

physisorped and chemically reacted. 

Changes in running conditions or test parameters, for example changing load or frequency of events, 

will usually cause a temporary change in the consistency of these protective layers or films, indicating 

some kind of limited dynamic stability. These films may be partially destroyed and reformed each 

cycle, in other words, each specimen pass may knock the top off a number of surface asperities 

creating new active metal sites. The dwell time between passes allows time for the chemistry to work, 

so that the film, chemical or physical, can reform before the next specimen pass. There is no way of 

course of telling how many asperities could be scraped off in this way, although it must be related to 

the wear. 

The rate of formation of the chemically reacted films in particular is considered to be a direct function 

of the contact temperature; we need temperature for activation and for controlling the rate of 

reaction, plus a finite time for the chemistry to take effect. 
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Contact Temperature

• Temperature reached at surface

• Strongly influenced by width of contact

• Responsible for many wear & friction effects

• Much higher than bulk temperature

 

The temperature reached at the surface of the contact (the flash temperature) is strongly influenced 

by the width of the contact and flash temperature is responsible for many wear and friction effects. 

Frictional heating within the contact, during relative motion, is generated at the asperities and the 

resulting flash temperatures can easily rise to several hundred degrees above the bulk temperature 

of the surrounding material, but last only as long as the individual asperities are in contact. 

It follows that a very small distance from the asperities, the temperature distribution is smoothed out 

to give an interfacial bulk temperature from which we can derive an average contact temperature 

distributed over the nominal contact area. This average contact temperature will always be higher 

than the bulk temperature of the material, as measured by some sensor embedded in the bulk 

material of the specimens some distance from the contacting surfaces. 
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Frictional Energy Input

Different patterns of energy dissipation

influence:

• formation of oxides

• transformation of microstructures

• formation or break-down of additive films

•melting of surfaces

• thermal stress induced failures

 

All wear processes are influenced by temperature, be they the formation of oxides on surfaces, the 

transformation of microstructure, the formation or break-down of lubricant additive or other 

tribochemical films, or thermal stress induced failure. To be more specific, wear occurs in conjunction 

with the dissipation of frictional energy in the contact and this is always accompanied by a rise in 

temperature. 

Different patterns of energy dissipation will give rise to different wear mechanisms. 
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Friction Power Intensity (Matveevsky)

QF =  P Vs / A W/mm2

Where:

: friction coefficient

P: normal load

Vs: sliding speed

A: apparent area of contact

 

The friction power intensity (Matveevsky) is simply defined as the amount of energy pumped into the 

rubbing surfaces as they pass through the contact zone.  The temperature achieved in the contact and 

in the bulk material is directly related to the FPI and the size and thermal characteristics of the 

materials and their supports. 
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Overlap Parameter ( Czichos)

ratio of sliding distance for "body" divided by 
sliding distance for "counter body“

 

The "overlap parameter" (Czichos) is the ratio of sliding distance for "body" divided by sliding distance 

for "counter body". For the thrust washer this is 1, for fretting tests it is close to 1, but for pin on disc 

tests it is variable, but is typically less than 0.05. The overlap parameter also applies to reciprocating 

tests; the longer the stroke, the less the linear wear on the plate sample for a given amount of wear 

on the moving sample. 
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Sliding Hertzian Point Contact Tests

Fundamental problems:

• There are no real life engineering applications that involve sliding hertzian 
point contacts

• Tests frequently involve bearing steel ball sliding against steel flat; there 
are few, if any, real engineering applications that involve bearing steel 
sliding in contact with other steels

“I got no correlation between my bench test and the engine test!”

 

There are fundamental problems with sliding hertzian point contact test configurations: 

 There are no real life engineering applications that involve sliding hertzian point contacts. 

 Tests frequently involve a bearing steel ball sliding against a steel flat. There are few, if any, 

real engineering applications that involve bearing steel sliding in contact with other steels. 

If our aim is to model lubricated wear and failure mechanisms in real systems, such as the contacts in 

mechanisms, gear-boxes, engines, bearings and machining and forming processes, tests involving 

sliding hertzian point contacts are not going to provide an adequate model. This is the main reason 

for the oft repeated comment: 

“I got no correlation between my bench test and the engine test” 
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Correlation Criterion

If the wear generated in the bench test looks nothing like the wear in 
the real system, the model is likely to be wrong

Example: ISO Fuel Lubricity Test

Surface topography obliterated!

 

The most important criterion for correlation between model test and actual application is that the test 

should reproduce the wear and/or failure mechanisms of the real application. 

We really need some common sense here! If the wear generated in the bench test looks nothing like 

the wear in the real system, the model is wrong. 

Does any “real” wear process look like this? If we are interested in wear in real systems, we need to 

understand something about the wear mechanisms involved in both the real system and the 

corresponding test model. 
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Correlation Criterion

2014 inter-laboratory tests as per ASTM D7421

• How do we explain the linear scratching: work hardened wear/oxide debris pulled 
through the contact? EDX confirmed oxide at Spectrum 1

• What do we have at the right hand end of the scar: adhesive wear?

• What mechanisms are contributing to the resulting friction: ploughing and 
adhesion, depending on stroke position?

• What is this test meant to be modelling and what does it mean?

 

The following test model example is taken from 2014 inter-laboratory tests as per ASTM D7421 

Standard Test Method for Determining Extreme Pressure Properties of Lubricating Oils Using High 

Frequency, Linear Oscillation Test Machine. 

What mechanisms are contributing to the resulting friction and wear response? 

What is this test meant to be modelling and what does it mean? 
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Wear Scar or Witness Mark?

Low lubricity (bad) reference fuel:

• Wear scar and stroke end witness marks merge into one wear scar, 
with much less obvious directionality

• Wear scar has the appearance of seizure or galling and would appear 
to be an example of “junction growth”, with the actual area of contact 
approaching the nominal area of contact

 

How do we tell the difference between a wear scar and a witness mark? 

To illustrate this point, consider the sorts of wear scar produced in HFRR diesel fuel lubricity test. 

With the low lubricity (bad) reference fuel, the main wear scar and the stroke end witness marks 

merge together into one larger wear scar, with much less obvious directionality. 

The wear scar with the low lubricity fluid has the appearance of seizure or galling. This would appear 

to be an example of “junction growth”, with the actual area of contact approaching the nominal area 

of contact. 
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Wear Scar or Witness Mark?

High lubricity (good) reference fuel:

• Severe adhesive wear in central ellipse

• Indeterminate “witness mark”, as one would get
on ball in a Brinell hardness test, on either side
of wear scar, in direction of motion

 

The difference between the wear scars appears primarily to be a difference of wear mechanism, that 

being, for the high lubricity fluid, severe adhesive wear, plus something indeterminate on either side 

of the wear scar, in the direction of motion, and, for the low lubricity fluid, seizure. Why bother 

measuring the scar dimensions? Why not just report whether the fluid produces seizure or not? 

The conventional method of measuring the wear scar on a ball sample is to measure the wear scar 

diameter in the direction of sliding and transverse to the direction of sliding, but how do we know, in 

a low wear situation, that what we are measuring is wear and not simply a sort of witness mark, as 

one would get on the ball in a Brinell hardness test? 

One approach is to normalize the nominal scar measurement by dividing it by the calculated initial 

Hertzian contact area.  This way we can determine if the measured wear area is larger than the initial 

Herztian contact. Although we cannot assume that a normalized wear scar area of 1 indicates no wear, 

we can assume that a value of 1 indicates a well performing lubricant compared with a lubricant that 

produces a value well in excess of 1, for the same test.   

This approach allows us to determine which lubricants perform well and which ones do not. It is a 

more rational approach to reporting results than simply relying on an absolute wear scar 

measurement. In addition to reporting a normalized wear scar measurement, there may also be some 

benefit in reporting the ellipticity of the wear scar. 
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Contact Pressure and Wear
Hertzian Point Contact Test

Comparative wear displacement,
back-calibrated from post-test scar measurement

 

It must be remembered that as wear takes place, depending on the specimen configuration, the 

contact area may change and hence the contact pressure. This is particularly the case with the sliding 

hertzian point contact. 
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Contact Pressure and Wear
Hertzian Point Contact Test

majority of wear (or plastic deformation), occurs at very beginning of test and once 
difference in wear between candidate samples established, number of cycles over which 

test is run is somewhat arbitrary

 

We have long been aware of the fact that in a sliding hertzian point contact test, the majority of wear 

(or plastic deformation), occurs at the very beginning of the test and that once the difference in wear 

between candidate samples has been established, the number of cycles over which the test is run is 

somewhat arbitrary. 
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Wear Rate
Hertzian Point Contact Test

ASTM D6079 diesel fuel lubricity test run under specified load, stroke, temperature and test time, but
at different frequencies, hence different number of cycles: 75 minutes each at 5, 10, 20, 30, 40 and 50
Hz, hence 22500, 45000, 90000, 135000, 180000 and 225000 cycles respectively. Two tests were
performed at each frequency. ASTM D6079 gives a reproducibility figure of 80 microns as 95%
confidence level

 

This example shows what happens if we run the ASTM D6079 diesel fuel lubricity test procedure under 

the specified load, stroke, temperature and test time, but at different frequencies, hence different 

number of cycles. Tests were run for 75 minutes each at 5, 10, 20, 30, 40 and 50 Hz, the latter being 

the standard test frequency. The number of cycles per test was therefore 22500, 45000, 90000, 

135000, 180000 and 225000 cycles respectively. Two repeat tests were performed at each frequency. 

It is apparent that within approximately 50000 cycles the difference in wear between the high and low 

reference fluids has been established and that not much changes after that. 

ASTM D6079 gives a reproducibility figure of 80 microns as the (approximate) 95% confidence level. 

 

 

  



Slide 29 

 

Wear Rate
Hertzian Point Contact Test

• With low lubricity sample, average measurements for 90000, 135000, 
180000 and 225000 all fall within the reproducibility limit

• Appears that acceptable result can be achieved within limits of 
standard, running tests at any frequency from 20 to 50 Hz and that 
choice of frequency and number of cycles is pretty much arbitrary

• Test demonstrates transition from severe wear process, to mild wear 
process, after as little as 10,000 cycles

 

It transpires that with the exception of a couple of outliers, tests of 90000 cycles or more, fall within 

the reproducibility limit. 

Plotting the average of each pair of measurements indicates that, perhaps not surprisingly, all the high 

lubricity measurements fall within the reproducibility limit, indicating that once the initial wear has 

taken place, further cycles result in very limited additional wear. 

With the low lubricity sample, the average measurements for 90000, 135000, 180000 and 225000 all 

fall within the reproducibility limit. 

It would appear that an acceptable result can be achieved within the limits of the standard, running 

the tests at any frequency from 20 to 50 Hz and that the choice of frequency and number of cycles is 

pretty much arbitrary. 

However, in practice what it demonstrates is a transition from a severe wear process, to a mild wear 

process, after perhaps as little as 10,000 cycles, after which, the test continues to run on what is an 

already heavily worn or deformed surface.  

This perhaps provides one of the best explanations as to why sliding hertzian point contacts are poor 

models of the typically mild wear processes associated with real engineering systems. 
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Sensitivity
Hertzian Point Contact Test

“The downward sweep of disparate sigmoidal curves for the friction 
reduction effects of different additives becomes close to one downward 
sigmoidal curve on a molar concentration basis.  There are only a finite 
number of absorption sites for additives to latch on/adhere to, applying 

Langmuir adsorption theory”. (M F Fox)

 

Sliding hertzian point contact tests are relatively insensitive to increased additive concentration, once 

a complete, coherent, additive film has been formed. Although the tests may generate a marked 

difference in wear scar size, between nominally good and nominally bad samples, the test usually lack 

the necessary sensitivity to distinguish between good candidate samples with differing concentrations 

of additives. In essence, too small an area of material is being sampled, compared with the available 

additives in the lubricant sample. Professor Malcolm Fox explains this more scientifically: 

“The downward sweep of disparate sigmoidal curves for the friction reduction effects of different 

additives becomes close to one downward sigmoidal curve on a molar concentration basis.  There are 

only a finite number of absorption sites for additives to latch on to or adhere to, applying Langmuir 

adsorption theory”. (M F Fox).  
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Summary of Limitations
Hertzian Point Contact Test

Although widely used:

• Not a model of any real engineering contact

• Tests invariably start with potential failure of surface

• Wear transition at start of test is usually from severe to mild

• Contact pressure changes significantly during test

• Requires wear scars to be measured on two orthogonal axes

• Wear scars frequently somewhat indeterminate

• Not very sensitive to lubricant additive concentration

 

Although it is a widely used test configuration, there are serious limitations with the sliding hertzian 

point contact test configuration. These can be summarised as follows: 

 It is not a model of any real engineering contact. 

 Tests invariably start with potential failure of the surface. 

 The wear transition at the start of the test is usually from severe to mild. 

 Contact pressures change significantly during the test. 

 It requires wear scars to be measured on two orthogonal axes. 

 Wear scars can frequently be somewhat indeterminate. 

 It is not very sensitive to lubricant additive concentration. 
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Sliding Hertzian Line Contact Tests

• There are real engineering contacts that involve sliding (but more commonly, sliding-rolling) 
line contacts (Cam/Finger Follower, Cam/Tappet, Die Press, Draw Bead, Gear Contact, Gear 
Pump, Ring/Liner Contact, Roller Bearing, Vane Pump

• Providing sensible running-in sequences are used, risk of precipitating failure at very start of 
test, can be minimised

• Contact pressures still change during the test, but much less and with more predictable 
pressure distribution than with hertzian point contact

• Wear on counter-face surface, depending on stroke length, hence overlap parameter, can be 
more uniformly distributed

• Although it will take longer to generate wear scar, simple geometrical scar measurement, on 
the cylinder specimen, requires just one measurement, in direction of sliding

• Wear scar edges are usually readily identifiable

• Contact geometry more sensitive to lubricant additive concentration, because larger amount 
of surface is sampled

 

So, how does a sliding hertzian line contact compare with a sliding hertzian point contact? 

 There are real engineering contacts that involve sliding (but more commonly, sliding-rolling) 

line contacts. 

 Providing sensible running-in sequences are used, the risk of precipitating failure at the very 

start of the test, can be minimised. 

 Contact pressures still change during the test, but much less and with more predictable 

pressure distribution than with a point contact. 

 Wear on the counter-face surface, depending on stroke length, hence overlap parameter, can 

be more uniformly distributed. 

 Although it will take longer to generate a wear scar, simple geometrical scar measurement, 

on the cylinder specimen, requires just one measurement, in the direction of sliding. 

 Wear scar edges are usually readily identifiable. 

 The contact geometry is more sensitive to lubricant additive concentration, because a larger 

amount of surface is being sampled. 
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Improved Sensitivity
Sliding Hertzian Line Contact Tests

With Line Contact:

• 40% reduction in wear scar width at 4 ppm

treat rate

• 52% reduction in wear scar width at 8 ppm

treat rate

Images © Southwest Research Institute

 

The following examples, comparing fuel lubricity tests run with point and line contact geometries, 

courtesy of SwRI, illustrate the improved sensitivity of the latter over the former. 
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Readily Differentiable Wear Mechanisms
Sliding Hertzian Line Contact Tests

Nitrided Steel Pin on Grey Cast Iron - Test with Temperature Ramp

 

To illustrate how much more information can be acquired from a sliding line contact test, at sensible 

overlap parameters, as opposed to a sliding hertzian point contact test, consider the following 

examples. 

These two tests, used the same specimens, running-in process, test load reciprocating frequency and 

stroke, which was 25 mm; this allows good differentiation between wear patterns at different stroke 

positions. The first test sequence involved a simple temperature ramp, the nominal aim of which was 

to precipitate scuffing failure. The second test was run at steady set-point temperature, but followed 

a stop/start sequence. 

Examination of the specimen shows accumulation of compacted fine debris at the stroke end, with 

debris filling the grinding marks. Away from the stroke end, shiny areas indicate material removal. 

Away from stroke end (25% stroke) and under higher magnification, there is a mixture of smearing of 

material into the grinding marks (on the left) and light abrasion (on the right). 
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Readily Differentiable Wear Mechanisms
Sliding Hertzian Line Contact Tests

Nitrided Steel Pin on Grey Cast Iron - Test with Temperature Ramp

Summary of Observations

• Mild abrasive wear

• Agglomeration of fine debris at the leading edge

• Adhesion of transferred material

• Like-on-like materials in contact may lead to seizure

• This is not a scuffing test

 

Turning to the moving specimen, what is observed is not a wear scar, but an agglomeration of 

transferred fine debris material, across the width of the contact. This is more consistent with fine two 

body abrasive wear than adhesive wear. Mild two-body abrasive wear, as a result of specimen material 

hardness and roughness, leads to accumulation of material on the moving specimen, as well as at 

stroke end on the plate specimen. 

Although this may eventually lead to seizure between the transferred material on the moving 

specimen and the source of the transferred material, the fixed plate, this is not an example of an 

adhesive wear mechanism. 

We can summary of Process in this experiment as: 

 Mild abrasive wear 

 Agglomeration of fine debris at the leading edge 

 Adhesion of transferred material 

 Like-on-like materials in contact may eventually lead to seizure 

In this case, despite the alleged aim of the experiment, we do have a scuffing test. 
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Readily Differentiable Wear Mechanisms
Sliding Hertzian Line Contact Tests

Nitrided Steel Pin on Grey Cast Iron - Test with Stop/Start Cycle

 

Instead of running at constant reciprocating frequency, a stop/start cycle is used, with each cycle 

resulting in a temperature excursion. 

 

During each stop phase, the temperature of the specimens is allowed to cool to a base temperature 

set-point. 

Examination of the samples shows different wear behaviour. 

 

 

  



Slide 37 

 

Readily Differentiable Wear Mechanisms
Sliding Hertzian Line Contact Tests

Nitrided Steel Pin on Grey Cast Iron - Test with Stop/Start Cycle

 

At the stroke end on the plate specimen, we observe material pull-out, with corresponding material 

transfer to the surface of the moving specimen. 
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Readily Differentiable Wear Mechanisms
Sliding Hertzian Line Contact Tests

Nitrided Steel Pin on Grey Cast Iron - Test with Stop/Start Cycle

Stroke end        Material removal        Less wear

 

Unlike with the temperature ramp test, where debris accumulates at stroke end, with the stop/start 

test, we see removal of material at stroke end (white area) and less wear as we move away from 

stroke end. The stop-start process spreads wear zones further along the contact. 
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Readily Differentiable Wear Mechanisms
Sliding Hertzian Line Contact Tests

Nitrided Steel Pin on Grey Cast Iron - Test with Stop/Start Cycle

Summary of Observations

• Minimum lubricant entrainment at start of stroke

• Surface propagated fatigue at asperities

• Adhesive pull-out

• Onset of adhesive wear – scuffing

Adhesion of pulled out and transferred particle to 

moving specimen frequently results in observable 

groove in plate specimen

 

Not surprisingly, adhesion of a pulled out and transferred particle to the moving specimen frequently 

results in an observable groove in the fixed plate specimen. 

So, for the stop/start test, the process is as follows: 

 Minimum lubricant entrainment at start of stroke 

 Surface propagated fatigue at asperities 

 Adhesive pull-out 

 The onset of adhesive wear – in other words, we have a scuffing test 
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Readily Differentiable Wear Mechanisms
Sliding Hertzian Line Contact Tests

Comparison of Results

Two test procedures produce very different wear mechanisms:

• Temperature ramp test appears to produce “false” adhesive wear process

• Stop/start test produces adhesive wear, as illustrated in many text books

 

It is apparent that the two test procedures produce very different wear mechanisms. The temperature 

ramp test appears to produce what one might term a “false” adhesive wear process. The stop/start 

test, with the temperature gradient the right way round and cyclic frictional energy input, produces 

adhesive wear, as typically illustrated in most text books. 

If we consider scuffing to be either the onset of adhesive wear, or at very least, some form of adhesive 

wear process, we should at least use tests that, on examination, actually produce adhesive wear and 

not some other mechanism. 

 

 

  



Slide 41 

 

Transient Wear in Real Systems

Images © Southwest Research Institute

 

The key justification for running stop/start type tests is that this is what happens in many real systems; 

the contact conditions move up and down the Stribeck curve, depending on the system operating 

point. Furthermore, in real systems, simply changing the operating point can trigger a short term 

change in wear rate. 

This is nicely illustrated in the engine test example from SwRI, in which radioactive tracer technology 

is used to monitor real-time wear of components. 
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Tests with Varying Contact Pressure
Sliding Hertzian Line Contact Tests

How to mitigate the stress concentration at either end of cylindrical specimen?

 

One of the key issues with a simple line contact specimen arrangement is how to mitigate the 

geometric stress concentration at either end of a cylindrical specimen, of finite width. One solution is 

to use a roller with a logarithmic end profile. Another solution is to use a plate specimen with curved 

edges and a cylinder that is wider than the plate. This then allows the possibility of using plate 

specimens with non-parallel sides, such that the contact pressure varies with stroke position, for a 

given load. 
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Tests with Varying Contact Pressure
Sliding Hertzian Line Contact Tests

 

It transpires that in terms of r.m.s. and instantaneous friction and contact resistance, with a fully 

formulated oil and these samples, there is minimal difference between the frictional response of the 

parallel and wedge specimens: the frictional response appears to be independent of contact width. 

Visual inspection of the samples indicates that, with a fully formulated lubricant, the wedge specimens 

“scuff” at the narrow end. With the parallel sample, a narrow band of adhesive wear is observed, 

covering the whole stroke length. 
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Tests with Varying Contact Pressure
Sliding Hertzian Line Contact Tests

 

With the parallel sample, both reversal positions indicate “severe adhesive wear”, characterised by 

deep holes in surface. The lighter regions outside these areas have cracks in the surface, suggesting 

“mild adhesive wear”. There is a clear distinction between the severe band and the areas subjected 

to mild adhesive wear. 
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Tests with Varying Contact Pressure
Sliding Hertzian Line Contact Tests

 

With the wedge sample, the wide end reversal position indicates “mild adhesive wear” with 

characteristic directionality. The narrow end is subjected to “severe adhesive wear” with destruction 

of the oxide or additive protective film and plastic deformation. 
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Tests with Varying Contact Pressure
Sliding Hertzian Line Contact Tests

With parallel, contact pressure is constant with stroke

With wedge, contact pressure is ramping up in one direction and down in the other

With parallel, wear same at each end.

With wedge, wear same at wide end, as parallel, but approximately double at narrow end

 

Comparison between the different wear regimes is thus as indicated above. Axial surface profilometry 

shows that with the parallel samples, wear is a maximum at stroke ends and a minimum at mid-stroke. 

With the wedge specimen, in comparison with the parallel specimen, the overall wear is much greater 

and is indeed greater at the narrower end of the wedge, as one would expect. 

To summarise: 

 Stroke ends: with parallel, wear same at each end. With wedge, wear same at wide end but 

approximately double at narrow end, where contact pressure is approximately double. 

 With parallel, contact pressure is constant with stroke. With wedge, contact pressure is 

ramping up in one direction and down in the other. Does this action prevent the establishment 

of a stable lubrication regime, hence contributing to greater wear at the mid-stroke position? 

Repeatability with curved edge plate specimens and overlapping pin samples appears to be good, 

compared with tests where the contact width is less than the plate width. This suggests that in the 

latter case, variable edge effects may have an important influence on repeatability. 

Provided that the wear mechanism is the same at either end of a wedge specimen, the friction is 

independent of nominal contact area. 

Time smoothed friction provides little information with regard to wear transitions under mild regimes. 

However, changes in instantaneous contact resistance is a good indicator of wear transitions. 

With a curved edge wedge specimen it is possible: 

 to generate different wear regimes at either end of the specimen, hence providing more 

information from a single test run 

 to produce mild and severe adhesive wear, while running under conditions of steady load and 

temperature, in other words, without resorting to the application of ramped loads or 

temperatures 
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Sliding-Rolling Contacts
Modelling Involute Gears with Two Roller Machine

Surface sliding speeds of rollers in two roller

machine test model is not same as pitch-line

velocity of actual gears to be modelled

 

Now let’s move on to sliding-rolling line contacts. I will use as an example, an attempt to model and 

involute gear with a two roller machine. 

One of the most commonly occurring misapprehensions is to assume, wrongly, that the pitch-line 

velocity of actual gears to be modelled, is the same as the surface sliding speeds of the rollers in a two 

roller machine test model. The pitch-line velocity determines the contact time for gear tooth pairs. 

However, the rolling and sliding velocities between the gear tooth pairs depend on the gear tooth 

profile plus the contact time. It is these velocities that should be modelled in any two roller 

experiment. 
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Modelling Involute Gears with Two Roller Machine

Two contacting surfaces with variable curvature, moving together with a complex combination of rolling and sliding

Away from the pitch point, load shared between overlapping pairs of teeth, resulting in complex dynamic loading

Involute gears of 20° pressure angle

 

With involute gears we have two contacting surfaces with variable curvature, moving together with a 

complex combination of rolling and sliding. An added complication is that, away from the pitch point, 

there is load sharing between overlapping pairs of teeth, adding the uncertainty of dynamic loading, 

to an already complex system. 

This example is based on involute gears, with a 20 degree pressure angle. 

 

 

  



Slide 49 

 

Modelling Involute Gears with Two Roller Machine

Shortly after engagement:

Surface of driving gear is moving with small velocity relative to point of contact

Driven gear has much higher velocity

These are defined as rolling velocities of two surfaces

Sliding velocity of driven tooth across surface of driving gear is in same direction as rolling velocities

At pitch point:

Rolling velocities are equal and there is no sliding in contact

As point of contact nears end of contact path:

Driving gear is moving faster than driven gear, relative to point of contact

Sliding velocity of driven tooth, across surface of driving tooth is in opposite direction to rolling velocities

 

Shortly after engagement, the surface of the driving gear is moving with a small velocity relative to 

the point of contact, whereas the driven gear has a much higher velocity. These are defined as the 

rolling velocities of the two surfaces. 

The sliding velocity of the driven tooth across the surface of the driving gear is in the same direction 

as the rolling velocities, and is conventionally described as a negative sliding velocity. 

At the pitch point, the rolling velocities are equal and there is no sliding in the contact. 

As the point of contact nears the end of the contact path, the driving gear is moving faster than the 

driven gear, relative to the point of contact. 

The sliding velocity of the driven tooth, across the surface of the driving tooth is in the opposite 

direction to the rolling velocities, and this is conventionally described as positive. 
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Modelling Involute Gears with Two Roller Machine

In case of driving gear, sliding is always away from pitch point. This imposes a tension in surface layers and is reason

for observed greater tendency of driving gear to pit in region of pitch point

Conditions for driven gear are mirror image of those for driving gear, with sliding always towards pitch point,

imposing compressive forces to surface layers, thus discouraging pitting

 

Note that in the case of the driving gear, sliding is always away from the pitch point. This imposes a 

tension in the surface layers and is the reason for the observed greater tendency of the driving gear 

to pit in the region of the pitch point. 

Conditions for the driven gear are the mirror image of those for the driving gear, with sliding always 

towards the pitch point, imposing compressive forces to the surface layers, thus discouraging pitting. 
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Modelling Involute Gears with Two Roller Machine
Definitions - Rolling and Sliding Velocity Ratios (Merritt)

For pure rolling (without sliding):

RVR = 1

For pure sliding:

RVR = 0

The sliding velocity ratio (SVR) is defined as follows:

SVR = (V1 – V2) / (V1 + V2)

For pure rolling (without sliding):

SVR = 0

For pure sliding:

SVR = 1

 

To take our analysis further, we need to introduce some definitions. 

With gears, the relationship between rolling and sliding velocity requires careful definition. Merritt 

defines the rolling velocity ratio (RVR) as the ratio of the smaller to the larger velocity of the two 

surfaces relative to the point of contact, taking algebraic sign into account. 

For pure rolling, without sliding, RVR = 1. 

For pure sliding, RVR = 0. 

The sliding velocity ratio, SVR, is defined as shown. 

For pure rolling, without sliding, SVR = 0. 

For pure sliding, SVR = 1. 
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Modelling Involute Gears with Two Roller Machine
Definitions – Energy Pulse

Product of FPI and contact transit time, EP takes into account length of time during which material is subjected to
energy input during its transit of contact zone, where tt is transit time in seconds

Energy Pulse: EP = μ P Vs tt / A J/mm2

EP is analogous to Archard Wear Law, however, it uses the friction force rather than applied load, which is perhaps
more logical as it takes into account the rubbing conditions (but assumes that the friction coefficient can be
measured)

Archard Wear Law:  V = k P Vs tt / A mm3

EP can be regarded as an incremental contribution to wear or surface damage in contact. Sum of EPs can be used
as a measure of total wear

Correct analysis of EP in real contact and subsequent modelling in experimental design significantly enhances
probability of achieving a satisfactory emulation

 

The Energy Pulse is the product of the Friction Power Intensity (FPI) and the contact transit time. The 

EP therefore takes into account the length of time during which the material is subjected to energy 

input during its transit of the contact zone, where tt is the transit time in seconds. 

The Energy Pulse is analogous to the Archard Wear Law, however, the Energy Pulse equation uses the 

friction force rather than the applied load. This is perhaps more logical as it takes into account the 

work done in the contact. 

Archard Wear Law:  V = k P Vs tt / A mm3 

Each Energy Pulse can be regarded as an incremental contribution to wear or surface damage in the 

contact. The sum of the Energy Pulses can be used as a measure of the total wear. 
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Modelling Involute Gears with Two Roller Machine
Definitions – Energy Pulse

EP =  P Vs tt / A Jmm-2

Where:

µ = friction coefficient

P = applied load N

Vs = relative sliding velocity ms-1

A = area of contact mm2

tt = transit time s
Generic sliding/rolling Hertzian line contact

The transit times for the contact are:

Upper body: tt = a / v2

Lower body: tt = a / v1

 

Correct analysis of the EP in the real contact and subsequent modelling in the experimental design 

significantly enhances the chances of achieving a satisfactory emulation of sliding and combined 

sliding and rolling contacts. 

It is important to note that in many machine components there can be very high FPIs but, because the 

contact durations are short, the EP is low and hence the incremental damage is low. 
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Modelling Involute Gears with Two Roller Machine
Parameter Variation along Gear Tooth

SVR, which has a negative value, is here inverted and plotted as 

positive, so as to appear above the x-axis

 

We can now examine how the SVR, the RVR and the EP vary at different positions on the gear tooth. 

The following schematics are based on two 30 tooth gears with a 20° pressure angle. Note that SVR, 

which has a negative value, is here plotted as positive, so as to appear above the x-axis. 
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Modelling Involute Gears with Two Roller Machine
Parameter Variation along Gear Tooth

As the EP is a function of load, EP for single tooth contact will not only vary with relative sliding velocity, 

but also as a result of dynamic loading and the sharing of load between successive pairs of teeth

 

As the EP is a function of load, it is clear that the EP for a single tooth contact will not only vary with 

relative sliding velocity, but also as a result of dynamic loading and the sharing of load between 

successive pairs of teeth. 
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Modelling Involute Gears with Two Roller Machine
Parameter Variation along Gear Tooth

EP is zero at the pitch point, despite load potentially being at maximum, because the SVR is zero

EP increases in direction of root and tip, as SVR increases

 

 

The EP is zero at the pitch point, despite the load potentially being at a maximum, because the SVR is 

zero. The EP increases in the direction of the root and the tip, as the SVR increases. 
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Modelling Involute Gears with Two Roller Machine
Parameter Variation along Gear Tooth

Zero EP at the pitch point provides the mechanism for generating micro-pitting

High EP at the tooth tip produces conditions conducive to scuffing

 

Zero EP at the pitch point provides the machinism for generating micro-pitting. High EP at the tooth 

tip produces conditions conducive to scuffing. 
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Modelling Involute Gears with Two Roller Machine
Difference between dynamically loaded involute gears and conventional two 
roller machine test geometry

Gear Tooth Pair Twin Rollers

Contact Geometry Curvature varying with position on tooth Fixed by disc diameters

Rolling Velocity Ratio Varying with position on tooth Fixed with steady state motor speed set-points

Sliding Velocity Ratio Varying with position on tooth Fixed with steady state motor speed set-points

Load Varying with position on tooth Fixed with steady state load set-points

Contact Pressure Varying with position on tooth Fixed with steady state load set-points

Energy Pulse Varying with position on tooth Fixed with steady state load and speed set-points

 

It will be apparent that there is a significant difference between a pair of dynamically loaded involute 

gears and a conventional two roller machine test geometry. These can be summarised in the table.  

There is, however, one parameter that, for gears, is fully deterministic, but for two roller machines is 

less certain. With gears, the points of contact between pairs of teeth plus which teeth pairs engage, 

each cycle, is determined by the design of the gears and the number of teeth on each gear. With a 

two roller machine, especially where surface speeds are independently controlled, the relationship 

between corresponding points on each roller is continuously variable. 
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Modelling Involute Gears with Two Roller Machine
Parameters affecting performance of both gear & two roller contacts

 Contact pressure

 Lubricant film thickness

 Frequency of encounter

 Friction power intensity (FPI)

 Energy pulse (EP)

Easy to define for the two roller contact, but less so for the gear tooth contact

 

Parameters affecting performance of both gear and two roller contacts are as follows: 

 Contact pressure 

 Lubricant film thickness 

 Frequency of encounter 

 Friction power intensity (FPI) 

 Energy pulse (EP) 

All these parameters are easy to define for the two roller contact, but less so for the gear tooth 

contact. However, it is clearly necessary that if we wish to model the complex operating conditions in 

a gear contact, with a simplified, steady state model, in a two roller machine, we must start by 

evaluating the conditions in the former. 
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Modelling Involute Gears with Two Roller Machine
Parameters affecting performance of both gear & two roller contacts

Contact Pressure

 Relatively straightforward to calculate at gear pitch point

 Load sharing, combined with varying tooth curvature, renders simple calculation impossible

Lubricant Film Thickness

 Can be estimated using any of established elasto-hydrodynamic film thickness equations (e.g. Dowson and Higginson). Caveat:

calculations all assume a fully flooded inlet to contact and minimal side leakage. In practice, most gears run under conditions of

starved lubrication

 Estimating the lubricant film thickness away from the pitch point clearly requires the calculation to be performed taking into

account local contact pressure and local entrainment conditions

Frequency of Encounter

 Gear tooth contacts are intermittent, in other words, a given pair of gear teeth is subjected to a brief period of engagement,

followed by longer period rotating out of contact, before once again coming into contact

 Period out of contact allows time for dissipation of frictional heat and for lubricant additive chemistry to react

FPI and EP

 FPI and EP clearly have no meaning at the pitch point and thus need to be calculated taking into account local contact pressure,

hence local load and sliding velocity

 Not easy, hence a simple bench-mark estimate is to use hertzian contact pressure and film thickness at pitch point and mean

sliding speed across contact. This should provide basic order of magnitude values for initial two roller tests

 

Because of the general complexity and uncertainty, significant assumptions are inevitable. 

Whereas the contact pressure is relatively straightforward to calculate at the gear pitch point, the 

uncertainty caused by load sharing, combined with varying tooth curvature, renders simple calculation 

of contact pressure impossible. 

The lubricant film thickness at the pitch point can readily be estimated using any of the established 

elasto-hydrodynamic film thickness calculations, for example, the Dowson and Higginson equation. 

There is, however, a significant caveat: the calculations all assume a fully flooded inlet to the contact 

and minimal side leakage. In practice, most gears run under conditions of starved lubrication and there 

is always side leakage. 

Estimating the lubricant film thickness away from the pitch point clearly requires the calculation to be 

performed taking into account local contact pressure and local entrainment conditions. Once again, 

that is not easy. 

Gear tooth contacts are intermittent, in other words, a given pair of gear teeth is subjected to a brief 

period of engagement, followed by longer period rotating out of contact, before once again coming 

into contact. The period out of contact allows time for dissipation of frictional heat and for the 

lubricant additive chemistry to react. It is well known that in gears running at very high speeds, the 

frequency of encounter can be too short to allow the chemistry to work, resulting in scuffing. 

The FPI and EP clearly have no meaning at the pitch point and thus need to be calculated taking into 

account local contact pressure, hence local load and local sliding velocity. This is, of course, by no 

means easy, hence a simple bench-mark estimate is to use the hertzian contact pressure at the pitch 

point and the mean sliding speed across the contact. This should provide basic order of magnitude 

values. 
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Modelling Involute Gears with Two Roller Machine
Practical Choices for Two Roller Experiments

Experimental Design - Roller Sizes
 Contact between involute gears at pitch point can be 

modelled as cylinders of same local contact radius as 
gears

 Using rollers of equal radius to gear radii at pitch 
point is choice made by numerous experimenters
• Rational choice, for experiments modelling 

conditions at pitch point
• Arbitrary choice, for modelling conditions away 

from pitch point
 Roller contacts are essentially scalable, so choosing 

roller diameters that provide contact radii 
somewhere within range of radii of gear teeth 
profiles acceptable

 

Now to some practical choices. It is important to state that there are no established and proven test 

configurations or test parameters for modelling gear contacts in a two roller machine, hence there is 

no proven right or wrong answer. However, experiments based on sensible estimates and rational 

choices are likely to be more meaningful than randomly chosen test parameters. 

First let’s consider the roller sizes. The contact between involute gears at the pitch point can be 

modelled as cylinders of the same local contact radius as the gears. 

Using rollers of equal radius to the gear radii at the pitch point is a choice made by numerous 

experimenters. It would seem a rational choice, if one wished to perform experiments modelling 

conditions at the pitch point. It would seem a somewhat arbitrary choice, if one were intent on 

modelling conditions away from the pitch point. In practice, however, roller contacts are essentially 

scalable, so choosing roller diameters that conveniently provide contact radii somewhere within the 

range of radii of the gear teeth profiles would seem acceptable. 
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Modelling Involute Gears with Two Roller Machine
Practical Choices for Two Roller Experiments

Machine Capacity
Calculations to determine required two roller machine capacity,

having chosen suitable sized test rollers and contact geometry:

 Speed/RPM Calculations

 Load/Contact Pressure Calculations

 Machine Torque/Power Calculations

 

To determine the required two roller machine capacity we need to perform the following calculations, 

to match the machine capacity to the gear tooth contact speeds and pressures. Having first chosen 

suitable sized test rollers, we need to perform: 

 Speed/RPM Calculations 

 Load/Contact Pressure Calculations 

 Machine Torque/Power Calculations 
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Modelling Involute Gears with Two Roller Machine
Practical Choices for Two Roller Experiments

INPUT DATA 2000 MPa

Roller 1 - Diameter 70 mm Friction 1891 N

Roller 2 - Diameter 70 mm Torque 1 66.185 Nm

Load 18.91 kN Torque 2 66.185 Nm

Traction Coefficient 0.1 Roller 1 - Power 6.93 kW

Roller 2 - Power 17.33 kW

Roller 1 - Speed 1000 rpm Surface Speed 1 3.67 m/s

Roller 2 - Speed 2500 rpm Surface Speed 2 9.16 m/s

Sliding Velocity 5.50 m/s

Friction Power 10.40 kW

Rolling Velocity 6.41 m/s

Slide-Roll Ratio 85.70 %

 

Typical machine torque and power calculations are as shown in the table, this is for 70 mm diameter 

by 10 mm wide contacts at 2000 MPa contact pressure, with moderately realistic surface speeds. 

If you perform these sorts of calculation, you will discover how easy it is to end up specifying an 

absolutely enormous, high power capacity, two roller machine. 

Having calculated the potential machine capacities, it is sensible to: 

 Review FPI to confirm that it is sensible 

 Calculate the nominal lubricant film thickness 
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Modelling Involute Gears with Two Roller Machine
Practical Choices for Two Roller Experiments

Machine Capacity

Having calculated potential capacity, it is sensible to:

• Review FPI to confirm that it is sensible
• Calculate nominal lubricant film thickness

Lubrication
• Normal practice with two roller tests is to jet test lubricant into in-running side of

the roller contacts

• To model starved lubrication, jetting lubricant against out-running side of the
contact may be worth considering

 

The normal practice with two roller tests is to jet test lubricant into the in-running side of the roller 

contacts. To model starved lubrication, jetting lubricant against the out-running side of the contact 

may be worth considering. 
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Modelling Involute Gears with Two Roller Machine
Two Roller Experiments - Test Procedures

Micro-pitting Tests

Micro-pitting tests should be run at high contact pressures equivalent to those at or near the gear pitch point, but

with low sliding velocities, hence low frictional energy input. Note that two roller tests have shown that negative

sliding is more conducive to pitting than sliding in a positive direction. Level of asperity interaction can be varied by:

• Varying the lubricant entrainment velocity

• Varying the lubricant inlet temperature, hence viscosity

 

Micro-pitting tests should be run at high contact pressures equivalent to those at or near the gear 

pitch point, but with low sliding velocities, hence low frictional energy input. Note that two roller tests 

have shown that negative sliding is more conducive to pitting than sliding in a positive direction. The 

level of asperity engagement can be varied by: 

 Varying the lubricant entrainment velocity 

 Varying the lubricant inlet temperature, hence viscosity 
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Modelling Involute Gears with Two Roller Machine
Two Roller Experiments - Test Procedures
Scuffing Tests

Scuffing tests should be run at lower contact pressures equivalent to those at or near the gear tip, but with higher sliding velocities,

hence high frictional energy input. Typical sliding speeds are between 5 and 20 ms-1

As scuffing is a wear transition (onset of adhesive wear), tests sensibly involve increasing severity of conditions within contact, with

aim of precipitating transition, but preferably not causing catastrophic failure

Mechanisms for precipitating scuffing in a two roller machine:

Progressively increasing the load:

• As EHD film thickness is only weakly dependent on load, the main effect of increasing load is thus to increase frictional

energy input, hence contact temperature

Progressively reducing the lubricant film thickness:

• There are two methods for achieving this: Firstly, by increasing lubricant inlet temperature, hence reducing lubricant

viscosity. Secondly, by reducing lubricant entrainment velocity

Progressively increasing the frictional energy input:

• This is best achieved by increasing sliding velocity in contact, while limiting entrainment velocity

 

Scuffing tests should be run at lower contact pressures equivalent to those at or near the gear tip, but 

with higher sliding velocities, hence high frictional energy input. Typical sliding speeds are between 5 

and 20 ms-1. 

As scuffing is a wear transition (the onset of adhesive wear), tests sensibly involve increasing the 

severity of conditions within the contact, with the aim of precipitating the transition, but preferably 

not causing catastrophic failure. 

There are various mechanisms for precipitating scuffing in a two roller machine: 

Firstly, what about progressively increasing the load: 

As EHD film thickness is only weakly dependent on load, the main effect of increasing load is 

thus to increase the frictional energy input, hence contact temperature. 

We can progressively reduce the lubricant film thickness: 

There are two methods for achieving this. Firstly, by increasing the lubricant inlet 

temperature, hence reducing the lubricant viscosity. Secondly, by reducing the lubricant 

entrainment velocity. 

Finally, we can progressively increase the frictional energy input: 

This is best achieved by increasing the sliding velocity in the contact, while limiting the 

entrainment velocity. 
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Modelling Involute Gears with Two Roller Machine
Two Roller Experiments - Test Procedures

Running-in

The need for satisfactory running-in of gears is well understood. There is a similar

requirement to run-in test rollers. This is best performed at modest loads and low

sliding velocities.

Running-in performs two functions, firstly, generating plastic shakedown, which is the

process of initial plastic deformation of the sub-surface, and secondly, flattening the

peaks of the surface asperities. Shakedown imparts residual stresses to the sub-surface

material, after which the contact should be elastic. This is analogous to a controlled

work hardening process. The tips of surface asperities are flattened by a combination of

plastic deformation and mild wear. Increasing the sliding velocity during running-in

alters the shakedown behaviour and increases the risk of scuffing at the asperity tips

 

The need for satisfactory running-in of gears is well understood. There is a similar requirement to run-

in test rollers. This is best performed at modest loads and low sliding velocities. Running-in performs 

two functions, firstly, generating plastic shakedown, which is the process of initial plastic deformation 

of the sub-surface, and secondly, flattening the peaks of the surface asperities. Shakedown imparts 

residual stresses to the sub-surface material, after which the contact should be elastic. This is 

analogous to a controlled work hardening process. The tips of surface asperities are flattened by a 

combination of plastic deformation and mild wear. Increasing the sliding velocity during running-in 

alters the shakedown behaviour and increases the risk of scuffing at the asperity tips. 
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Modelling Involute Gears
Sliding/Rolling Reciprocating Adapter

 

An alternative to the steady state slide-roll ratio behaviour achievable with a two roller machine, a 

variable slide-roll ratio contact can be generated by imposing a degree of rotation on a test roller, as 

it is reciprocated against a flat plate. 

In this device, a crowned or flat roller is reciprocated, with a linkage connected to the side of the roller 

opposite the tribo-contact. As the roller is reciprocated, the RVR changes with stroke position, with 

RVR = 1 (pure rolling) at mid-stroke, and RVR <1 (rolling and sliding) away from the mid-stroke position. 

Hence, the point of contact moves on both the surface of the roller and the surface of the plate, with 

a motion similar to a pair of gear teeth rolling backwards and forwards, on either side of the pitch 

point. 

By changing the linkage position, RVR range can be changed. 

The device has not been extensively used for micro-pitting tests, but has been successfully used as a 

scuffing screening test, for gear oils. In this case, scuffing is precipitated in a controlled way, not by 

increasing the frictional energy input, but by increasing the contact temperature by electrically heating 

the plate specimen. 
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Modelling Cam-Follower Contacts
Nose Radius: 5 mm
Nose Load: 540 N
Contact Width: 10 mm
Lift: 9 mm
E*: 115 x 109 Pa
Speed: 1500 rpm
Calculate Peak Hertz Pressure:

P0 – Nose = 0.63 GPa
Lubricant Film Thickness:
Assuming:

η0 = 0.01 Pa s
= 2 x 10-8 Pa-1

hNose = 0.186 µm

Calculate Lambda value assuming:
Ra = 0.3 µm
λNose = 0.62 Boundary Regime

For complete calculations for this example see:

Lubricated Friction

Sliding and Sliding/Rolling Contacts

George Plint

 

Another important sliding-rolling contact is that between a cam and a follower. 

I have covered the simplified analysis of a cam-follower contact in another lecture on lubricated 

friction measurement. The key wear issue with cams and followers is the contact at the cam nose, 

where a combination of poor entrainment conditions and high peak loads can give rise to scuffing, in 

other words, the onset of adhesive wear. Under these conditions, additive protection is essential. 

In this example, we have a quite complicated “wedge on sphere” geometry, designed to promote 

rotation on the bucket follower, thus producing a circular wear track. For our bench mark calculations, 

we use a simplified geometry, comprising a “cylinder on flat” with a 10 mm wide contact width. 

Only by doing the appropriate analysis can we establish the lubrication regime under which our 

component is running, hence determine test conditions, in an appropriate model system, in which to 

generate relevant and meaningful wear or failure data. 
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Lubricated Area Contact Tests

With simple area contacts:

• lubricant entrainment conditions poorly defined

• in absence of some form of converging geometry, impossible to generate hydrodynamic separation

In real applications, components usually designed to enable lubricant entrainment, leading to reliance on

component based tests, for example:

• wet clutches, their materials and associated ATFs

• face seals

• lubricated journal bearing

• plain thrust bearings

Tribological response depends not just on lubricant and material properties, but on component design

 

Now let’s move on to lubricated area contacts. 

With simple area contacts, lubricant entrainment conditions are poorly defined. Furthermore, in the 

absence of some form of converging geometry, it is impossible to generate hydrodynamic separation 

of the surfaces. It follows, that, in real applications, components usually have to be designed to enable 

lubricant entrainment.  
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Lubricated Area Contact Tests

 

This frequently leads to a reliance on component based tests, particularly in the case for wet clutches, 

their materials and associated ATFs, face seals and lubricated journal and plain thrust bearings. In 

these cases, the tribological response depends not just on lubricant and material properties, but 

importantly, on the design of the components. 
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Lubricated Area Contact Tests

In many lubricated area contacts, nature of application is so specific and contact conditions so complicated, that

simple tribometer tests are of little practical use

In order to achieve correlation between wear or failure in laboratory model and that in real system, it is necessary for

model to be very much application specific and in many cases to use components from real system

Die Press Draw Bead Hip Joint Knee Joint

Other examples:

Drill String, Gudgeon Pin, Linear Seal, Lip Seal, Machine Tool Slide-way, Piston Rod Gland Packing, Rolling Mill, Tool Face

 

In many other lubricated area contacts, the nature of the application is so specific and the contact 

conditions so complicated, that simple tribometer tests are of little practical use. In order to achieve 

correlation between wear or failure in a laboratory model and that in the real system, it is usually 

necessary for the model to be very much application specific and in many cases to use components 

from the real system. 

The examples shown here are perhaps all too specific to be included in a general talk on lubricated 

wear testing and perhaps need to be covered elsewhere, as topics in their own right. 
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Conclusions

To perform sensible lubricated wear tests, we must choose systems and procedures that allow tests:

 to be performed under mixed or boundary lubrication

 that model the required wear and failure mechanism of the real system

 that generate wear and not simply precipitate failure

 that do not precipitate unwanted wear transitions

 that are at sensible contact pressures with contact temperatures, whether self-generated or

externally applied, appropriate for additive chemistry

 that limit or control the frictional energy input

 that have cyclic energy input (stop/start) if necessary

 that do not attempt to accelerate the wear simply by increasing:

o the sliding velocity

o the load

 

In order to perform sensible lubricated wear tests, we must choose systems and procedures that allow 

tests: 

 to be performed under mixed or boundary lubrication 

 that model the required wear or failure mechanism of the real system 

 that generate wear and do not simply precipitate failure 

 that do not precipitate unwanted wear transitions 

 that are at sensible contact pressures with contact temperatures, whether self-generated or 

externally applied, appropriate for the additive chemistry 

 that limit or control the frictional energy input 

 that have cyclic energy input (including stop/start) if necessary 

 that do not attempt to accelerate the wear simply by increasing: 

o the sliding velocity 

o the load 
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Conclusions

Sliding Hertzian Point Contact Tests
 Essentially pass/fail test, suitable for quality control applications
 Repeatability depends on having highly finished sample surfaces in order to maximise the number of asperities supporting the applied 

load at test start
 Nearly impossible to avoid plastic flow at the start of a test, either on or below surface, and obliteration of surfaces
 Because of small contact scale, number of available active metal sites is very limited, making tests rather insensitive to additive 

concentration
 Rate and range of fall in contact pressure at the beginning of the test produces an almost “digital” response
 Most standard tests use material pairs that are unrepresentative of material pairs in real sliding application contacts
 Do not model anything in the real world
 Wasting time trying to:

• Improve sensitivity
• Achieve correlation with real applications

Sliding Hertzian Line Contact Tests
 With care, a potential model for certain real systems

Sliding/Rolling Hertzian Line Contact Tests
 A comprehensive model of certain real systems

Lubricated Area Contacts
 Frequently involve actual application components
 To achieve correlation, require careful duplication of the application contact conditions

 

On the subject of sliding hertzian point contact tests: 

 Essentially pass/fail test, suitable for quality control applications 

 Repeatability depends on having highly finished sample surfaces in order to maximise the 

number of asperities supporting the applied load at test start 

 Nearly impossible to avoid plastic flow at the start of a test, either on or below the surface, 

and obliteration of the surfaces 

 Because of small contact scale, number of available active metal sites is very limited, making 

tests rather insensitive to additive concentration 

 Rate and range of fall in contact pressure at the beginning of the test produces an almost 

“digital” response 

 Most standard tests use material pairs that are unrepresentative of material pairs in real 

sliding application contacts 

 Do not model anything in the real world 

 Wasting time trying to: 

o Improve sensitivity 

o Achieve correlation with real applications 

Sliding hertzian line contact tests: 

 With care, a potential model for certain real systems 

Sliding/Rolling hertzian point contact tests: 



 A comprehensive model of certain real systems 

Lubricated Area Contacts: 

 Frequently involve actual application components 

 To achieve correlation, require careful duplication of the application contact conditions 
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Conclusion

If you are going to run a wear test, you 

should at least know what wear 

mechanism you are modelling and what 

wear mechanism or mechanisms you are 

producing in your test

 

So, why is it so important to get these things right? You are probably familiar with the classification of 

different test systems given in DIN 50320, showing potential steps between laboratory test and real 

application, and vice versa. We can usually manage to characterise frictional response relatively 

quickly, but it usually takes a long time to generate wear or failure, in real systems, hence sensible 

wear tests are likely to take a long time! 
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Footnote

 

It follows that if we can miss out any of the steps between real system and simple laboratory test, the 

potential for saving both time and money is enormous. As tribologists, we all dream of achieving 

convincing correlation between a simple bench test and the real-life application, if possible, missing 

out all the steps in the middle! 

 


