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ABSTRACT

Failure due to pitting fatigue has been investigated under controlled
laboratory conditions. The investigations used both a realistic labora-
tory test rig using face width gears and the geometrically simpler sim-
ulation of gears using a disc machine. The results obtained substantia-
ted earlier work of Way and Dawson. The initiation and propagation
mechanisms are generally considered to hold true. However, the gear tests
showed that failure could occur much more readily than with discs and there-
fore the “plication of disc tests to gears must be viewed with caution.
The results suggest a fundamental difference between the pitting behaviour
of gears and discs.

The second part of the thesis is of a more theoretical nature. A
theory of surface contact was developed along the lines of that by Green-
wood and Williamson using a surface model developed by Whitehouse and
Archard. These results show that a distribution of asperity curvatures
increases the probability of plastic deformation. The plasticity index
has been redefined in terms of a convenient two parameter definition of
surface topography. The theory has been “plied to results obtained from
a typical ground surface of hardened steel; when the anisotropy, which is
part of such surfaces, is taken into account it is shown that only a small
proportion of the contacting asperities are plastically deformed. The
limitation of this form of model is discussed and a second approach is put
forward using digital techniques. Theory has been developed to enable the
contact of surface profiles to be simulated in a computer and the inter-
ference areas so formed have been related to the real Hertzian deformed
areas of two rough surfaces. The approach is equally applicable to run-
in surfaces which are not represented by existing models.

The implications of this woit for future research are discussed; the
need for a fuller understanding of partial and micro elastohydrodynamic

lubrication by theory and experiment is stressed.
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u :2('0.1 + uz) line contact
u1 ’ u2 Surface velocities of boudies 1 and 2

w

w s = line contact

E R
w Load per unit length of face width
o} Pressure exponent of viscoszsity ( n= no exp(ap) )
] Viscosity
n Controlling viscosity

e}

V,, ¥ Poisson's ratios of materials of bodies 1 and 2.



Additional notation used in Chapter L with specific values where
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Radius of curvature of asperity

Tetal load

Load borme by one asperity

Normalized co-ordinate (height/o)

Correlation distance (2.3 (3* = 15um)
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Poisson's ratio (0.3)
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<ng> <§> 3 Plasticity index (G & W)
B
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Plasticity index (W & A)

-

Compliance corresponding to onset of plastic flow

Additional notation used in Chapter 5.

E(k’)

£(4/8)
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One half the minor principle curvature of an asperity

Total true area of contact

Radius or major semi-axis of Hertzian contact

One naalf the major principle curvature of an asperity

Minor semi~axis of ellipse of Hertzian contact

Half width of Hertzian contact zone (line contact)

Complete elliptic integral of the second kind

Function of 4/B

Hardness

Complete elliptic integral of the first kind.

Axial ratio of ellipse of Hertzian contact (k < 1)
(1-)

Half length of line contact for discs

Length of one Talysurf profile

Number of pairs of Talysurf profiles

Number of profile traces per unit length

Mean Hertzian pressure

Local relative radius of curvature for two contacting
asperities.

Ioad supported by two contacting asperities

Load per unit length at right angles to profiles

Load borne by plastic contact

viii



. total

Total load borne by asperities

Half width of interference contact (perpendicular to profile
for elliptic contacts)

Mean value of summation of o

kadius or semi-major axis of ellipse of interference area
Half widih of elliptic interference contact along the
line of the profile.

Semi-minor axis of ellipse of interference

Standard deviation of height distribution

Depth of interference

Mean value of @ for an individual contact

Compliance or maximum depth of interference

Interference depths which would result in plastic deforamation.

Symbols used only once are defined at the appropriate point of the text.



CHAPTER 1

1.1. General Introduction

In recent years one of the most striking developments in Tribology
has been the emergence of the subject of elastohydrodynamic lubrication
(e+h.1l). 1In broad terms this area of Tribology has now reached the
point where theory and experiment combine to provide a generally accepted
body of knowledge which covers most of the range of conditions experienced
in practice. However this knowledge has been concerned mainly with the
lubrication of perfectly smooth surfaces, or of surfaces which, for all
practical purposes, approach this ideal.

Unfortunately, the surfaces used in engineering practice are not
smooth and one might assume that most failures of elastohydrodynamic
lubrication arise from this fact. In his pioneer studies of pitting
failure Dawson (1961) (1962) (1963) lent considerable support to this con-
cept. He showed that the number of cycles to pitting failure was a
function of the non-dimensional parameter

combined surface roughness (1 1)
lubricant film thickness )

Of course, this work does not provide the full answers which are required;
indeed, in his last paper, Dawson (1968) collected a great deal of micro-
scopical and other related evidence as a contribution to a more detailed
and complete account of the mechanism of pitting. Moreoever it should
be remembered that Dawson's experiments were performed with a disc machine
and there have been many comments in the literature which argue that the
relationships between disc tests and gear behaviour are inadequate for a
quantitative comparison.

There remains one other aspect of this work which requires explor-

ation. The subject of surface topography, its examination and its



specification have shown marked developuments in recent years. A signifi-
cant part in these changes has been played by the development of digital
techniques in surface topography-. The cutput of profilometers can be
presented in digital form and much information of interest can be provided
by the subsequent analysis of this data by computer methods. The power
of these techniques in tribological research has yet to be fully explored
and relatively little use has been made of these methods in the study of
lubricated systems. Clearly, these developments are relevant to our
subject.

The work described in this thesis was planned against the broad
background which has been outlined above. It was proposed to carry out
most of the work in the Industrial Lubricants Division of Shell Research
Ltd. at Thornton Research Centre. The original concept was that the
project would coumence with a study of pitting in gears using a large gear
test rige From the results of these tests and their comparison with disc
machine results it was hoped that the work would develop according to its
own logic.

In practice, for reasons outside the control of the author or his
sponsors, the project has not taken this planned form. The test gears
did not become available until two years after the commencement of the
work. Therefore much of the work described below has been based upon a
broad assessment of the literature rather than upon the closely knit devel-
opment which had been planned. Whatever the faults of the author, some
lack of coherence of this thesis must therefore be attributed to this
background within which the work was performed.

Chapter 2 includes a general literature survey and a limited amount
of work carried out on a disc machine, the results of which were intended
to form a basis for comparison with those obtained from gears. The tests
involved were carried out in order to substantiate the results published

by Dawson, which were obtained with a different combination of materials



and the results could then be used in conjunction with those of Chapter
3 to enable comparison of disc and gear results. Chapter 3 describes the
gear tests performed on a 5" centres test rig and provides a comprehen-
sive set of results incorporating variations in surface finish, speed of
rotation, and two oils of differing viscosity. The broad conclusion of
this work is that Dawson's findings., based on disc experiments, are for
the points investigated applicable to gears. The work suggests that -
the physical arguments of pitting failure are similar for both cases but
that results obtained from discs can grossly overestimate the lives of
gears. The work implies some fundamental difference between the two
forms ¢f testing and the conclusions suggest that the differences quite
possilly stem from the differing kinematics of the two systems. When
taken in conjunction with recently published information on in-service
behaviour this work fills a gap in a broad spectrum of knowledge which
successfully links engineering science with engineering practice and
design.

As discussed above the next requirement is for more detailed know=-
ledge. Chapter 4 therefore develops some recent work of Whitehouse and
Archard (1970) on surface topography into a theory of surface contact.
Such theories take the separation of the surfaces as the independent
variable and the load, area, number of contacts and the electrical con-
ductance as the dependent variables. Therefore this theory is applicable
to both dry and lubricated contact.

The theory of Chapter 4 is markedly idealized. It is based upon
the topography of freshly ground surfaces. Methods or theories of
wider applicability are clearly desirable and, in particular, it would
be of value to be able to deal with run-in surfaces. Chapter 5 there-
fore proposes a scheme based upon the direct use of profiles of surfaces,

in digital form, and their use in the analysis of surface contact by



computer methods.  Although this technique has not been fully developed
it is described here as a suggestion for tuture developments.
Finally Chapter 6 surveys the work described in the thesis against

its background, and indicates some areas where further work is required.



CHAPTER 2

EX PERTMENTAL INVESTIGATION OF PITTING FAILURE

USING SPECIMENS OF SIMPLE FORM

214 BaCkgmmd

For the introduction of this chapter it is appropriate to digress
for the moment to the general fielld of pitting phenomena. Much work has
been carried out on this subject and reliable theories are still very
elusive. It is generally accepted that pitting is a fatigue process;
therefere the greatest concern is the amount of data required for analysis,
at present muck of the data already accessible may only be applicable to
the specific conditions under which the tests were run.

There are generally two fields of investigation

a} That of roliling element bearing failure using hard materials,
and
b) Gearing failure using relatively softer materials.

Investigations at the present can be broken into three sub-groups -

(i) Metallurgical - including heat treatment, material combination
and grain structure.

(ii) Stress analysis - by running conditions or form of geometry.

(iii) Lubrication - involving film thickness, viscosity pressure
coefficients and chemical action.

In group (i) Chesters (1958) using a disc machine has studied the
failure of various material combinations. The driving disc was manu-
factured from various test materials and run against a case hardened
steel disc. His results provided a family of S-N fatigue curves each
requiring an increased number of stress cycles as the tensile strength of
the test materials increased. In this set of results it was suggested

that pitting first occurred when the maximum Hertzian surface pressure



was approximately equal to the tensile strength of the test material.
Chesters (1963) amended this by concluding that the onset of pitting was
likely to occur in the range 0.67 to 1.2 times the tensile strength
depending on the material combination. This work also showed that
plastic flow and strain ageing of the surface layers occurred due to the
loading required to obtain pitting. Finally, throughout the combinations
of materials used in these experiments, the type of heat treatment Lad a
marked effect on the life of the specimerns. Scott and Blackwell (1966)
also carried out tests on material combination but in this case they used
a rolling four ball lubricent tester and their results are therefore more
applicable to bearings. A further result from their paper which would
seem promising was the work carried out on the hardness of materials,
where they found that for an En 31 ball combination there was an optimum
hardness range to give a maximum fatigue life. From this the authors
suggest that to reduce stress and plastic flow the largest possible con-
tact area so obtained should be linked with the permissible amount of
work hardening so as to avoid the increase in pitting which would occur.
They conclude that the maximum fatigue life is obtained when the upper
and lower balls are of similar hardness (i.e. race and balls in the
practical case), or the rolling balls 10% harder and all should be in an
optimum hardness range; this they point out is in agreement with the
work of Zaretsky etal {twbo refs.1965). Another metallurgical aspect
again applicable to bearings was fibre orientation. Scott (1963) has
shown that this has a marked influence on the pitting fatigue life of
balls, the results were not conclusiverwing to the large amount of
scatter obtained (see his Table 10.5, p.107) but broadly speaking it was
shown that pitting was more likely to occur on or around the area of

end grain. This view is also held by Bamberger (1969) and a diagram of
fajlure density for fibre orientation is presented in his Fig.7 p.422.

This problem of fibre orientation is also shown to be important in
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bearing races, with flow parallel to the race being beneficial. While
the materials are not those used in gearing the results are nevertheless
relevant. With increased cold and hot rolling of gears, Ridgway (1970)
shows that the amount of grain flow in the root of a rolled gear is
considerable and that by such a production process the fatigue strength
of the gears is increased.

Although comparisons have been made between gears and bearings
there is obvious evidence that co..siderable differences do occur between
the two types of testing. Tallian (1967/68) provides a comprehensive
analysis of rolling contact failure in bearings, and includes details of
the differences in the typss of failure. There is also emphasis placed
on the differences in the failure of balls compared with gears when the
plastic ranges of the two are very different. The shakedown criterion
of Merwin and Johnson (1963) for soft materials allows large cumulative
plastic flow parallel tc the rolling direction, this flow is apparently
not observed in high hardness materials. Generally the characteristic
shape of the pits found on gears and discs does not occur on balls where
the pits may have a crater form, sharp edged and more or less flat
bottomed. Because of the differences in ball and roller bearing results
much of the published literature concerned with this situation has been
left out of this discussion and only results which are relevant to both
soft and nard materials are referred to.

The second group of investigations, on stress, has mainly been
studied in a theoretical nature. Dowson, Higginson and Whitaker (1963)
have analysed hydrodynamic lubrication in nominal rolling line contact.
They used pressure distributions to calculate the stress distribution
in the solid elements and stress contours were produced for varying values
of U. An analysis of plastic deformation for an idealized elastic/
plastic material has been carried out by Merwin and Johnson (1963) which

predicts qualitatively the build up of residual stresses. They show



that the plastic flow is initiated at the position of the maximum uni-
directional shear stress Thax" The flow is initially at 450 to the
surface and then due to residual stresses the flow either stops or con-
tinues until bulk plastic deformation occurs. The authors propose a
fallure criterion called the shake-down limit which relates the maximum
Hertzian pressure Vo to the yield strength of the material k. The theory
also predicts the cumulative displacement in the forward direction or
motion. Johnson and Jefferies (1s63) atiempt to correlate life tests of
a material in rolling contact with either a calculated or measured value
(Hamilton (1963)) cf forward flow § and the layer thickness h. A final
paper by Johnson (1963) presents some correlation of theory with experi-
mental results from several sources of rolling contact fatigue. In the
analysis he introduces the shake-down criterion (incorporating the
influence of a lubricant film) for comparison of stress values at failure
and found that many of the endurance limits were close to a value of 2
for po/k, ﬁhich is much lower than the shake~down value of 4. His con-
clusion was that asperity interaction through the lubricant film, which
will be discussed more fully later, could well be the prime cause of this
discrepancy.

The third sub-group, the topics with which this thesis is mainly
concerned, accounts for the influence of lubrication upon the fatigue
failure in rolling contact. Of the literature available two authors
Way and Dawson have carried out by far the most comprehensive and inde-
pendent investigations of pitting failure with the softer form of
materialse.

As far back as 1935 Way investigated the influence of lubrication
on pitting failure and found that pitting did not occur when there was
no lubricant present, instead an oxide layer appeared on the disc tracks
which tended to flake off as rolling continued. Tests run dry which

then had lubricant applied failed earlier than those which ran initially



with a lubricant, these tests have also been verified by Dawson (1961).
Way reversed the procedure and found that once cracks had appeared with
a lubricant they would not progress further if the lubricant was removed.
A further suggestion put forward by Way was concerned with the influence
of the oil viscosity. It was found that with a very thick oil the
pitting phenomenon was prevented, application of theory suggested that
there was still a large amount of metallic contact through the oil film;
unfortunately he did not have e.h.2. theory to call upon and subsequently
Dawson (1962) verified this approach by postulating the D ratio which is
defined in equation 2.1.1 below. Way did show experimentally that the
film thickness had an effect on the pitting life and also that a rougher
disc failed earlier than its smoother partner; Dawson (1962) gave more
positive proof of Way's results. 1In one set of experiments using pairs
of discs of equal hardness the load and film thickness were kept constant
and the surface roughress varied. A straight line was obtained on a
log-log plot of cycles to failure against sum of peak to valley average
(P.V.A) surface roughness. A second set of experiments maintaining the
surface roughness constant and varying the film thickness gave a very
similar result. The combined presentation produced a single straight
line and from this the now common D ratio was defined as

Total initial surface roughness of the two discs

D = (2.1.1)
oil film thickness

Way, Dawson and many other authors have remarked on the characteristic
shape that pits have in disc and roller tests and again Way (1937) put
forward his proposals for this occurrences He described the craters as
fan shaped and showed that they, or the initial cracks, were normally
inclined to the surface at apprpximately 15-25°; he suggested that they
were initiated in sub-surface regions at a depth of about 0.001 ins.

This was necessarily a tentative argument but he attempted his justification

by observing small sub-surface cracks and equated the depths of these to
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a) Propagation

b) Non propagating

FIG. 2.1.1a,b Method of crack p_r_0pggation
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values of the depth of maximum shearing stress calculated from a proposed
surface model. Dawson (1968) corroborates these statements by showing
further photo-micrographs of cracksrunning parallel to the surface and
at a depth of 100u" or less. Again Dawson‘éupplies supporting theory
tc suggest that these cracks could quite possibly be initiated by the
stress associated with the surface asperities. Having proposed the
method of crack initiation Way put forward the method of crack propagation
and once again there is strong suppcrting experimental evidence from many
authors indicating that he had the correct hypothesis.

Consider Fige 2¢1.1a in which two discs are rolling together, it
is assumed that oil is already in the crack.e As the crack approaches
the contact area the opening would be closed thus trapping the entrained
oile As the crack progresses through the contact so the oil is forced
down with increasing pressure and propagates the crack further into the
metale In Fige 2.1.1b the condition is not fulfilled, the mouth of the
crack does not enter the contact first, and so the o0il would be forced
out; therefore orientation of cracks is also an important factor in the
propagation process. Dawson (1961) gave evidence for this effect when
he showed that with positive slide/sweep ratio pitting did not occur
Fig. 2.1.2. Purther evidence for this is obtained from gears where
almost all pitting occurs below the pitch line in the negative slide/
sweep region and only very occasionally do pits occur inthe addendum or
positive slide/sweep region. Chesters (1963) found that when the test
material was the driven disc fewer stress cycles were required to initiate
pitting than when it was the driver, this again is consistent with Fige.
2.1.2. Both Way (1940) and Dawson (1961) performed elegant tests to
substantiate the propagation mechanisme They ran pairs of discs until
arrow head cracks appeared, holes 0.02" diameter were then drilled to the
tip of each crack. The cracks ceased to propagate due to the oil

escape route now available, which provided ample proof of Way's mechanism.
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In a second test Dawson (1961) produced cracks and then reversed the
direction of rotation of the discs, again the cracks ceased to propagate
due to the oil being forced out; on reverting to the original conditions
the cracks again began to grow. PFurther work by Dawson (1963) produced
S-N curves similar to those of Chesters (1958) and Martin and Cameron
(1961).  The latter authors found that by varying the viscosity of the
lubricant they could produce a family of curves such that the greator
the viscosity of the lubricant th: higher the endurance stress of the
specimens. Dawson (1963) reproduced this effect in his results, but
also varied the D ratio not only by viscosity but also by varying sur-
face finish., He used two values of D ratio and found that the life to
pitting was very much greatcer for the lower D value. Further work by
Dawson (1965) was carried out on the effect of the relative radius of
curvature. He obtained results for relative radii of curvature of

1.2 and 10 inches and found that the greater value gave an increased
fatigue life, along with this work he also carried out tests to determine
the effect of forms of surface generation. He attempted to produce
discs of similar finish tc gears, but the results were not very compre-
lensive as only three successful tests were performed and the conclusions
formed favoured a decreased pitting strength. Dawson put forward
possible explanations of the results. To investigate the effect of
machining stresses .or asperity orientation he performed two tests, one
with the machining marks in the circumferential direction and the other
in the axial direction; both finishes were achieved with the use of
emery - paper, thus the residual stresses should have been the same. The
two tests gave similar results which Jed Dawson to suggest that the
machining process was the prime cause, the question still remains to be
answered as very few results were obtained. Theory (Johnson, Greenwood
and Poon (1972) and Christensen and Tonder (1971)) suggests that for

small values of D the pitting life would in fact be increased for axially
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finished discs as the oil film thickness would tend to be greater. To
substantiate these results P.M.Ku (1972) recently provides some evidence
for this being the casee. His results show a drop of the order of 25%
for coefficient of friction when using axially ground discs, which is
consistent with the above mentioned theories. Larger values of D pose

a more difficult problem as there is no theory available to predict a
reXiable value of film thickness when the surface roughness is comparable
with, or larger than, the film thickness calculated from conventional
e.h.1 theory (which assumes perfectly smooth surfaces). Other work on
the direction of machining marks has been carried out by Shotter (1958)
who mewsured the frictional torgue and electrical resistance between the
discs. His conclusions were that polished surfaces gave lower coeffi-
cients of friction than rougher surfaces even after they had run in to an
equivalent value. This problem is relevant to Chapter 5 where a method
of analysis for run-in surfaces is presented. The problem may stem from
defining a surface by one parameter Ra whilst proposals are now being made
(Spragg and Whitehouse (1970/71)) for a two parameter model which takes
into account the wavelength of the surface structure which, for a run-in
surface must have increased due to the severe modification of the upper
peaks of the asperities.

The final topic to be discussed is the lubricant and its related
properties. Martin and Cameron (1961) produced S-N curves for diflferent
oils and plotted endurance stress against viscosity. They stated that
for oils having a viscosity greater than 20 centi-stokes the endurance
stress varied as the fourth root of the viscosity. Their S-N curves
emphasised the point made earlier that the results obtained must apply to
specific conditions on the curves so produced, otherwise conclusions
become meaningless. The second conclusion they arrived at was that the
time for pitting to occur was not necessarily solely a function of the

viscosity but dependent on some other factor in the oil such as the



13

surface activity. This effect has been investigated by Galvin and
Naylor (1965); they used a Wohler rotating cantilever rig to perform
fatigue tests, having different oils and additives as the surrounding
medium. They used Medicinal White 0il as a standard and found that for
the remaining oils tested two groups emergedes Group 1 consisted of oils
that reduced the life or' specimens working above the fatigue limit but had
no effect on the lower fatigue limit itself. Group 2 oils reduced the
level of the fatigue limit itself, as well as the fatigue life above the
limit. The authors admit that the conditions in a bending fatigue test
are different from those that exist in rolling contact but nevertheless
they have put forward convincing evidence that chemical effects of various
fluids can drastically reduce the fatigue limit of reactive metals.

The last factor to be considered in this group is the possibility

of predicting the oil film thickness. The results quoted later will use

the equation derived by Dowson and Higginson (1961).

= 1.6 606 g0r7 y013 (2.1.2)

where H, W, U and G are dimensionless variables defined in the tatle of
symbols.

Dawson and other workers have shown the validity of the D ratio
and likewise in all cases have used the Dowson and Higginson formula or
some equivalent. These results must be viwzed with some reservation at
large D values where the formulae are not, by the nature of their deri-
vation, directly epplicable.

This introduction has shown that pitting experiments must be carried
out under clearly defined operating conditions as so many variables can
influence the results. The survey has also shown that almost all pitting
experiments with the softer gear materials have been performed with disc
machines. An important part of this thesis is concerned with pitting

tests on gears and these tests are discussed in the next chapter. As a
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preliminary to this work with gears this chapter describes a more limited
range of tests with discs of the same material combination which is used
in the gear tests.
The purpose of these disc tests are as follows
(a) To provide a direct comparison between pitting tests with discs
and with gears.
(b) To provide a means of comparison with earlier work, such as that
of Dawson.
(¢) To investigate, where possible, some factors, such as the direction
of machining, which may be influential in comparison between

results obtained with discs and with gearse.

2.2+ The disc machine

The tests were performed on a Two Disc Pitting Wear machine simu-
lating line contact. The geometric configuration of the discs in the
machine is shown in Fig. 2.2.1, and the loading was facilitated by a
lever system and spring balance. The lower shaft was driven by & half
horse power a.c. motor via two pulleys and variation of speed was achieved
by different pulley ratio. The upper test specimen was driven through a
pair of gears mounted on the two shafts, variation of gear ratio and disc
diameters allowed a predetermined value of slide/sweep ratio to be

achieved by two different methods.

2,3. Experimental details

2+%+1. The discs

All tests were run with pairs of discs consisting of a case

hardvned En 34 mating disc running against a softer through hardened



Pitting Specimen

Mating Specimen

Material En 25 En 34
Heat treatment| Case hardened
Hardness VPN 300*10 800-850
Surface finish Circumferential Circumferential
and axial and axial
0-25-1-8um 0.25-1.8um
Composition
C 0-27 -0.35 0.14 -0-20
S 0-16 -0:35 010 -0.35
Mn 0.50-0.70 0-30- 060
S 0 050 max 0-050 max
P 0 -050 max 0-050 max
Ni 2.30-2-80 1.50- 2-06 |
Cr 0-50-0.-80
Mo 0-40-0-70 020 -0-30
Table 2.3.1

FIG.2 .31

Material properties

I

Diagram of disc shape
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En 25 test disc. Table 2.3.1 gives the properties of the steels.
The En 34 disc had a track width of 1" (25mm) whereas that of the
En 25 had a narrower 0.25" (6.35mm) track width to enable the high
Hertzian stresses required, to be obtained without overloading the rig.
The disc also had a 30° chamfer to the edges as shown in Fige 2.3.1. to
avoid high edge stiesses (Crook (1955)). Due to the smaller track width
of the En 25 disc axial alignment was not necessary and the rig was self=-
aligning in the normal plane thus unavenly distributed loading was avoided.
Throughout the programme the ultimate aim was for comparison with
gear rig results ard tbus the material combination was identical with that
of the gears. As the manufacturing process for gears is expensive the
total number required had to be kept to a minimum, therefore a case
hardened steel, namely En 34, was chosen as the mating material as this
was not likely to fail and could be used for further tests, always on the
assumption that the surface finish would not alter appreciably. A
second reason for the harder material was to compare evidence presented by
Dawson (1962) that the suirface roughness of this harder material was the

controlling parameter for his D ratio.

2.3.2« Manufacture of discs

The aisc surfaces were grcund, one group circumferentially and the
second group axially in order to compare simulated gear surfaces (axial)
with normal disc surfaces (circumferential). One argument against disc
representation 1s that the machining marks are orientated in a circumfer-
ential direction, which is in direct contrast to that of most gears where
the marks are in the axial direction. Very little work has been carried
out on tests using simulated gear finishes and to this end a simple and
>inexpensive technique was required to produce axial grinding marks on

Giscs.



/.

FIG. 2.3.2g Detailed photograph of axial grinding
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FIG. 2.3.2b Detail of disc and grinding wheel

FIG. 2,3.2c General detail of axial grinding system



N\

Grindi ng

wheel \

Disc

Wheel dressed internally
to give sharp edge

FIG. 2.3 .3 Dressed grinding wheel for axial
production
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(a) En 34 disc

(b) En 25 disc

FIG. 2.3.4 Comparison of En 34 and En25 axially
ground discs showing the small amount of
curvature inthe machining marks.
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These discs were produced by using the side of the grinding wheel
which, if large enough, would produce relatively straight lines across
the track faces. Figse. 2.3.2abc, show detailed photographs of the
grinding process and jige The disc was mounted horizontally and rotated
by means of a belt and pulley from the work head. The speesd of rotation
of the grinding wheel was kept constant and the speeds of the discs to be
ground were 60 and 40 r.p.m. for the rough and smooth discs respectively.
Before grinding the wheel was dressod as shom in exaggerated form in
Fige 2.343. Manufacture and development of the techniques involved was
carried out in the workshops of the Engineering Department of the
University of Isicester. *  mhe ellipticity was checked by Talyrond
and falled to shkow any large errors, the eccentricity of the bore to out-
side diameter was clocked by dial gauge which registered no greater error
than that obtained by the normal grinding process of about 0.0001" (2.54m).

Fige 2+3.4 presents photographs of the final finish obtained on
both En 34 and En 25 discs. The wider faced En 34 disc shows that the
grinding marks do in fact take the form of small arcs but as the track
width of the mating En 25 disc is only 0.25" (6.35mm) the curvature is
negligible ard the surface finish would seem to be identical in type tc
that of circumferentially ground discs. Cost of manufacture would not
justify a more elaborate approach out work in America (P.M.Ku, private
communication) has started on scuffing and related problems using axially
ground discs. ' Their method is to grind in a similar fashion as one would
for gears, this apparently is a very difficult and extremely expensive

business.

* I am indebted to Mr. T. Pike for manufacture of the rig and

production of the discs.
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2¢3%¢3%+ Running conditions

All tests were performed with the same applied load giving a
maximum Hertzian compressive stress of 2 x 10° lbf/in2 (1.37 x 106 kN/hz).

A summary of the disc tests which have been performed is given in
Tables 2+4¢1 and 2.4+2a,b and these will be discussed in more detail
shortly. At this stage it will be sufficient to explain that these
tests are conveniently sub-divided as follows.
(i) A fairly comprehensive set of 10 tests (Table 2.4.1, tests 1.1 to 1.10)
using axially ground discs and one to one gear drive. These tests will
provide the main basis for a comparison between the disc and gear testse.
(ii) A more limited set of tests using a hunting tooth drive consisting
of six tests with axially ground discs (Table 2.4.2a, tests 2.1a to 2.6a)
and three tests with circumferentially ground discs (Table 2.4.2b, tests
2.1b to 2.3b). These tests were intended to provide some guidance on
the possible influence of machining direction and the nature of the drive.
Sho%ter (1961) and Dawson (1962) have both raised this point about the
drive ratio having an effect, but the amount of work carried out is small
and positive experimental verification has mot yet been carried out. The
change from one to one drive to hunting tooth drive would inevitably alter
the slide/sweep ratio and this was kept constant by choosing suitable disc
diameters. Values of diameters for the two drive ratios are given in
Table 2.3.2. for a slide/sweep ratio of =0.037. This value was chosen
from work presented by Dawson (1961) which showed that pitting of discs
only occurs with a negative slide/sweep ratio (Fige. 2.1.2) and that for
values between =0,001 and =0.0i there seemed to be little effect on the
fatigue 1life, but for values of +0.001 to =0.001 (i.e. very close to the
pitch line of gears) there was a very apparent effect and this region of
slide/sweep ratios has been avoided.

The other variasble parameters were viscosity, speed and surface



. . Speed Slide sweep
Disc Diameter R PM. ratio
En25 296" 770 and 1500 -0-027
En 34 304" 770 and 1500 +0-027
En 25 3.06" 720 and 1400 - 0.027
En 34 2.94" 770 and 1500 +0.027

Table 2.3 .2
Disc diameters and speeds
Viscosity Cp. | Viscosity Cp. | Viscosity Cp
30°c 60¢ 100°¢
oil A 900 138 27
Oil B 145 33 9.2
Table 2 .3.3.

Lubricant viscosity values
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roughness. The viscosity was varied in two ways, firstly by controlling
the inlet temperature and secondly by using two different oils. These
oils had widely differing viscosities but were produced from the same base
stocke As they were straight mineral oils (i.e. no additives) their
chemical composition would be similar, their properties are given in Table
2.3.3+ According to the work of Galvin and Naylor (1965) initiation and
propagﬁtion of pre-pitting cracks should bhe similar for both oils. The
bulk temperature of the discs was Leasured by an embedded iron/constantan
thermocouple approximately'%"(3.16mm) below the surface of the En 34 disc
and the film thickness was calculated using these recorded values to
determine the controlling viscosity. The surface velocity (Table 2.3.2)
of the discs had two values for each group of tests. For the one to one
drive this valus would be slightly different than that of the hunting
tooth ratio owing to the slight variation of diameterse The lower En 34
disc shaft was diiven by the belt aﬁd had values of either 770 re.p.m or
1500 rope.m. thus when using tne hunting tooth drive the upper En 25 disc
shaft would be rotating slower but this would be compensated for by the
increase in diameter when csalculating surface velocity values. Other
than affecting the film thickness calculations slightly it was not thought
that these differences would introduce any mechanical variations into the
systems The third variable, surlace roughness, was arranged such that
there were three groups consisting of 10-12y" (0.25 = 0.3um), 25=30u"
(065 = 0.75um) and 70-90u" (1.8 - 2.3um). Various combinations of these

were then possible to run together.

2el,e Results of pitting tests

The ability to control the bulk temperature of the discs by con-
trolling the inlet temperature was poor because the oil flow rate was too

small, therefore the falue was largely dependent on the rig characteristics



[En25{TempfFilm [Surface roughnessum|
Test RPM| °C  [Mickness| S > o > Ol
Am : z 3 3
1-1 | 770 | 39 |1-09[{0962 1-01 [0-558|0-936{ B
1.2 {770 | 32 |1-55|0-508(1-91 |1112 [1-57 | B
1.3 [770 | SO [07591-65|0-8610.381|0784| B
1.4 |770 | 64 (134 (1-34 |1.47 (1-17 |119 | A
1.5 |770 | 52 |0709[1-42 |1.22 [0684|114 | B
1-6 |1500| 59 |0962|0356|0482|0-254|0508 B
1.7 [1500| 45 [1:39(1.32 [1-44 088142 | B
1.8 |770 | 64 |1-34|1-72 |2-06|114 |1.67 | A
1.9 1770 | 54 |1-90|1.01 [2.4411.24 |[203 | A
1-10[1500 | 70 |0634|1-65(1-12 |0-551|1-01 | B
O, Initial surface roughness of En 25 disc
O. n  surface roughness of En 34 disc
Os Final surface roughness of En 25 disc
O. Final surface roughness of En 34 disc
Test D Ratio %’Cl?ts
D, D: | Da | Dg x‘](fs
1.1 |1.811.911.411.7 |3-03
1.2 11.6|2.5(1.8]|2.0(2-81
1.3 13.3{2-3|1T-5(2-1 (490
1.4 (2.1 ({2-2(1-8{1.8(4.10
1.51|3.7(3:412.6|3-2(1.38
1.6 | 087{1.00{0-80{1-07 >p22-0
1.7 |2-0|2-1 |17 {2.0 |1.68
1.8 (2.8 13.1 |21 |2-5 [1-08
1.9 [1-812-9(1-7 |2-1]1-36
1-10 {4.0|3-5 (2-5 {3-2 0697
D = O+ O,
D, = 2 O
h
D, = O+ Ca
h
D, = 2 h(55

TABLE2.4.1 Summary_of tests: axially ground discs, one to one
gear ratio.




Test |En25(Temp TF::CI krr:ss Surface roughness AL M
RPM| °C lhiom| O, | 02| O, | Ou
2-1a{720| 67 |1-14|0-5330684]|0-280|0-583

2.2a|720 | 70 |0O381f2-23 |1-62 |0-507|1-24
2-3a{1400 48 [1-27 |0-203|0835{04060-734

2-4a|1400| 53 |1.04 1.98|1-65|0734|1-27

2.5a{720 | 41 |1.01 |0305/0-280/0:254|0-280
2.6a{720 | 37 [1.22 |04041-75 |0-658(1:34

Oil

o O o ®0o|>

O Initial surface roughness of En 25 disc

O, n " " of En 34 disc
O, Final surface roughness of En 25 disc
O, n 0" " of En 34 disc

D ratio Cycles R .
Test D, D, | D. | Da ;q' &lt emarks

2.1af1-1[1-2]{076{1.0 [13.4 |[-40um on diam
2-2a] 1 (8.7 (4.7 |6-6 [>0-65|-55Qum on diam
2.3a[0-82|1-2 |0-90|1-2 |18.0 |F120um on diam
2.4af3.5 |3.2]|1-9 |2.8 [>3.12|Gears bottomed
2.5a|0-57|0-60[0-53|0-55 |>23 |Zero wear

2.6a[1.8 [2.9 |1.6 |2.2 |>0-44|-370um on diam

D, = O+ G
h

Dz - 2 O
h

D3 = Oz," 04
h

D, = 2 hO},

TABLE 2.4.2a0.  Summary of tests : axially ground discs,
hunting_tooth drive




En25|Temp | Film  |5,rface roughness Al m
Test o thickness Oil
reM| ¢ | huml o | o | o | o,
2-1b | 720 | 66 1-19 | 0-507|0-6080.203 |0-533| A
2:2b |1400| 76 0-860] 0-861|02540-608|0178
2-3b |1400 | 54 1-01 [0-280]0-861]0203|0-91 B

O, Initial surface roughness of En 25 disc

Oq Initial surface roughness of En 34 disc

GO, Final surface roughness of En 25 disc

O, Final surface roughness of En 34 disc

D RATIO Cycles
Test D, D, D. Y t(;Kp)il: REMARKS
21b |[09011-02|10:-63{0:9316-07 |-2504m on diam
2:2b |1-3 |0-5910-90[{0-41 |> 24 |-84.m on diam
2:3b |11 1.7 11 -8 1>5.14 | Track mushroomed
D, = O, + O,
ho
D: = 20,
No
D; = C,+ O,
ho
Dy, = 20,
ho

TABLE. 2.4.2b. Circumferentially ground discs

hunting

tooth drive.
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and the other pre-determined running conditions. This in itself was not
too limiting and a temperature variation ranging from 30°C to 70°C was
obtained, the resultant film thickness variation incorporating the other
two controlling parameters was of the order of 25u" (0.65um) to 754" (2um).
The surface finish of the discs was measured by Talysurf with the radius
attachment and a mean of four different measurements, taken at approximately
90° intervals around the circumference, was used as the initial value.
This was then repeated after the tests had been completed and both mean
values are recorded in Teble 2.4.1. The film thickness was calculated
from the Dowson anAd Higginson equation (1961), (equation 2.1.2). The
value of the temperature used for this equation was that attained during
steady state conditions and normally took approximately five minutes to
reach. The predicted film thickness alcng with the values of surface
roughness were used to provide four values of the D ratio as defined in
Tables 2e4e¢1 and 2.4.2a,be This may be compared with earlier work by
Dawson (1962) who defined the D ratio in two ways as follows.
(1) The sum of the initial surface roughness of both the hard
disc and the soft disc divided by the calculated oil film
thickness.
(2) Twice the value of the initial surface roughness of the hard
disc divided by the oil film thickness.
The two further definiticns of D used here are basically siwilar
td the first but the initial surface roughness values have been replaced
by the final values determined after completion of the tests. A second
minor difference in the definitions is that Dawson used a value of peak
to valley average (P.V.A) measured from Talysurf traces, the results
reported here use the old C.L.A value now called the roughness average Ra.
The discs in any one test were run together until enough pits had
appeared to enable graphs to be plotted of number of pits visible to

the naked eye on disc track against cycles run. If the discs had not
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Result of regression analysis

D, = (GCie G) /h

Logo D, =-0-232 log, N + 1-620C
Regression coefficient ‘= 0.439
Standard error of regression = 0179

Dz = 2 Og/h
Logo, D= -0.-236 log, N + 1-660
regression coefficient = 0-727

Standard error of regression = 0-084

D, =(Gy*O,)/h

Logw D3 =-0-217 log,,N + 1.399
regression coefficient = 0.688
Standard error of regression = 0-087

D, 2G,/h

Log, D,=-0-248 log,,N + 1.665
regression coefficient =0758
Standard error of regression = 0-081

. TABLE. 2 . 4 .3.
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pitted after 2 x 106 cycles the test was stopped due to lack of time.

The graphs obtained for number of pits against cycles run were extrapola-
ted back to obtain a value of cycles required to produce one pit, this
point was set as the failure limit of the discs and examples of the graphs
are provided in Fig. 2.4.1. The results obtained from the work described
in this chapter did not yield as much information as was initially hoped.
The ability to predict cycles run to first pit was in itself rather more
difficult than expected, there being cnnsiderable scatter in scme of the
graphs of number cf pits against cycles run and therefore a regression
analysis was used to determine the significance of the results. Table
2.4.1 presents a summary of the ten tests performed with one to one drive;
all these tests used axially ground discs. The cycles to first pit (N)
obtained in these tests are plotted as a function of the four values of

D in figures 2.4.22,b,c,de Four regression lines of log10 D on the
values of log10 N have been calculated along with tne correlation coeff=-
icient r and the standard error of estimate, these vualues are given ir
Table 2.4.3. As the Ra value of roughness varied around the disc tracks
it was not thought worthwhile attempting to obtain a sensible value cf
P,V.A and so the calculated D values are somewhat lower than those of
Dawson. Values rcughly equivalent to those of Dawson may be obtained by
multiplying the Ra value by a parameter K derived by Rubert (1959). An
analysis was garried out using this approach to calculate D but the
results of coefficient of regression and standard error of estimate were
slightly worse than those already calculated and therefore these revised
results are not quoted here.

Tables 2.4+2a and 2.4.2b present results obtained on the disc
machine using the hunting tooth ratio of 29 to 31. Table 2.4.2b presents
the results of discs ground in the conventional manner in a circumferential
direction and Table 2.4.22 those results obtained for discs ground axially.

It was not possible to carry out a regression analysis on the results of
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FIG. 2.4.4. Photograph of typical shape pitting crock.
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Tables 2.4.2a,b but for comparison the D ratios have been plotted as a
function of either total cycles run (non-failed tests) or cycles to first
pit (N) and are presented in figures 2.4.3a,b,c,ds Superimposed on these
figures are the regression lines of the earlier results from Table 2.4.1,
the broken lines representing the standard errors of estimate for the
regresaion. Result 2.1% obtained from circumferentially ground discs
lies well outside the standard error lines of all figures, and likewise
for result 2.1a, obtained from axially ground discs, the third result
2.3a, is close or marginally inside the error lines. The other tests
shown in these figures had no defined failure limit and are therefore
marked with an errow.

The disc machine used had a tendency to vibrate occasionally and it
seemed that it may well have been a function of the surface roughness as
it was on the rougher discs that this occurred. Talyrond traces on e
selection of discs did not show any excessive undulations on the track
suggesting macro-roughness and thus it could have been a function of the
micro-roughness. These vibrations had to be tolerated as the system
could not be damped by a dash pote The maximum load variation before
pitting was normally within the limits of # 2 lbs to 4 5 1bs spring bal-
ance reading. As the tests progressed and the pits became more numerous

this occasionally increased but not normaliy until 3 or 4 large pits
were visible and a reasonable indication of pitting had been achieved;
this was a natural consequence of the material being removed from the
surface. The pits formed in a random fashion about the circumference
and normally away from the edge of the track thus suggesting that the
discs were loaded and aligned symmstaically. As reported by other
authors the pre-pitting cracks and the pits themselves were of a charact-
eristic fan or V shape an example of which is shown in figure 2.4.4.

The results obtained from a hunting tooth drive were very different

to those of the one to one drive. Measurements of outside diameters of



FIG.2.4.5. Talyrond trace of En. 25 disc_after running
Drive ratio 29/31.

The figure shows 31 Iobes on the disc
surface. Magnification:- x 10®
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the axial one to one drive discs showed very little loss or wear and in
the majority of tests were the same before running as after. In sharp
contrast the softer discs on a hunting tooth drive nearly always showed
considerable wear, to the extent of 10-15 x 10_3 ins. (250 - 380um) loss
on diameters  The remarks column of Tables 2.4.2a2 and 2.4.2b give some
indication of this loss on diameter. This incidence of wear could not
be ascribed to excessively high values of the D ratio alone since wear
did not occur in the tests in whicn similar values of the initial D ratio

(D, or D2) were used with one to one drive. Thus there is strong evi-

1
dence that this wear is associated with the use of a hunting tooth drive.
Further support to this statement was the fact that certain of the En 25
discs developed flats on the test track which showed on the Talyrond as

31 lobes (Fige 2.4.5); which coincides with the number of teeth on the
driven gear mounted on the En 25 disc shaft. This was enhanced to a
greater extert in one test where the loss of 30 x 1073 ins. (750um) on
diameter finally caused the gears to bottom and gross damage to the adden-
dun of both gears resulted. Until this test the gears had not bottomed
and the system itself probably cavsed the gencration of flats.

It is also significant to note that the tests stopped in Table
2.4.2a, without exception, were those where the initial or final surface
roughness of the En 34 disc was greater than the predicted oil film thick-
nesse There was only one result for circumferentially ground discs of
Table 2.4.2b that was stopped due to a loss on diameter, and in this case
the final rougilmess of the En 34 disc was only just less than the pre-
dicted oil film thickness. Thus, for a hunting tooth drive, the fact
that the surface roughness of the harder disc is greater than the oil

film has far more significance than when a one to one drive ratio is used.
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2¢5+ Disc examination

205610 Talysurf

Talysurf traces were taken of all discs before and after running
and Table 2.4.1 gives results of the discs used in the first set of tests,
axially ground and run with one to cne gear ratio. It can be seen that
in 9 out of 10 cases the En 34 mating disc showed some modirication of
the surface and a decrease in the Ra value; test 1.6 indicated a slight
roughening but this was within the scatter of the results obfained before
running-  Two surfaces of the En 25 discs increased in roughness and in
both situations it was a rough En 34 disc running against a smoother
En 25 disc (tests 1.2 and 1.9), indication being that the surface of the
En 25 disc tended to conform to that of the harder En 3. These two
results substantiate those reported by Dawson (1962) which led him to the
conclusion that the surface finish of the harder disc was the controlling
parameter in the D ratio. Further consideration of Table 2.4.1 shows
that test 1.8, where a rough En 34 disc ran against a slightly smcother
En 25 disc, resulted in a 30% decrease in the Ra value for the softer
disc after completion of the test. Therefore there is evidence that the
surface finish of the harder disc is not necessarily the controlling para-
meter. Figse 2.5.12 and 2.5.1b show two sets of Talysurf traces of
En 25 discs before and after running. Fige 2+5.1a shows how the smooth
En 25 disc has been roughened by the En 34 mating disc (test 1.2) and
Fige 2¢5.1b shows the reverse process of a rough En 25 disc being
smoothed by a medium rough En 34 disc (test 1,8).

Tables 2.4.28 and 2.4.2b show the results obtained from the experi-~
ments with hunting tooth drive. Again in these Tables tests 2.3a and
2.6a show an increase of surface roughness, all the others decreased;

however the validity of these results is not as sound as the tests of



(a) Axial (b) Circumferential

Mag.x2p00
FIG. 2.5.2

Etched sections of un-run axially and circumferentially ground
discs. Loss of focus due to curvature at the edge.

Mag.x 1,500

FIG. 2.5.3

Sectioned disc showing sub-surface crack



2k

Table 2.4.1 because the disc diameters had decreased and considerable wear
had taken place. Nevertheless, they are in broad agreement with the
previous set of results. Generally the final surface roughness of the
softer En 25 disc is much less than that of the En 34 discs suggesting
the softer disc does not conform to the harder to any great extent.
Although these results may contrast with those of Dawson they do not
necessarily contradict his work because the method of asperity deformation
is probably different. There are no rough circumferentially ground discs
to compare with his experiments but it is quite possible that they would
have altered in a similar fashion to those reported by Dawson. The orien-
tation of the ellipsoidal asperities would be in the direction of motion
and th= harder surface would either cut or deform a groove in a softer
disc along the direction of motion. This would not be the same action
with axially orientated asperities. Axial asperities would quite prob-
ably cause a smearing action, due to the slide/sweep ratio, and thus have
a tendency to smooth away the peaks of high asperities. When the softer
surfaces were smooth and the harder rough, one would expect a slight
roughening as the smooth surface is forced to conform but it would not be
expected to increase to the same order of magnitude as that of the hardsr
surface. One might also expect, as is the case in Fig. 2.5.1a, a longer

wavelength structure of the surface due to the slide/sweep ratio.

2¢5e2s Metallographic sectioning

A small selection of the En 25 discs that ran were sectioned, along
with two un-run discs one axially ground the second circumferentially
ground. TFigures 2.5.2a,b are photographs of sections on the un~run discs
polished by § micron diamond paste and given a light etch, these sections
may act as a comparison. Fige 2¢53 shows subsurface cracks in a disc

rvn tc pitting failure and supports evidence of similar cracks observed by
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FIG. 2.5.4 Etched section of Eh 25 disc showing strain lines
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FIG. 2.5.5. Section of En 25 disc showing plastically
deformed pitting crock.
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Dawson (1968). They do not necessarily prove that their origin is below
the surface for they could in fact be the tail ¢nd of a small surface
originated crack, and it would be difficult to provide conclusive evidence
to the contrary; however Fige 2.5.4 does give further support to the
probability of subsurface crack formation. This specimen was lightly
etched with Fry's reagenc to show any strain lines and there seems to have
been a peculiar stress field produced in this area at a depth of the order
of 200" (5 x 10.3mm). Discussior of how this was caused is 6bviously
speculative but the depth is comparable to that at which the meximum
Hertzian stress of two interacting asperities would occur.

As menticned earlier some of the discs formed flats or lobes on
their *racks, ore such disc aas been sectioned (Fige 2.5.5) and it does
in fact show pitting crackse These cracks have been smeared at the sur-
face in such a way that the flake had been distorted along the surface in
%he direction of wotion, whether the cracks would have continued to form
pits is not known as the test was stopped due to excessive vibrations.

The unusual feature of this test was the fact that in no other test had so
many pre-pitting cracks been observed, normally if a crack was obssrved it
progressed quite rapidly to a pit, usually before the second crack was

visible.

2.6, Discussion and conclusions

Because the main purpose of these results was to provide support
for the gear tests they are not as comprehensive as might have been hoped.
Nevertheless they provide a number of irsights into the mechanisms of
pitting and give further support to Dawson's concept of the D ratio. The

main conclusions are as follows.
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In agreement with Dawson's work the sum of the initial surface
roughness does not seem to be the most appropriate way of
expressing the influence of surface roughness. The regression
analysis indicates that one of the other three definitions of D
is to be preferred, but since the correlation is similar for all
regressions there is no clear indication of the best choice.
Dawson {1962) suggested that twice the initial surface roughness
of the harder disc should be used, and for reasons of simplicity
these results re-enforce that argument. On practical grounds
this definition is to be preferred because the initial surface
roughness is determined before running whilst the other values
would not be available until the equipment had failed and there-
fore could not be incorporated in a design standard. Chapter 3
will provide further evidence of the D ratio and also help to

clarify its definition.

From the three results obtained for the hunting tooth drive,
namely 2.1a, 2.3a and 2.1b, we may draw a tentative conclusion
about the influence of machining orientation. There is some
indication from these results that circumferentially ground discs
fail before axiully ground discs. This statement alsoc has
theoretical justification in the work of Christenson and Tonder
(1971) and Johnson, Greenwood and Poon (1972) who ana_ysed surface
roughness and its influence upon predicted oil film thickness.
They showed that surfaces havirng their asperities orientated in
the axial direction cause an increase in the film thickness con-
pared to that predicted for perfectly smooth surfaces, and con-
versely, circumferentially orientated asperities lead to a
decrease in predicted film thickness. These results are not
directly applicable as they are derived from relatively large

oil films, whereas surface fatigue is encountered in regimes
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where the D ratio is relatively large. Nevertheless their general
predictions will probably hold true and as the validity of the
Dowson and Higginson formula (equation 2.1.2) in this regime is
equally questionable it does support the practical results pres-
ented here. P.M.Ku (1972) has also carried out work with axially
ground discs and has evidence to show that for scuffing experiments.
(a) The axial discs have 2 greater failure load compared with
circumferentially ground discs with equivalent surface
roughness.
(b) The tractive forces from results using axially ground discs
are very much rediaced compared with tests using circumfer-

entially ground discs.

Again using the results from (2) above there is some evidence to
suggest that the introduction of a hunting tooth drive promotes
earlier pitting. This is contrary to a hypothesis put forward
by Shotter (1961); more evidence is required for positive con-
clusions but the results do warrant further investigation. This

point will be discussed in more detail in Chapter 5.

The results marked with arrows, other than 2.5a and 2.2b shown

in figures 2.4.3a,b,c and d, were stopped prematurely due to
excessive wear, in some cases greater than 2 x ‘IO"'2 ins. (500um)
loss of diameter. Because of this wear, crack initiation was
probably prevented; alternatively if cracks were initiated
propagation may have been prevented by plastic flow in the surface.
This is possibly the reason why some discs contimued to run long
after the predicted failure limit. These results suggest that
severe wear has been introduced by using the hunting tooth drive
and this implies a new factor which complicates the interrvetation

of pitting experimentse The mechanism has not been clearly
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established; it does seem that it may be dependent upon some form
of D ratio. The criterion for this wear seems likely to be
dependent on the ratio of the Ra value of the hard disc to the oil
film thickness. When this was greater than unity in the tests
repoirted, wear took place. Further information about this mecha-~

nism is desirable.

In broad terms the resuits support the conclusions of Way and
Dawson on the mechanism of pit propagation and the roles of

surface finish and film thickness.

Although some of the ~<onclusions drawn from this chapter must be

tentative the main purpose, which has been achieved, was to provide a

basis for comparison with gear tests. The work carried out on gears

is discussed in Chapter 3 and, in parit, helps to clarify certain con-

clusions drawm here.
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CHAPTER

EXPERIMENTAYL, INVESTICATION OF PITTING FAIIURE
USING A LABORATORY GEAR TEST RIG

3.1. Introduction

Chapter 3 is a2 continuation of the work carried out in Chapter 2
for, at some stage it becomes necessary to determine whether the idealized
running conditions of the disc machine are a good representation of
results obtained in practice. Obviously the fundamental work discussed
would be difficult and costly to carry out in the field, but most of the
essentials of gear practice may be reproduced by using a laboratory gear
rig, and in this way experimental conditions may be kept under defined
limits.

Although there has been considerable work carried out in gear rigs
the majority has been in the development field and no direct corroboration
of the work by Way, Dawson and others is available in the literature to
draw full comparisons. Way (1940) carried out some work on gears and
drew similar conclusions to that of his earlier work but this was in-
sufficient to yield as much information és Dawson's results would seem to
suggest.

Dowson (1970) presented a paper on the role of lubrication in gear
design and emphasised the faot that most of the theoretical and experi-
mental work has been directed to an understanding of the problem and that
much of the fundamental work has been established. What is required now
is the ability to interpret these results such that use may be made of
them in design. Some of this work is already incorporated in gear rating
formulae but it is clear from the literature that there is a long way to
go. Pitting and scuffing of gears has been discussed by Coleman (1967)
in some detail and charts are presented showing the effect of certain
controlled parameters, but most of his work discusses contact stress and

no results are available for the effect of film thickness and surface
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roughness. With a similar approach Wellauer{(1967) outlines the theore-
tical basis for gear strength and durability rating, and he also suggests
areas where improvements may be made which at present are not taken into
account by the theoretical equations. The A.G.M.A. rating formulae for
durability of spur gears consists of four groups of parameters 1) material
elastic properties, 2) load, 3) size and 4) stress distribution. He
presents a discussion of the errors and factors that affect the equations
but are not taken into account. One such factor which concerns this
thesis is the evidence that gears operating under good lubricated condi-
tions and surface finish have increased pitting resistance and that this
bears scme relationship to the pitch line velocity. Fige 3.1.1 repro-
duced Lere from Wellauer (1967) shows the evidence which suggests that
pitting failure of gears is very much dependent on the film thickness/
surface roughness ratio and Fige 3.1.2 shows how the wear due to an inad-
equate oil film was drastically reduced by increasing the pitch line
velocity. Purther work, carried out on an F.Z.G gear rig, was that of
Niemann, Rettig and Botch (1964-65) who discussed amongst other things

oil temperature, nominal viscosity, surface rcughness, speed and oil
characteristics. They found that a fine finish was beneficial to fatigue
life and certain running=in processes could help in this manner. Further
gorrgboration of the D ratio was given by the fact that increasing the
circumferencial speed also increased the fatigue 1life with provisos that
the flank error and roughness were small,with large errors they concluded
that the effect could be reversed. Other evidence was provided by varying
the oil temperature which produced a decrease in life for an increase in
temperature and an even greater effect was obtained when the nominal
viscosity was varied by the same order as that obtained by varying the
temperature. This discrepancy could be partially due to the authors
using the oil inlet spray temperature and not that of the gear, neverthe-

less these three points all have an effect on the film thickness
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| generated and therefore the D ratio. Shotter (1961) attempted to bring
some order to work reported by Sykes (1959) and supplemented this with
results he obtained from a gear rig. The overall conclusion. was that
drive ratio also plays a part in surface fatigue, the term asperity stress
cycles was introduced which, by its name is the number of times one parti-
cular asperity may contact a second. He suggested that pitting was
initiated by stresses in excess of the fatigue limit and that once all

the higher asperities had been reduced, either by wear or fatigue, no
further ccntact would occur and pitting would cease as all other stresses
would be below the fatigue limit. A graph of number of pits as a function
of asperity stress cycles was produced and gave strong support for this
argument. . B

Most of the other work published in this field has given supporting
evidence to.that discussed above but in the majority of cases the results
have been obtained from in-service equipment where many‘other factors may
play important roles and analytical analysis is impossible.

The work carried out in this chapter was intended to bridge the gap
between results obtained in the field, normally incorporating severe com=-
plications, and those of laboratory resul:s usually obtained from high
precision disc machines where the geometry and the dynamics of the systems
are vastly simplified. Using a 5" centres gear rig it was intended to
use similar parameter variables as Chapter 2 so that a direct comparison

could be drawn from the two methods of investigation.

3+20 Description of Rig

The work of this chapter was carried out on a modified 5" centres
Helical gear rig, Fige. 3.2.1 a,b, and designed on the power circulating
principal similar to that of the more common I.A.E. 33" gear rig. Prior

to this work the rig had been used for testing relatively large facu
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width gears, the test end using 3" face width and the slave end 4" face
width helical gears. The working face width of the gears used here was
designed as 4" (12.7mm) to enable the large Hertzian stress of 200 x 10°
lbs/'ins2 (1.37 x 106 kN/hz) to be obtained and consequently, to awoid
material wastage new test end shafts were desigmed so that these gears
could be bolted to a flangé. The gears were loaded by locking a torque
into the systsm by rotating the slave end gear box about one shaft whilst
the second shaft incorporated two universal couplings, Fig. 3.2.2. The
gear box was mounted on rollers and rotated clockwise or anticlockwise
with the use of a spring balance, Fig. 3.2.1. Prior to loading the slave
2ear box was rotated away from the centre and the gears attached. When
the gears were loaded the shafts were running in the central position.

4 useful advantage to thié system, not attained in most other rigs, was
that the load waa applied to the gears whilst the rig was running at the
specified speed; also any variation of loading, or large vibrations,
would be registered on the spring balance.

Two separate oil sumps were used to supply the test and slave gears
and in both cases the oil was also used to lubricate the support bearings
of the shafts. The sumps were 5 and 10 gallons respectively and the oil
in both cases passed through a magnetic filter and also a paper filter.
The slave oil was circulated via o hand controlled water cooler. The
test oil circulated via a cooler controlled by magnetic valve, which was
in turn controlled by a temperature sensing device (Mini Ether) which
used the outlet temperature of the cooler (measured by iron/constantan
thermocouple) to switch the valve; by this method the oil supply temper-
ature was kept at its required value to within one degree centigrade.

The 0il in both sumps was heated when necessary by two thermostatically
controlled direct heating coils.

The supply of oil was provided by two fan shaped jets one on either

entry side of the meshing gears, Fig. 3.2.3, both being permanently open.



PINION | WHEEL

MATERIAL EN 25 EN34 |
NUMBER OF TEETH 29 30

PITCH SIRCLE 4.8333" | 5-000°

BASEA;E'TREFRL; 4 .5418' 4.69§5"
DIAMETRAL PITCH - 6 6
PRESSURE ANGLE 20° 20°
OUTSDE DIAMETER | 5.248 | 5.418"
e R R

BACKLASH

TABLE 3.3.1

Gear design specifications




33

This maintained symmetry of application and cooling when the direction of
drive was reversed. The oil inlet temperature was measured by two iron-
constantan thermocouples and recorded on a Honeywell chart, also recorded
were the temperatures of the oil outlet from the coolers of both test and
slave ends, and two temperatures of the En 34 gear obtained from embedded
thermocouples btelow the surface of the back and front faces of two teeth.
Access to the test gears was permitted by removal of the end plate
of the rig (Figure 3.2.3) which also contained the two end bearings of
the test shafts. This whole end plate assembly was attached by six bolts,
one of which was a locating stud thus permitting the assumption that the
shafts and therefore the gears were realigned in the same manner after

inspection and reassembly.

3.3+« Experimental

3+s3¢1. Gear Specification

The material specifications of the En 25 and En 34 gear steels
were the same as those for the disc materials and can be found in Chapter
2, Table 2.3.1, It was assumed that all physical properties of the
steels were the same allowing for the fact that heat treatment was carried
out in two separate operations, the hardness measurements made on selected
specimens proved to be within the Ximits of scatter of results obtained
for one batch.

The test specimens were ordinary spur gears with a small amount of
tip relief, further details are given in Table 3¢3.1. In a similar
fashion as in the disc machine experiments, the En 34 gears had a greater
face width to eliminate axial alignment problems but unlike the discs the
En 25 gear did not have the 300 Ghamfer that helped to relieve edge

stresses. The initial order for gears was 12 En 34 and 75 En 25 with
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varying grades of roughness which, it was hoped, would be possible to

group into 3 grades, those being 10 + 24" Ra, 30 + 5u" Ra and 50 + 104" Ra.
fwelve only of the En 34 gears were ordered for two reasons, firstly it

was hoped and later verified that due to their much greater hardness the
surface roughness value Ra would not alter to any great extent and secondly
this procedure reduced the cost of manufacturing, which would otherwise
have been excessive. A decision was taken to use a hunting tooth ratio

of 29 teeth for the pitting gears and 30 teeth for the En 34 mating gears.
Basically the argument for the hunting tooth drive was that the errors
would be shared by all teeth, whereas for a one to one ratio one particular
tooth with an error would always mate with the same opposing tooth so that
the propensity to pit in this situation may well have been affected, and °
scatter of results enhanced. Using the hunting tooth ratio it was

thought that these errors would be distribtuated thus providing uniform
pitting over the complete gear, making it possible to select only L teeth

to be examined on each gear.

3+.3.2. Rig Instrumentation

As with the surface finish it was intended to have 3 controlled
bulk temperatures for the running conditions of the gears, ﬁhich were
measured by iron-constanten thermocouples embedded below the surface of
the teeth. Two thermocouples were used in each test, one embedded below
the forward face of a tooth and the second in the back face of a different
tooth approximately 90° apart; as the gears were run in both directions
two thermocouples were necessary and this would also give an approximate
value of the temperature gradient across the teeth. The gears of En 34
were chosen to take these thermocouples as preliminary results using the
En 25 gears showed a tendency for the surface to break away where the hole

had been machined, suggesting that there was weakening of the material and
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interference with the sub-surface stresses, which was not acceptable for
this form of testing. A secondary reason for measuring the En 34 gears
was that of convenience, the test gear had to be removed from the shaft
for inspection purposes and this would have resulted in a tedious job of
disconnecting the thermocouple wires. The thermocouples consisted of
iron-constantan wires welded together into a copper pellet, this was then
inserted into a 0.086" diameter hole (whose centre was O.125in(3.2mm)
below the surface) with the aid of a hollow tool through which the wires
were threaded, the tool was then given a sharp knock. This action
peened the copper pellet and caused the expansion to make a firm hold,
thus giving good thermal conductivity between the copper and steel, the
remainder of the hole was then filled with Araldite preventing the leads
from sbrading on the edges.

The e.msf generated was brought from the rotating shafts via an
eight pole carbon brush =lip-ring. To enable easy dismantling a four pin
male-female plug was incorporated in the slip-ring assembly, the thermo-
couple wires from the gears came through the hollow shaft and terminated
at the male side of the plug, Fig. 3.2.3. The female plug was attached
to bellows to allow for minor eccentricity of the élip-ring assembly
@ig. 3.3.1),which was rigidly mounted onto the end plate of the test end
gear box. The e.mef was taken to a Honeywell chart recorder which gave
direct recadings in degrees centigrade. The bulk temperature of the
running gears was normally controllable to within about 5°C by previously
setting the inlet oil temperature to a2 known value determined by experience.

The speed of rotation of the shafts was measured by sensing reflected
light with the aid of a photoelectric cell. The reflected signals were
fed to a Racal Digital Frequency meter which displayed directly one tenth
of the actual speed of rotation of the test gear shaf't.

The remaining instrumentation on the rig consisted of safety cut-

vuts for loss of water pressure, oil pressure, or overheating and once
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set these arrangements required no further attention.

3 . 3 ._3 o Test Condi tions

When the completed batch of gears was received it was not possible
to group the finishes as initially hoped. The value of Ra ranged from
15 to 60" (0.33 - 1.5mm) and combinations throughout the range were used
in a sequence that would allow the extreme and intermediate conditions to
be covered. The other parameters to be varied were running speed,
temperature and the oil, using the same approach as Chapter 2. The rig
speeds used for the pinion were 500, 1200 and 3000 re.p.m. which gave pitch
line surface veiocities of 220, 530 and 1320ft/rin respectively. The
temperatures of the oils were thosen to be 30°C, 45°C and 70°C but in fact,
as will be discussed latgr, these were not strictly adhered to in the tests.
The oils used were the saue as those of the disc machine work and the
physical properties are given in Table 2.3.3. Various combinations of
these variables were used for each test in such a way as to enable a wide
variety of cross-over between running conditicns and physical properties,
resulting in a range of values of D where similar values were obtained by

different combinations.

3+.3.4¢ Running Procedure

Both gears were thoroughly cleaned in a light paraffinic solvent
and allowed to dry. Talysurf traces of four selected gear teeth on both
En 25 and En 34 specimens were taken and the gears mounﬁed on their shafts.
The oil was circulated and allowed.to reach a steady temperature, a further
half hour was then allowed and by this time the gears and test box were
assumed to have reached a steady state. The rig was started with no load

applied and brought to the correct speed, the gears were then allowed to
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run for approximately one minute after which the load was applied steadily
and continuously up to 330lbs, this plus the weight of the spring balance
gave a maximum Hertzian stress of 200 x 107 1bs/in? (137 x 106 kN/mz).
Initially the rig was stopped every fifteen minutes by first unloading

and then stopping the motor, the gears were viewed through an observation
window and the rig was restarted with the same loading procedure. This
practice was continued until experience was gained and it was possible to
predict approximately when the gears would be about to fail. As mentioned
earlier it was intended to examine only four teeth but owing to the large
amount of scatter per tooth this was not possible and the front plate of
the tes: gear tox had to be dismantled, the gears removed from the shafts
and each tooth examined. Only the En 25 pitting gears were removed and
although a hunting tooth ratio was used it was convenient to note the
exact location of the gear before removal. There was no necessity to
remove the En 34 gear as surface fatigue did not occur on this specimen
and previous tests had shown that the surface roughness remained very
nearly constant. On remcval of the En 25 gear it was again cleaned in
the light paraffinic solvent and each tooth examired, the number of pits
per tooth were noted in a table along with the length of run. Owing to
the lack of time available the surface roughness was not measured after
each interruption of the test and only final values, for both gears, were
taken. The gear was replaced in its original position on the shaft, the
rig assembled, the 0il allowed to come to temperature and the previously
described procedﬁre was again followed. The test was considered complete
when 5 or 6 values of the number of pits for number of cycles run was
obtained, this gave enough information to plot total cycles run against

total pits and allowed for extrapolation to determine cycles to first pit.
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3014-0 Results

3ele1o Preliminary results of surface finish

Before the experimental work could be started it was necessery to
examine a sample of both gear specimens to determine whether the stated
surface finish requirements could, and had been met, by the manufacturer.

On receipt of three pairs of gears covering the range of finish
required they were examined by Talysurf. Specifically the rough surface
was of interest because the form of specification adopted was not that
generally used; industrial specifications are more often a qualitative
definition such as good or medium finish etc. and no reliable figures
were available as to what values of Ra corresponded to these specifica-
tions.

The gears were set up in a jig and four Talysurf traces, axially
displaced, were taken from root to tip using a radius arm attachment.
This procedure was carried out for four marked faces of different teeth,
two sets on forward running faces and two sets on the back faces. It
was immediatelj noticed that the value of Ra varied considerably for the
four traces taken on the rough gears, cleoser visual examination of the
teeth revealed a symmetrical set of bands which resembled a herring bone
pattern and, in the majority of cases, consisted of four such bands
but occasionally the pattern consisted of eight. As the gear manu-
facturers were awaiting the results it was not possible to develop an
eiaborate technique for further examination by Talysurf and the existing
gear holder had to be used. This provided movement of the gear in a
perpendicular direction to the Talysurf head, thus enabling parallel
traces to be obtained with approximately equal displacements. About
twenty such traces were taken along the gear tooth faces from root to

tip and the Ra values were plotted as a function of the order in which
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Gear test results

En25| Temp [ Film | g,,~face roughness aum
Test o thicknesy Oil
RPM| °C | um| o, o, | os | oa
1 h2oo | 72 |1.09|0.533[0.510|0.533]0510| A
2 |1200 | 72 [1-09 |0-510|0-480[0457|0.510| A
3 |1eoo | 60 |1-60 |1 52 |0.510/1.14 |0-510| A
4 [1200 | 60 |1 60 |0510|0-510|0406(0-510| A
5 |1200| 70 |1-12 |0510]0480[0510[{0-510| A
6 [1200 | 72 |[1.09 |0-510|0510{0432|0-510| A
7 |1200 | 41 [1.12 |0510|0.356|0.456{0-381| B
8 [3000 | 67 |0-86 |1710 [0-305|0709|0-381| B
9 (3000 | 53 |1:34 |0.910{0356/0762|0381| B
10 | 500 | 71 {0224|0381 |1.40 B
1n | s00 | 70 |0224|0381 |1.52 B
12 500 | Thermocoupled 0-330 |0.987 B
B | 500 | priken |0330 [1.32 B
4 | 500 | 68 |0-236[1-32 |0-406,0304 |0-432| B
15 1200 | 50 [1-47 {1.06 |0-356j0-533 |0:381| B
16 [1200 | 42 [1.12 |0-810|0-330/0510 |0381| B
177 | 500 | 71 |0224|1.09 |0.330|0406|0381| B
18 | 500 | 31 [0936|0.709|0-330/0-835]0-.381| B
19 |3000 | 44 |[6.34|0356|0.356(1.19 |0-406] A
20 [3000| 64 |2 .54|0406[0-381/|0.406|0.457| A
21 |3000| 45 |5-83|0:3560-381 [0.356|0-457| A
22 13000 | 53 |4.06 |0-658 |0-684|0-558[0709 | A
23 |3000| 58 [3.3 |0-381 |0-684|0-432[0:709| A
24 (500 | 72 |0.608/0-406 [0-684/0583|0709 | A

o, Initial surface roughness of En 25 gear
O, Initial surface roughness of En 34 gear

O, Final surface roughness of En 25 gear

O, Final surface roughness of En 34 gear

TABLE 3.4.1




Gear test resulits

et D Ratio Cycles ﬁiﬁg%
D D2 D» Da [x10% % 10*
1 10.96|0-94 |0.-96 |0 94 |0-285|0-65
2 |0-91|0-88[0.89|094 |0-360|0-75
3 |127]0.641:03|0-64 |0-780|1.28
4 |064 |064 (057064 |1.400[1:40
5 |o-89]|0-86|0-91 |0-91 [0.730]1-35
6 [0:94]094[0.86[/0-94 |0-780|1-70
7 |o.78 | 0-64|0:75|0-68| 0560|180
8 (233|071 [1:27 |0-89 |0-167]1-02
9 |0.94 |053 [0-85|0-57 |[0-:820]2.09
10 L
1 OEFORMN\U
12 o MBT\C
13 | gROSP ‘
14 | Tooth| damaded whén dismrantied
15 (097 |0-48 |0-62 |0-52 }1.000 |1-50
16 |1:02|0-59|0-80]0-67 [0-870|1-98
17 |6-35 |2.96 |3.51 [3.40 |0-500|060
18 [1.11 {071 [1.30 |081 [0390 |0-66
19 |01 |0411 |0-25 [0-13 {13.00 |7-00
20 |031 |030 [0-34 {036 |1-6 [4.90
21 {013 |013 |014 [016 [>23.0
22 (033 |0-34 {0.31 [0-35 |2.100 |3.50
23 [032 |0-41 |0-35 |0-43 [3.300(5-00
24 |1.80[2.25 |2.12 |2.33 |0-590{0-50
D = G+ G
ho
D: = 20
ho
Dy, = (O ION
ho
D, = 2 O
hv
TABLE 3.4 .2
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they were obtained (Figure 3.4.1). The variation of Ra was clearly
emphasised by this method which also showed the variation of surface
finish for individual teeth. On the other hand the fine finish gears were
much more consistent. The results obtained with the rough finish gears
shomm in Figure 3.4.1 suggest a sinusoidal pattern aﬁd axial traces of the
gear teeth were taken using the Chatter Arm attachment which enabled a
measure of the macro-roughness to be obtained, samples of such traces are
shown in Figute 3.4.2. With this method it was only possible to obtain
%inch traverse which was equivalent to half the face width of the gears,
these values have bzen replotted using an arbitrary datum line and com-
pared with the equivalent Re valves taken from root to tip across the
equivalent area of the tooth and results are shown in Fig. 3.4.3 for one
tooth. Even with these relatively crude methods there was an obvious
correlation between the two results.

It became clear that for experimental work where surface finish may
be of paramount importance these surfaces were unacceptable. Following
discussions with the manufacturers it was found that this "herring bone"
effect was a common occurrance for normal procuction gears and was
assumed to be a peculiarity of the grinding machine, possibly the out-cf-
balance of the grinding wheel or stick slip in the carriage saddle of the
machine. This suggestion seems to be born out by the fact that the final
batch of gears, which were manufactured on a different machine, did not

show these errors.

3eke2s Experimental Results

Tables 3e¢4¢1 and 3.4.2 present a complete record of all results
performed on the A.E.I 5" centres Helical Gear Rig and the same procedure
as Chapter 2 was adopted for the final analysis. Ra, the measure of

their surface roughness was obtained by use of the Talysurf and radius
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arm attachment, the trace being taken from root to tip along the profile.
Sixteen values of surface roughness were obtained for each gear, four
readings being taken on each of four faces, two of which were forward and
two backward facing. This approach enabled the variation of roughness
acrnss the face of the teeth as well as from tooth to tooth to be deter-
mined. The working values of Ra were obtained by taking the mean of
eight measurewents and are reported in Table 3.4.1. Two pairs of Taly-
surf traces of En 34 and En 25 gears respectively are presented in Fig.
3.4.4 showing the surface detail before and after completion of the test.

Initielly it was hoped that results would be obtained from the four
teeth that had been Talysurfed but this was not possible, the pitting
varied considerebly from tooth to tooth and thus the total number of pits
visible to the naked eye were counted on all teeth of the gears. The
pits themselves were reasonably easy to pick out and no optical aid was
necessary. In all tests the pits were found below and around the pitch
line being of very similar form to those obtained in the disc machine
work i.e. they were of classical shape but rather smaller. The arrow
head pointed towards the tooth root and the pitted area was in the form
of a band running the full face width, suggesting that errors due to
misalignment were small. Table 3+4.3 presents the history of one such
gear and allows the total number cf pits to be determined for a given
number of cycles, such values were plotted on log-log graph paper and
the number of cycles required for the first pit was determined by extra-
polation. Fige. 3.4.5 presents examples of these plots and it can be
seen that in most cases they were straight lines presenting no difficulty
in extrapolation.

To enable a value of the D ratio to be determined it was necessary
to calculate the oil film thickness and this was obtained by use of the
formula given by Dowson and Higginson (1966) (equation 2.1.2) which

leads to a predicted value of film thickness at the pitch line.
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Inserting the equivalent radii and velocity functions this equation

becomes in dimensional terms

(3eke1)

: . a1 0.7 1.13
b= 1,606 (5)0+03 (¢ sing) 3 <?oﬂ'N1) R,

w13 30 (Rg + 1)1+5€
R N
where R = 2 = s

F& and Né the gear and pinion speeds in rev/min.
& = R1 + R2 is the centre distance

R1 anﬂ-Rz are the pitch radii

and ¢ the pressure angle.

The temperature used in the calculations was that measured by embedded
thermocouples after the system had reached a steady state and the values
are tabulated in Table 3.4.1. The temperaturaesof the gears when running
were reasonably controllable and a total variation of 30 to 70°C was
achieved which, when the other physical values such as the two oil vis-
cosities and the three speeds were incorporated, gave a range of film
thickness at the pitch line of 0.22 to éum (10 - 2504"). This led to a
variation of D ratio of around 0.1 to 8 and as in Chapter 2 the four
definitions of D were used and their values are given in Table 3¢4.2.
Finally in all the tests reported there was no pitting above the
pitch line and sectioning of four teeth showed no evidence of fatigue
cracks towards the tips. Only a limited amount of work was done on this
as discs had already been sectioned and the four teeth examined in this
work yielded no information significantly different from that already

obtained with discs.
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Results of regression analysis

D, = (o + o)/h
Log,, D,=-0-643 logi.N + 3:043

Regression coefficient = 0:913

Standard error of estimate = 0- 080

D: = 202/h )
Log,D,= -0-453 loge N + 1.987
Regression coefficiet = 0-857

Standard error of estimate = 0-075

Dy = (oy+ g)/h

Log, D, = -0-427 log, N+ 1:942
Regression coefficient = 0:902
Standard error of estimate -0-057

Ds = 2q;/h .

Log,, Dg= - 0452 |Iog N+2-008
Regression coefficient = O-888
Standard error of estimate =0-065

TABLE 3.5.1




3.5 Discussion of Gear Tests

The range of variables in this work was greater than that obtained
in the experiments of Chapter 2; therefore the results merit closer exam-
ination. The graphs of rate of pitting are far more comprchensive and
have much less scatter, as can be seen from Fig. 3.4.5. The values of
the calculated D ratio were again plotted as a function of cycles to
first pit end Figs. 3.5.12,b,c,d present these results in graphical form.
The figures show regression lines determined for results obtained at
35,000 and 1,200 re.p.me. only as the results from the H00 r.p.m. tests tend
to deviate from this line quite considerably. This conclusion seems to
be in agreement with work carried ovt by Dawson (1965) who found that for
very slow speeds the life to pitting was very much greater than would be
predicted by his other results and in fact were almost independent of the
D ratio. This concluasion is borne out by the results obtained in this
work but unfortunately only ihree results for 500 re.p.m. could be plotted
as Tests 10-13 (which also ran at 500‘r.p.m.) showed obvious signs of
plastic deformation very early in their lives and were discontinued. It
is significant that these were the only results that showed this tendercy
and clearly there is some factor occurrirg at lower speeds which is not
taken into account by the D ratio. Table 3.5.1 presents the results of
the regression analysis carried out for the four definitions of D. Once
again there is corroboration of Dawson's work and his rejection of Di as
a failure criterion; discrimination between the other three definitions
is marginal but D3 would appear to give better correlation and standard
errors. Much more work is required to provide further positive infor-
mation as to the definition of the D ratio. From a practical standpoint
the results presented suggest that the D ratio should be defined as twice
the initial surface roughness of the harder material divided by the oil

film thickness. This would then allow a failure criterion to be determined
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Results of regression analysis

Regression for 1200 and 3000 rpm combined
Logic AN = 0596 log /N +1322

Regression coefficient = O-901

Standard error of estimate = 0-079

Regression for 1200 rpm

Log, AN = 0:-774 log,, N+ 0-401
Regression coefficient = 0-886
Standard error of estimate = 0-153

Regression for 3000 rpm
Log, AN = 0-459 log, N +2.122
Regression coefficient = 0-948

Stanard error of estimate = 0-077

TABLE 3.5.2
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and applied before the failure mechanism has taken place; it would be of
no consequence to the development engineer to define a criterion determ-
ined after failure has taken place but nevertheless D3 could well be the
criterion required for understanding the phenomenon of pitting fatigue
failure.

Table 3.4.2 also provides values of the rate of pitting defined
as the number of cycles required between the first and second pits, and
these results are presented as a furction of cycles required to first
pit in Fig. 3.5.2. Again the 500 r.p.ms results depart from the general
trend but in additlon there seems a possibility that a further speed
effect occurs here in that there are significant differences between the
1,200 and 3,000 r.p.me. results. Table 3.5.2 presents the equations for
the regression analysis, where the 500 r.p.m. results are again dis-
regarded. , The results obtained for 1,200 and 3,000 r.p.me combined were
acceptable but visual obuervation suggested that the 3,000 r.p.me. results
diverged from those of the 1,200 r.p.me and therefore an..analysis was
carried out for the individual speeds. The results for 3,000 r.p.m.
are comparable with the combined results but thoss obtained at 1,200 r.p.m.
are of much lower statistical significance; this may be explained by the
fact that the results obtained at 1,200 r.p.me. do not cover a wide
enough range of Ne There is a need for more results at 1,200 r.p.m.
giving a greater range of N and thus allowing a more thorough analysis

of the influence of speed.

3.6, Comparison of pitting tests with gears and discs

Fige 3¢6.1 represents on a single graph the variation of the
number of cycles to pit (N) as a function of the D ratio for both gears
and discs. Each set of results has been discussed in earlier sections

of this thesis so that here, for the sake of clarity, the experimental



points have been omitted and the graphs merely present the regression
lines from the statistical analysis. The figure shows N as a function
of D1 D2 D3 and Dh. The lines obtained from results using D1 will be
omitted from the comparison of results because, as discussed earlier,
thev show a markedly lower statistical significance. It can now be seen
that the two groups of results are represented by two families of parallel
lines. We may therefore treat the corparison in this discussion as that
of two single straight lines.

The main features in Figure 3.6.1 which emphasise the difference
between pitting in gears and discs are as follows.
a) The pitting life of gears is much shorter than the pitting life
of discs, the basis of comparison being results obtained at the same
value of the D ratio. As an example, the figure shows that a forecast

based upon disc machine tests at a D ratio of unity, would overestimate

the pitting life of gears by a factor of approximately one hundred.

b) The difference between the behaviour of discs and gears becomes
progressively smaller as the D ratio is increased; as Fig. 3.6.1 shows,
this arises from the fact that the pitting life of discs is even more
critically dependent upon the D ratio than is the pitting life of gears.

Over the years dirfering views have been expressed upon the merits
of the simulation of gear behaviour by disc machines or other laboratory
equipment. A fairly comprehensive insight to this topic may be obtained
by referring to two papers by Waight (1964, 1968). It is appropriate
to confine this discussion to the context of the tests involved in this
work and to seek the reasons for the divergence between the pitting
behéviour of discs and gears.

Let us consider first the possible influence of the relative radius
of curvature. For the tests in this thesis the discs had a value of
0.75" (16.5mm) and the gears 0.43" (10.5mm). Dawson (1965) provides

some insight to this problem, using values of 1.2" (30mm) snd 10" (254mm)
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he found that, for the same values of the D ratio and maximum Hertzian
stress, the increase in life, as determined for one pair of tests, was
approximately five. If the small difference in radii of curvatures for
the present work is considered in the light of the much larger change
cited it seems clear that the divergence cannot be attributed to this
cause, It is appropriate to introduce here the fact that Dawson's
comparison involved, in a similar manner to the present work, differing
drive ratios for the two experimental conditions. It is therefore
desirable to give some consideration to the influence of these differing
drive ratios.

The bulk of the work in Chapter 2 on disc tests incorporated a 1/1
drive whereas that of the gear rig was 29/30. The final results on the
disc machine (Figures 2.4.3) suggested that the use of a hunting tooth
reduced the life to failure if no wear took place un the test tracks.
This was a tentative conclusion, but nevertheless the reduction in life
could affect the comparison of discs and gears. However this reduction
due to differing drive ratio was relatively small and it may be concluded
therefore, from direct experimental evidence, that a variation in the
drive ratio would have only a minor influence on the pitting lives. At
this stage, as there is a conflict between the results quoted above and
a theoretical approach, it is worthwhile discussing briefly the concept

of asperity stress cycles (2e.s.c) introduced by Shotter (1961) where
8eSeCo = (N/t) X time

N being the r.p.me of the wheel and t the number of teeth in the pinion.
It would seem that the assumptions upon which this equation is based are -
open to doubt, further details are given in Chapter 6. Moreover this
factor could not account for the difference in magnitudes of the pitting
lives of gears and discs observed in these experiments. If Figure 3.6.1

was re-plotted using 'asperity stress cycles' to replace N, then we
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would find that the disc results would remain constant because for a 1/1
drive N equals 'a.s.c'. However, the results from gears would have a
shorter calculated life as N is greater than 'a.s.c' for a hunting tooth
ratio and thus the results would show an even greater divergence. In
addition, this concept could not take into account the differences in the
shapes of the two N vetsus D graphs.

As has been indicated earlier, there is some evidence that the
character, and in particular the orientation, of the machined finish may
have an influence upon lubrication and upon failure. For these reasons
the orientation of machining in the bulk of the disc tests was made

identical with that in the gear tests. It is possible that, because of
the methods used, the charactef of the machined finish obtained for the

two types of test differed. Nevertheless the relatively amall differences
in pitting behaviour produced in disc tests by the fairly radical change
from axial to cirnumferential grinding provides fairly clear evidence that
the divergence between discs and gears does not lie in any feature of the
machined finish.

One feature of gear tests upon which no comment has been made is the
relatively small scatter in the results; this is clearly revealed by the
statistical analysis and arises, at least in part, from the fact that the
gear test results represent the average behaviour for 29 teeth. This is
illustrated by graphs (Fige 3.6.2) showing the development of pitting with
time for 4 individual teeth in a single experiment. The scatter in these
graphs is clearly greater than in the cor?esponding figure for a whole
gear shown in Fige 3el4.e5. To what extent do these differences between
discs and gears arise from this type of consideration? To make a valid
comparison between gear and disc tests we must also take account of the
differences of the effective areas, which in practice will not be the
total area of tooth contact through the meshing cycle. As an approxi-

mation we may take as the effective areas of the gears that which is
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susceptible to pitting. This is confined to that area below the pitch
line, in the negative slide/sweep region, see for example Fig. 2.1.2. It
is also known that pitting for particular materials, is dependent on some
critical Hertzian stress therefore we must neglect the area where tip
relief and load sharing reduce markedly the propensity to pitting. Using
these assumptions as a basis, the effective area of the gears is about

% of the total tooth faces and is about three times the disc area.

It is now permissible to make a very simple calculation which should
make it possible to show whether these considerations will make any sig-
nificant contribution to explaining the differences between the pitting
behavioar in the two types of test. Using Fig. 3.6.1 we can obtain
estimates of the pitting lives of discs and gears when operating under
identical conditions, i.e. the same D ratio- These values can now be
used in conjunction with Fige 3e4.5., which shows the rate of development
of pitting, to estimate tie number of pits which would, in principle,
exist on the gear surfaces i{ the gears operated for the pitting life of
the discs. The figure arrived at is between 108 and 109; this is
clearly unrealistic, and it becomes clear that the considerations of the
last paragraph, therefore, have no significant influence upon this calcu-
lation and cannot be used to explain the differences between gears and
discs. The argument is emphasised even more strongly if Fige 3.6.2 is
used for the rate of pitting where we now have an efflective area of
approximately one tenth that of the discs.

This discussion has made it quite clear that none of the factors
which have been considered will account for the marked divergence between
the pitting behaviour of discs and gearus which has been observed in the
tests reported here. Therefore it would appear that we must seek some
more fundamental difference which is inherent in the nature of gears and
discs. In particular, careful con:ideration must be given to those
features of gears which are not reproduced in the simplified conditions

of disc tests.
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3.7. Discussion

For a given combination of materials (which has been maintained
effectively constant in the experiments reported here) the two factors
whizh have the greatest influence on pitting are the film thickness,
expressed by the D ratio, and the stress. It is therefore appropriate
to discuss each of these factors in tun.

No direct experimental evidence exists to show that the predictions
of e.h.l theory apply to the conditions of gear teeth. Results presented
by Ibrahaim and Cameron (1963), using the voltage discharge technique,
way suggest that discrepancies do exist but there are widespread doubts
about *he validity of this method (Dyson 1966).  Although Ibrahaim and
Cameron claim excellent agreement between theory and experiment a closer
examination of their results does suggest that they are generally lower
than the predicted film thickness, and considerably lower than the ex-
perimental results using disc machines and measured by the capacitance
technique. Secondly, the deviation from the predicted film thickness
is greater for the thicker c¢il films. If these results are indeed
correct then the gradient of the gear results in Fige. 3.6.1 would come
more in line with that obtained for the disc results. Therefore there
now exists a real need for some more universally acceptable experimental
investigaticn of the lubrication of gears rather than discs. 1In the
first instance it would be quite acceptable if such an investigétioh used
very smooth gear surfaces. Whether this need might be met by the‘reluc-
tance technique (Cameron and Gregory (1967/68)) is of considerable
interest.

In addition there is now widespread interest in the extension of
the existing lknowledge of e.h.l. to taks account of the roughness of the
surfaces used in engineering practice. Johnson, Greenwood and Poon

(1972) and Tallian (1972) have produced theories of "partial elastohydro-
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dynamic lubrication". It has been argued by Archard (1973), that these
theories apply only at low values of the D ratio and that at higher

values (say D - 1) the whole concept of the conventional e.h.l. theory
breaks down because the mean separation of the surfaces is increased

above the value required for e.h.l. mechanisms to operate. At higher D
ratios micro e.h.l mechaniswrs may become important. The argument implies
that as the D ratio is increased it loses its dirsct physical significance
but could still have an important value a3 a more empirical parameter;
this is because the factors which are used to vary h in the calculated
value of D (e.g. n, and i) would-still have an influence upon the efficacy
of the more couwplex lubrication wechanisms which are operative.

If these concepts are valid it may be significant to note that, as
shown in Fige 3.6.1 all the disc machine exveriments are performed in one
regime with D > 1 whilst nearly all the gecar tests were psrformed in
another regime, with E <1. As showq in Figse. 3-.5.1a,b,c,d the few
gear tests performed with D > 1 indicate a departure from the behaviour
of the rest of the tests.

Perhaps the major difference between discs and. gears is to be found
in the dynamic loads which are an inevitable consequence of the kinemat-
ics of gearing. Because pitting is critically dependent upon stress it
seems conceivable that the differences shown in Fig. 3.t.1 arise from
dynamic loading. If this is an important factor one would expect it to
become more significant at higher speeds. Several authors have pub-
lished data on dynamic loading of gear teeth and although they may not be
in full agreement, the brief review given by Dudley (1962) suggests that
this loading does increase with speed. Thus, for comparable D ratios,
pitting life should fall with increasing speed. Now the shapes of the
regression lines for the gear results shown in Fig. 3.6.1 are strongly
biased by the few results obtained at low D values, all of which were
cbtained at the highest speed. Therefore an important feature of the

dynamic loading is that it could well explain the differences in the
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shapes of regression lines for the disc and gear tests. These conclu-
sions gain some support from regression analysis of results for each

speed considered alone. The gradients of these regression lines are
nearer the values obtained from analysis of the results of disc tests, the
pitting lines for 3,000 r.p.m. being less than the corresponding values
for 1,200 repe.m. The larger gradient obtained from the analysis of the
combined resuits (Fige 3.6.1) is certainly caused, at least in part, by
the fact that all results for low D ratios were obtained at 3,000 r.p.m.
Thus, within the inevitable limitations imposed by statistical analysis

of a relatively small number of tests, it would appear that dynamic loading
could p:rrovide a satisfactory explanation of the observed differences
between gears aund discs.

In comparing the results obtained with gears and discs, we have
effectively eliminated certain factors as major causes of the discrepan-
cies in behaviour. These factors include relative radius of curvature,
character of surface topography, drive ratio, differences in effective
area and statistical averaging. It seems likely that the divergence
arises from more fundamental differences between the disc and gear tests
anc these differences are probably associated with the film thickness or
with dynamic loads.

Although surface topography has been eliminated as a major factor
in the comparison of disc and gear tests it remains true that its influence
continues to be an important, and an imperfectly understood, factor in
the initiation of pitting. Chapters 4 and 5 are therefore concerned with

a more detailed investigation of surface topography.
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THE CONTACT OF SURFACES HAVING A RANDOM STRUCTURE

4el1s Introduction

Chapters 2 and 3 have emphasised the important role that surface
topography plays in fatigue failure of rolling elements and an under=-
standing of the details of surface contact is of great importance in many
such aspects of tiibology. This chapter intends to apply a model of
random surfaces derived by Whitehouse and Archard (1970) to provide a
theory of surface contact.

In earlier theories it was assumed that the true area of contact
arose from plastic deformation of asperities (Bowden and Taber (1954)),
but in more recent times it has become more widely accepted that surface
contact can often involve an appreciable proportion of contact between
asperities which is entirely elastic. 1In this discussion, a point of
critical importance is the relatinn between the total true area of con-~
tact, A, and the load, W, since from this relationship arise the laws of
both friction and wear. If it be assum=d that the deformation is
plastic the true area of contact, A, is proportional to load, W, regard-
less of the nature of the surface topography and the consequent sub-
division of the true area of contact. Archard (1957) first showed that,
if multiple contact conditions were assumed, the relationship between
area and load could be close to direct proportionality even if it were
assumed that the deformation were entiresly elastic. The model used
consisted of superimposed asperities of differing scales of size; it was
shown, however, that the question of physical significance in such
theories was the way in which en increase in the load was divided between

the enlargement of existing areas and the creation of new areas.
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Greenwood and Williamson (1966) have discussed this same question
using as their basis the evidence derived from digital analysis of profil-
ometer records. They have shown that the distribution of heights on many
surface profiles is close to a Gaussian form. Moreover, it was shown
that the distribution of peaks on these same profiles was also Gaussian;
the peak distribution was derived using three point analysis, a peak bsing
defined wher the central of three successive points in the digital presen=-
tation was the highest. Based upca this evidence they used, as a model
representative of random surfaces a set of asperities having a Gaussian
distribution. Their model was thus defined by three parameters; g%,
the standard deviation of the asperity peak distribution, R, the radius
of curvature of the asperities (assumed constant) and 7, the density of
asperities per unit area. Using this model Greenwood and Williamson
(1966) showed that the relationship between A and W was close to direct
proportionality even if it was assumed that the deformation was entirely
elastic. They also used the model to calculate the probability of
plastic deformation. It was shown that the proportion of the area of
contact suppnrted by plastic deformation was largely independent cf the

load but was critically dependent upon a plasticity index ¢ given by

- (1)) ot

where H is the hardness of the material and E* = E/(1 - v°); E is the
Young's modulus of the material and v its Poisson's ratio.

In a more recent paper Whitehouse and Archard (1970) have provided
a more rigorous analysis of random surfaces. 4 profile of such a sur-
face was regarded as a random signal (Peklenik (1967-68)) represented by
a height distribution and an autocorrelation function. The particular
model used to represent the profile was a Gaussian distribution of
heights and an exponsntial correlation function. It was shown that an

important feature of this model was that all features of the surface



topography could be represented by two parameters; o, the standard
deviation of the height distribution, and B#* , the exponent of the
exponential correlation function which was called the correlation dis-~
tance. The characteristics of this type of profile of significance in
surface contact (that is, the distributions of the heights and the cur-
vatures of the pealks) derived from the theory were shown to be in good
agreement with those derived from digital analysis of a ground surface.

In this chapter the results of Whitehouse and Archard (1970) will
be used to derive a theory of surface contact. There are a number of
features of this mnrdel which make such a theory desirable. First, it
gives a distritution of peak curvatures which is dependent upon their
height, the influence of this feature upon the relationship between area
of contact and load is clearly of some significarnce in the development
of ideas about tne nature of surface contact. Second, as exnlained
above, the model definss the surface profile in terms of two parameters;
one (o) is concerned with the height distribution and the other (B*) can
be regarded as being associated with the wavelength-structure. A
recent development in the technology of surfanes is a proposal (Spragg
and Whitehouse (1971)) for their characterisation in terms of two such
parameters; therefore a theory of surface contact based upon similar
principles must be of some relevance.

Before proceeding to a development of the theory of contact for
such surfaces a brief outline of the model is presented; a2 more complete
discussion is given by Whitehouse and Archard (1970) in their original

papers

Le2e The Model

The profile is defined by a height distribution and an autocorrel-

ation function. The height distribution is Gaussian and is therefore

53
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defined by the probability of finding an ordinate between h and (h + dh)

£(3) = (2m7F exp(~?), (he2e1)

where the height h has been expressed in the normalized form

y = e (4e242)

Similarly the autocorrelation function is defined as

{P(ﬁ> =1 jf y(x). y(x + B)ax (Le243)
: L lL

where y(x) is the height at a given coordinate x and y(x + B) is the
height at an adjacent coordinate (x + B). In the model it is assumed
that

p(B) = exp(-p/p) (4e2.ky)

where ﬁﬁ_is the correlation distance and is a measure of the rate at which
the correlation between events on the profile declines as their spacing
increases. When g = 2.3 p* the correlation has ddclined to 0.1 and we
shall take this spacing as that at which events on the profile have just
reached the condition where they can be regarded as independent.

Using this model it is possible tc calculate the characteristics
of the profile which are derived from digital analysis. It is assumed
that the profile is presented as a series of events separated by a
sampling interval ¢; i.e. there exists a correlation p(= rxp(~ ¢/g*))
between successive events. It can then be shown that the probability
density function that any ordinate is a peak of curvature C at a height
y is given by

exp(~3y7) [(1-p)y=30]° c
f* Uy = P T ©exXp{~ pIye e oo
(¥,C,p) ASREENE p[ 1-0%) } rf[:zﬂ1-p2)] (4e245)

For the particular example, ¢ = 2.36*, p » 0, equation (4.2.5) can

be written in the simplified form
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1.2
£Xy,0) = SRR o { <y-%c)2} orf(20) (4e2.6)

2rv2
In these equations the curvature is presented in non-dimensional form
(see Whitehouse and Archard (1970)) and the radius of curvature of a peak
is given by
R = c?‘/co (4e2.7)

One important feature cf the theory is that equation (4.2.5)
reveals that the characteristics of the profile, which emerge from digital
analysis, are markedly dependent upon the sampling interval employed
(i.e+ upon the correlation, p » between successive events). This is the
inevitatle consequence of the fact that the profile consists of the ran-
dom super-position of structures covering a wide range of wavelengths;
the use of any given sampling interval ¢ reveals a structure which is
mainly concern=zd with the wavelengths of this same order of size. It
has been argued by Whitehouse and Archard (1970) that the main structure
of the profile is best revealed, from three point analysis of a digital
presentation, by using a sampling interval where successive events can be
regarded as having just reached the situation where they can be taken as
independent. This is achieved by putting ¢ = 2.3p*'; then without wndue
error the simplified probability density function of equation (4.2.6) can
be used.

We also need to obtain from the model a walue of p , the density
of asperities per unit area. Consider here only the case where the
profile is sampled at intervals of ¢ = 2535*' and the events are effect-
ively independent. Then, because the events are independent, there is
an equal chance that any one (i.e. the central) of the three events is
the highest. The ratio of peaks to ordinates in a profile is therefore
one third; this conclusion has been fully justified elsewhere (Whitehouse

and Archard (1970)). Similarly, we can consider the simplest possible
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eXxtension of the theory to three dimensions, the topography being defined
by a grid of ordinates arranged in a simple coordinate system. A high
point in three dimensions, a summit, is then defined in the simplest
possible way when it is higher than its four nearest neighbours. Using
the same simple argument as before the ratio of summits to ordinates is
therefore one fifth and a simple estimate of the density of asperities

per unit ar=za is

n =35. <~;_E¥>2 (1+2.8)

A more coaplete discussion of the problems involved in the extension of
the theory to three dimensions is giver by Whitehouse (1971).

There are two significant ways in which the model of Whitehouse
and Archard (W & A) differs from that of Greenwood and Williamson (G & W).
Pirst the distritution of peaks (regardless of their curvature) is not
quite Gaussian but follows a distribution derived from the assumed
Gaussian distribution of heights; for the main broad seale structure of
the surface derived using a sampling interval of 2.38% the probability

that any ordinate is a peak at height y is
_ 2
£Xy) = D/AvET] [+ ert(y/V2)] exp(-by")  (4-2.9)

Second, as explained above, the peak curvatures have a distribution which
is dependent upon the height, the curvature of the highest peaks tending
to have higher values than those at lower levels. In the theory which
follows we shall require the probability density distributions of the
peaks. To obtain these, equations (4.2.5) (4.2.6) and (4.2.9) must be

normalized by the ratio of peaks to ordinates, N, which is given by

1

z
N =1 Tan™! (2_"-£’-> (4e2410)
m 1+p

For uncorrelated everis (equations (4.2.6) (4.2.9))N will be taken as %,

In what follows the results obtained using the W & 4 model will be
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compared with those obtained by Greenwood and Williamson. It will be
important to distinguish between the two significant features which have
been discussed above, and therefore it is useful to introduce what will
be termed an intermediate model; this will have an asperity peak height
distribution given by Whitehouse and Archard (equation (4.2.9)) but the
asperities will have a constant radius of curvature as in the Greenwood
and Williamson model. For this (and when using the G & W model) the
mean curvature for all peaks deriv=d from the Whitehouse and Archard work
will be used, i.e.

o¥- (3-p (1- p)%/ZNV"lr (4e2.11)

where N is the ratio of peaks to ordinates and is given by equation (4.2.10).
For the main broad scale structure of the surface we can write p » 0 and
N-»lithus

3

c*- 9/ov r (4e2.12)

whilst the radius of curvature is obtained from equation (4.2.7) with
t=2.3p%

In deriving the G & W theory in a form suitable for comparison
with the W & A model it is appropriate, and most revealing, to choose a
Gaussian distribution of asperity heights to give the closest accord
with the W & A model. Since cortact occurs at the highest asperities a
fit is required at large positive values of y. Consideration of the
peak distributions shows that this requirement is best met by using for
the height distribution of asperities, three times the assumed Gaussian
distribution of heights.

The distribution of peak heights derived by W & A is

1

= 1+ erf(::r/ﬂf?.)]2 exp(~5y°) (4e2.13)

]
W

S £ =

3 52 1.2
s &“(y) exp(-zy“)
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The cumulative distribution corresponding to equation (4.2.13) is

1 ©0
F¥y) =3 [ £¥(t)at

y
where t is a dummy variable for y

t=w
F{y) = [ 3 8°(t) —t= exp(-bt?)at
t=y 27
= [1- 63(y) ] (he24%4)

This may be re-written in the convenient form

F(y) =[1 -3 [t +2(y) + ‘I>2(y)]

and since for large positive values of y

3(y) » 1

then in this same range of values of y
F(y) = 301 - a(y)] (4e2.15)

The corresponding distribution of ordinate heights from which equation
(4+2¢13) is derived is
1 1.2
£(y) = — exp (=zy") (4.2.16)
vou
whilst the cumulative distribution of ordinate heights is

]

/ exp(~3t2)at
y
1 - 3(y) (402.17)

i

F(y)

Comparison of equations (4.2.15) and (4.2.17) shows that for large

positive values of y

F*(y) = 3 ¥(y) (4+2.18)



oo

10

50

Cumulative distribution (°/s)

90

Gaussian distribution of heights of
ordinates.

Distribution of peak heights from
W& A theory

Three times height distribution of
ordinates

——————— Gaussian approximation for peak heights
having same mean and rms as W & A theory

99

-1 0o 1 2 3

Height(y)

FIG. 4.2.1. Height distribution derived from theories




EVENT 1 EVENT 2 EVENT 3

(y-1) (ye) I (y+1) I
|

P2

i,
T

l
7 /%E
|

* |
I €234 - I

FIG. 4.2 2. Derivation of the peak height
distribution




59

i.es for large positive values of y the peak height distribution is, to
e close approximation, three.times the ordinate height distribution from
which it is derived. Fig. 4.2.1 shows plots, on probability paper of
the ordinate height distribution, F(y) (equation(4.2.17)), the peak
height distribution, F'(y) (equation(l4e2.14)), and the approximation for
(y) (equation (4+2.15)). It will be seen that the approximation is
very close for y > 1.5 and adequate for y > 1.0, It is shown in this
chapter that the appraximation, wher. incorporated into the theory of
surface contact, gives results very close to the W & A peak height dis-
tribution for y > 1 (see the comparison between the G & W model using
this Guussian approximatior and the intermediate model). The approxi-
mation of squation (4.2;18) has been found both when plotted on Fig.
4.2.1 or when incorporated into the G & W theory of surface contact, to
give a good representation of the W & A peak distribution for values of
¥y > 1. The reason for this is seen by considering the derivation of
the W & A peak distribution for independent events which is shown in
Fige Le2+2¢ The probability that the central event is a peak of height
between y and (y + dy) is given by the product of the three shaded areas.
Thus, when the central event occurs at large positive values of y the
probability that it is a peak is virtually its own probability distri-
bution. This, when normalized by the retio of peaks to ordinates,

N = % y 8ives a better fit for y > 2 than any other chosen Gaussian

distributione.

Le.3. Theory of surface contact

The analysis of contact developed below will follow the procedure
adorted in most earlier theories. The model surface will be considered
as pressed against a perfectly smooth rigid flat surface. The area of

contact, A, the load, W, and the contact conductance, G, will be
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derived as a function of the separation, d, of the surfaces. In this
way the desired relationships between A and W and between G and W can be
derived. The detailed derivation follows closely the theory of Greenwood
and Williamson (1966), the separation, d, (normalized by ¢) being the
separation of the flat from the centre line of the rough mcdel surface as
a reference. In all the celculations which follow this reference line
will be the centre line of the ordinate heights. In general (Whitenouse
and Archard (1970)) this is not identical with the centre line of the
distribution of peaks, or asperities, which, as might be expected, lies
above the centre line of the crdinate distribution.

For a single asperity, of radius of curvature, R, the radius of
the area of contact, a, the contributions to the area of contact, 8A ,

to the load, O&W , and to the conductance, 8G , are given by the equations

i -
a = (Rw? a
oA = TRO b
1 > Le3e1
W = l—" E,sz-s' (o] ( )
3
4
8¢ = (Rw)Zg a
where w is the compliance. E' = E 5o where E is Young!s modulus
(1 -9

and v is Poisson's ratio; g is the specific electrical conductance. Then
using the normalized version of equation (4.2.6) we may write the probable

area of contact SA from a peak at height y of curvature C as
3*
prob [GA]yG = 7Rw {f (y,C)/N} (4e342)

where, as explained above, N can be taken as %-
The contact area, for all curvatures, from peaks at height y is obtained
by integrating equation (4.3.2). Then using equations (4.2.2) and

(4e2.7)

Y 'mean

(8] = n(2.3892 (5-a) / £01.9) o (4e3.3)
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For a separation d@ we must consider all levels, fromy =d to ¥y = »

which eontribute to the area of contact. Thus

(-] oo %
5 = nn(2:369% f (7-3) [ T0) agay  (4e3eta)
d o NC

The total number of asperities on the surface is n rfiwhere /4 is the
apparent areae.
From equations (4.3.13) and (4.3.1d) similar expressions may be

derived for the total load, W, and the conductance G. Thus

W= kAR (2389 [ (y-a) / 2(0) ac gy (he3.58)
3 d Jo NYC

¢ =2ng A (2.36%) / (y-a)® [ 2.0 ac ay  (4e3.60)
‘d 10 NVC

These equations may conveniently be re-expressed in a form using the
functions FA(d), FW(d), FG(d) which are tabulated in Table 4.3+1. Then

using equation (4.2.8)

A =wn A (2.33*)? FA(d) = % TR Fﬁ(d) (4e3.4D)

-k oo Es(2. . A .3,
W . nAE/(2.380 T (d) 152,389 FW(d) (4+345b)

G=2pngA(2.36) F.(a) = ;?2—‘&32;)- F.(a) (4+346D)

and similarly the number of contacts, n, is given by

= = -—-——-—-——-—‘A s e
n=nF (a) PRI F _(a) (4e3.7)
where @ o
- f (y,0)
Fn(d) = /d [o —%:- ac dy (4+3.8)

Analytic forms for the integrals of equations (L4.3e4), (4:3+5), (L4e3.6),

(443+7), (4+3.8) could not be found; however they can be evaluated by



TABLE L4e3.1.

a FA(d) Fw(d) FG(d) Fn(d)
0.0| 0.3885 0.6120 5,451 2.6

0.2 | 0.3085 0.4617 4557 2ol

0.4 | 0.2202 0.3381 34684 2.1

0.6] 0.1568 0.24,03 2.868 1.8

0.8 | 0.1070 0,1647 2,150 1.5

1.0} 0.7050 x 10" 0.1098 14554 1.2

1.5 | 0.2760 x 1071 0.4392 x 107 7.188 x 10~7 6.7 x 10"
1.8} 0.9390 x 1072 0.1536 x 10~ 2.84 x 10~1 3.4 x 10~
2.2 | 0.2805 x 1072 0.4695 x 1072 7.695 x 1072 1.2 x 10~
2.6 | 0.7360 x 10™° 0.1266 x 1072 2.904 x 1072 3.9 x 1072
3.0| 0.1710 x 10> | 0.2988 x 1073 5.940 x 107 1.0 x 1072
3.5 | 0.2295 x 1074 0.4,083 x 104 1.140 x 1075 1.5 x 1079
L.0] 0.2493 x 1072 0ulhOl x 1072 1.383 x 1072 1.8 x 107%

These results are tabulated with the normalising factor N incorporated
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computer methods which are outlined in ‘fppendix 1. Values of these

integrals are listed in Table Le3e1.

Lelyo Plasticity Index

The plasticity index of Greenwood and Williamson (equation (L4.1.1))
expresses the way in which the probability of plastic deformation
depends both upon the topography of the surfaces and the mechanical
properties of the materiale It is based upon the assumption that all
the asperities have the same radius of curvature, k, and that they have
a Gaussian distribution of peak heights characterized by an rms value o*.

On the cther hand the Whitehouse and Archard model characterises
the surface in terms of the rms value of the height distribution, ¢ ,
and the correlation distance, p* 2 first approximate expression of
the plasticity index in terms of the W & A model can be obtained by
using the G & W concepts.

As explained above, the true peak height distribution (equation
(4+2.9)) can be replaced by the ordinate height distribution and norma-

lized by the ratio of peaks to ordinates, N = -15. Also we can use the

mean peak curvature C*; then using equations (4.2.7) and (4.2.12) we

ki (2.3;3*)2
90

Thus g = 0.69(§')<§> (Loliet)

+
which is the simple expression of the G & W plasticity index in terms

may write R =

of o and p¥*.
For the sake of simplicity and also for reasons of physical in-
sight (which will be justified later) the plasticity index for the

W & A model will be written as

" -GXE) e

The result given in Table 2 of Whitehouse and Archard (1970) is in error.
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We require, however, a more complete analysis of the probability
of plastic deformation for the full W & A model. To a reasonable
approximation the compliance corresponding to the onset of plastic flow
is given by

H2
o = R(H/E")

which, when normalized and using equation (4.2.7) gives

g (8 (L), e

The areas of contact formed by plastic deformation are those for which

(Y - d)"> w; s Or

y > (a+ w%)
p
Thus, the probable area of contact (SA ) formed by plastic flow is
P
derived as before
- o *
2 f lecz
= . - d
{[mp:]c}mn w(zsé‘)f (y-a) 5= ay

d+w;
and using the same principles as in the derivation of equation (h-}-h) one

obtains the total area of contact which involves plastic flow;

-3 ©0
" ; 2

A= Fomp(2.38) f/ *(y-d)mdy dc
P o Ja+w NC

P (lobols)
Equation (L4s4.l4), when compared with equation (4.3.4), gives a complete
statement of the probability of plastic deformation with the W & A model.
The integration of equation (4e4.4) by computer methods is outlined in

Appendix 1. The results obtained are discussed below.

Le5. Results of the theory

The results of the theory are presented assuming steel surfaces
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FIG.4.5.3b Mean pressure at real area

of contact as a function of load
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having a surface topography similar to those found (Whitehouse and
tirchard (1970)) to be typical of ground surfaces. The important distinc-
tion here is that in the first instance it will be assumed that the sur-
face topography is isotropic. Where appropriate, the results will be
presented for the three models which have been described above. These
are the original model of Greenwood and Williamson (1966), the model of
Whitehouse and Archard (1970) and the intermediate model. The valuas

of the constants used in these cal.iulations are listed in the table of
symbols.,

Fige Le5e1 end Fige 4e5¢2 show the results which are derived
directly from the theory. Fige 4¢5.1 shows the relationships between
the area of contact and the dimensionless separation and between the load
and the dimensionless separation. From these results one can derive
relationships between area and load and these are shown in Fige L.5.2.
Greenwood and Wiiliamson showed that, with their model, a change in the
apparent area, .. , from 1cm2 to 1Ocm2 produced a small, but detectable
difference in the area versus load relationship at heavy loads. This
result is reproduced, for the assumed conditions, in Fige 4.5+:2. On
the other hand, when the W & A model is used the change in .+, produces
such a small change in the area/lead graph that it is not detectable.

Of the graphs shown in Fige 4.5.2, the W & A model produces an
area versus load relationship which is closest to direct proportionality.
This, and other aspects of the models, are more clearly established by
considering the mean pressure over the true areas of contact, (p = W/A)
Fige 4e5¢3a shows E as a function of dimensionless separation and Fig.
L.+5.3b shows E as a function of W. These figures reveal three major
differences between the new W & A model and the 0ld G & W model. First,
in the W & A model the mean pressures are more nearly independent of
load (or separation), this is in line with the area/load relationship

discussed above. Second, the mean préssures fall slightly with the
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increasing load, or with decreasing separation. Third, in the W & A
model the mean pressures are significantly higher than those calculated
from the G & W model; over the range of separations of most practical
significance they are higher by between 20 and 80%.

The 1eason for these differences between the W & A and G & W models
is demonstrated, quite clearly, by considering results for the inter-
nediate modsl which are also shown in Figse 4.5.3a and 4.5.3b. Roth
the intermediate model and the G & W model have asperities of constant
curvature, the value being derived from the mean curvature (5*} equation
(4+2.12)) of the W & A model. Significant differences between the G & W
model aad the intermediate model arise only at dimensionless sercrations
between O and 1 when the differences between their asperity height distri-
butions become apparent. On the other hand the results for the W & A
model are significantly cifferent from those of the other two models over
the whole range of conditions, yet the only difference between W & A and
the other two models is that 1t incorporates a distribution of asperity
curvaturese.

The significant feature of +his distribution of curvatures is that
as the height of the asperities increases their curvature increases
(radius decreases). This point requires closer examination. Equations
(4+2.5) and (4.2.6) show that curvature is, indeed, & function of the
height, y» The point at issue is made more specific by taking the first
moment of the distribution of equation (4+2.5), regarded as a function of
C. In this way one can obtain the value of the mean peak curvature for
all the peaks at a given height, y. Figure L.5.4 shows the results of
such a calculation for the case of interest ¢ ¢ = 2.3B*’, p = 0.1, It
will be seen that the asperities of greatest significance in surface
contact, that is those above the centre line, have curvatures ranging
from values slightly below the overall average (at the centre line) to

values twice the overall average (at y = 3).
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The consequence of this feature of the W & A model is that, as the
surfaces are pressed together under load, the new asperities which are
Jjust being brought into contact have smaller curvatures (larger radii)
than those already involved in the existing areas of contact. This
produces exactly those consequences which were noted above. Thus when
the highest asperities are involved the pressures are higher than those
calculated using the mean curvature c*. Moreover, as the surfaces are
pressed together the newly established areas of contact bear a greater
proportion of the load than in the G & W model; this offsets the slight
rise in mean contact pressure, S, with increasing load which is a feature
of the G & W model.

Having established the important physical principles involved in

the differences between the W & A model and the G & W model, certain other
results which can be derived from the models become understandable.
Using equations (4.3.5) and (4.3.6) it is found that the relation between
electrical conductance, G, ard lcad, W, is tc a very close approximation,
G x W—O.9h Fig.4.5.5; over the same range of loads the G & W model (1966)
gives G « w039,

The differences between the two models is also important in
plasticity calculations. Using equations (L4.3.4) and (Lel.4) it is
possible to calculate values of the total area of contact, A, and the area
formed by plastic deformation, Ap, as a function of the dimensionless
separation, d. Such values of»A as a function of d have been shown in
Fige Le5¢1; similar values of Ap can be calculated for different values
of the plasticity index as defined by equations (L4elke1) ar {4ehe2). The
result of these calculations is that the graphs of Ap run closely
parallel to the graph of A versus d (Fige 4.5.6). Thus the ratio Ap/A
is virtually independent of the extent to which the surfaces have been
pressed together; for a given value of the plasticity index, changes in

Ap/h occur when the separation has values between O and 1 which corresponds
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to a very high nominal pressure of between 10 and 102 kg/mmzo Thus, even
more than is the case with the G & W model, the probability of plastic flow
is virtually independent of the load and solely a function of the plas-
ticity index.

However, the use of the W & A model changes the significance of the
magnitude of the plasticity index. Use of the Greenwood and Williamson
model shows that if ¢, as defined by equation (4.1e1), has a value
greater than 1.0, plastic flow will occur even at trivial nominal pres-
sures. On the other hand, if ¢ were less than 0.6 plastic flow is most
unlikely and only for values of ¢ in the range 0.6 to 1.0 is the mode of
deformation in doubt. The basis for these statements is shown in Fig.

Le 57 in which values of Ap/h as a function of y are shown. We now
derive a new expression for ¢ based upon the W & A model using the mean
value of the curvature for all peaks (equation (4e4.1)). Using this
value of ¢ in the full W & A calculations, as outlined above, shows that
the significant range of ¢ values is 0.35 to 0.60. Thus, as we would
expect from the calculations of contact pressures shown in Figse. 4-5.3a
and 4.5.3b, use of the W & A model, with its distribution of curvatures,
results in a markedly increased probability of plastic fiow. ILikewise,
in the range of ¢ values where the mode of deformation is in dcubt, use of
the G & W model {with asperity curvatures based on mean values) results in
a significant under-estimation of the probability of plastic deformation.

We have seen that the change from the G & W model to the W & 4
model changes the significance of ¢ through the introduction of a distri-
bution of asperity curvatures. For this reason, when using the W & 4
model, it seems appropriate to drop the numerical constant from equation
(4+ke1) and use a new designation, y* , (equation (4e4e2)). By a for=
tunate coincidence, as shown in Fige 4«57 this restores the plasticity
index to the significance which it had in the G & W model. If ¢* 5 1.0
plastic flow occurs azven at trivial loads and if y¥#< 0.6 plastic flow is

most unlikely.
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The numerical example chosen to illustrate the theory produces
results of considerable interest. Figures 4.5.32 and 4.5.3b show that
the theory predicts contact pressures in the range 550-600 Kg/hmz for
the full Whitehouse and Archard model and that these are very much
greater than the simplified models for y > 1. For fully hardened =teel
(H =800 Kg/hmz) the plasticity index ¢* will have a value of approxi-
mately 2.2. Thus the contact of isoiropic surfaces of the chcs=zn
characteristics would involve sigrificant plastic deformation. It can
be shown that introduction of anisctwpy, typical of ground surfaces, will
modify the contact pressure by a factor in the range O«45 to 0.5. For
an ind’cation of the treatment of anisotropy, a detailed analy=s is
carricd out in Chapter 5. It will be sufficient at this stage to quote
only the equation of the mean contact pressure (Sellip) for ellipsoidal
asperities as a ratio of the mean pressure (p) obtained from spherical

asperitiess

Y

;ellip _ T i‘ (14 8/) (4+541)
7 o2 | E(K') (k")

where A < B and A/B is the ratic of the principal curvatures. K{k’) and
E(k’) are thke complete elliptic integrals of the first and second kind
respectively. A complete definition and explanation of these functions
ie given in Chapter 5. The influence of ellipsoidal asperities upon
mean pressare as given by equation (4.5.1) is plotted in Fige. L4.5.8. The

2 to 107%, which is typical

function shows that for 4/B in the range 10
of ground surfaces (Bell and Dyson (1972)) the elastic contact pressures
would be reduced by a factor of 0.45 to 0.55 and consideration of its

derivation suggests that the plasticity index would be similarly reduced.
If Fige 4.5.8 is now considered it would be expected that the contact of
ground surfaces of fully hardened steel would show a small proportion of

plastic flow. Moreover an examination of the definition of the plasti-

city index also suggests that plastic flow may not necessarily be
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reduced by a decrease in roughness since this may well be accompanied by
a proportional change in B*  An indication of the variations of o and
p*’for practical engineering surfaces has been given by Whitehouse (1971).
One further problem must be considered in the application of the theory;
as stated earlier, the model assumed was that of a rough surface pressing
against a perfectly smooth non-deformable plane. This is in fact the
same situation as pressing one surface ageinst its own mirror imase and is
totally unrealistic since it implies that the highest peaks oppose one
another. On the other hand for two unsynchronised surfaces this would
not be the case and as has been shown by Williamson (1968) the summits of
one rough surface often contact points below summits on another. Because
of this the value of the plasticity index should be reduced by a further
factor of 1/v2 , for surfaces having the same surface roughness, providing
even less plastic deformation. For a more detailed discussion of surface
contact representation by use of planes and equivalent surfaces or two
distinct rough surfaces one may refer to Greenwood and Tripp (1970/71).
Finally it is important to point out that the calculations of this
chapter based upon the W & A model are concerned with the main structure
of the surface topography. It is an important feature of the W& A
model that other features of shorter wavelengths exist upon the surfaces.
The presence of these structures will tend further to increase the
pressures at the true areas of contact; it will also increase the proba-
bility of plastic flow, albeit over smaller regions of the surface. The
relevance of these comments is shown by experiments (Whitehouse and
Archard, (1970) ; Whitehouse (1971)), in which it has been shown that one
of the significant effects of rubbing under conditions of boundary lubri-

cation is largely to remove this smaller wavelength structure.
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L.6. Discussion

A theory of surface contact has been developed for surfaces having
a random structure, and has been compared with the earlier pioneer study
of Greenwood and Williamson. It has been shown that the distribution of
asperity curvatures increasez the contact pressures and makes them more
nearly independent of the load and apparent area. Also the plasticity
index, which indicates the probabiiity of plastic deformation, has been
re~defined in terms of ¢ and P*  The great merit is that the plasticity
index is now expressed in terms of surface parameters which are more easily
measured and which form par* of proposals (Spragg and Whitehouse (1970/71))
for a future specification of surface topography.

The limitations of this model have also been discussed and the
results have shown how significant differences can be obtained by using
differing definitions of the surface model. It is of some interest to
note that the W & A peak disiribution has a mean value, ; , and a standard
deviatioa, o¥%, given by

J* = 0,850, o*= 0.75¢0 (4e6e1)
It is therefore tempting to employ a Gaussian distribution with the
characteristics of equation (4e6.1) in a theory of surface contact. Such
a procedure has been adopted by Johnson, Greenwood and Poon (1972) in
their thcory of partial elastohydrodynamic lubrication. This Gaussian
distribution is a good approximation to equation (4+2.13) over the range
0 < y < 2.0 as can be seen from Fig. 4.2.1. However it diverges rather
markedly for larger values of y. At d = 30, it underestimates the area

of contact, A, and the load, W, by the following factors
n’ = 1.0n ; A’ = 0.85A ; W/ = 0.78W (4+6.2)

In these equations the prime indicates values derived from the Gaussian
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distribution with the characteristics of equation (4.6.1) compared with
those derived from equation (4.2.13). The differences. between different
asperity height distributions becomes of more significance in theories of
contact through lubricant films where all the factors of equation (L4.6.2)
are expressed directly in terms of the separation of the surfaces.
Therefore the work to follow, in Chapter 5, has been designed to obtain
information about the contact of surfaces from their recorded profiles
without any initial assumptions of the surface or its related parameters.
Specifically Chapter 4 is mainly of use in analysing un-run surfaces
which obey defined models; Chapter 5 is an attempt “o remove this severe

limitation.
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CHAPTER 5
DIGLTAL SIMULATION OF SURFACE CONTACT

H.1e Introduction

Chapter 4 considered a theory of surface contact using a defined
model of the surface topography. To obtain verification of the appli-
cability of the model used the surface geometry must be recorded for as
many surfaces and production processes as possible, and statistically
analysed. While undertaking this project as much information as
possible must be obtained from the surfaces, thus we should have the
requirements for an analysis of surface contact, assuming complete infor-
mation about the asperities is kmown. We require to detzrmine, by
digital presentation and analysis of surface profiles the load borne by
the s0lid contact either in the dry situation or the lubricated case,
whichever regime the surfaces may be operating under. With an elasto-
hydrodynamic film incorporated this should reveal the intermediate
regime of lubrication under which many practical applications (e.g. gears,
bsarings etc.) operate, either during the initial stages of running in
or throughout their lives. It is this region of Tribology where very
little is known and this chapter hopes at least to provide a technique
which would lead to a better physical understanding of the situation.

At present there are two important papers that have taken steps
in this direction, those being Johnson, Greenwood and Poon (1972) and
Bell and Dyson (1972). Both papers provide an:analysis of asperity
contact in elastohydrodynamic situations but they base their calculations
on results derived from an assumed model of surface topography. The
model used was that of Greenwood and Williamson (1966) but the experi-
ments which they discuss are not necessarily performed with surfaces

which conform to this particular model. However the authors do point
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out that the analysis is applicable to any surface model that may be
defined the limitation being in the unwieldy mathematics that would occur.
In contrast the advantage of the method of analysis presented in this
chapter is that it is applicable to any form of surface without recourse
to definition.

Johnson,; Greenwood and Poon showed that the asperity pressure is
determined by the ratio of the theoretical film thickness to the corbined
surface roughness of the two surf:ces (ho/b) and they conclude that an
increase in load, which only has a small influence on film thickness, is
carried by an increase of the fluid pressure. The theory was extended
to include the plasticity problem and they found that the number of
asperities that become plastic dependscn the ratio of the film thickness
to surface roughness, and also upon the plasticity index derived for the
Greenwood and Williamsor model. The theory is then used to compare
experimental results of Tallian et al (1964) and Poon and Haines (1966/67)
for the no coatact time fraction 7 as a function of ha/u and, having
chosen suitable parameters, they show a reasonable fit for theory and
experiment. Bell and Dyscn in their analysis also used the modol
presented by Greenwood and Wiliiamson but they remove the assumption of
spherical asperities and extend the theory to ellipsoids. They assume
that the manufacturing process produces circumferential grooves on the
discs and that for a Hertzian theory long elliptical contacts are
obtained owing to the asperity interactionms. The theory developed is
then related to practical results of frictional measurements obtained
from a two disc machine. Considering the assumptions, which the authors
admit were necessary in the theory in order not to overcomplicate the
analysis, they obtained surprisingly good correlation with their practical
results.

The intention of this chapter is in a sense to providz a new

approach to the problem of surface contact without requiring the aid of
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a mathematical model to describe the shape of the solid surface. The
outline of the method is as follows.

1) As a first simple approach it will be assumed that the surfaces are
covered by spherical asperities of varying radii of curvature, this will
then be extended to ellipsoidal asperities such as would occur on cir-
cumferentially grcund surfaces. The spherical asperities not only lend
themselves to a simple mathematical argument but their use is further
justified on the grounds that they; enable a much greater physical insight

to the problem, which for a first stage of development is very desirables

2) For the physical argument it is assumed, at first, that a series
of closely spaced Talysurf profiles are available giving what amounts to
almost complete information about the surface asperities; the development
of the theory commences from this assumption of full information and at
a later stage it will be argued that such complete information is not
required. All that would be nseded is a sufficient number of profiles

to give information which is statistically significant.

3) The profiles obtained are presented in digital form and thus any
pair of profiles from opposing surfaces can be aligned, moved together

and so indicate the regions of contact. This operation will be performed
on the computer with the argument that when the gap between the surfaces
is less than zero (i.e. negative separation) this will enable a value of
"interference area" to be determined; this term should not be confused
with the Hertzian deformed area, since the interference areas do not
correspond to the areas that would be formed by solid contact. The areas
of solid contact are smaller than the interference areas due to the
deformation of the surfaces and so a relationship between these areas is

derived in the theory.
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L) If there are 'n' profiles available from each surface then n?
profiles will be available for comparison in the computer. At the onset
it is assumed that the movement of the surfaces is at right angles to the
direction of the profiles. All the n2 profiles so obtained do not
represent a situation which occurs at one moment in time; but, provided
that all éhe n2 pairs obtained can occur at some moment in time, all the

information thus obtained is of significance in representing the time

averaged behaviour.

5) As with the previous theory developed in Chapter 4 it will be
assumed that the deformations of asperities are independent. This im-
plies that each interference area examined is sufficiently far removed
from all others such that its deformation arises solely from its own

contact stresses.

5.2+ Development of the theory

5e2s1a Theory of spherical asperities

Starting with the initial assumption that complete information is
available for analysis, then we may consider two surfaces, consisting of
an array of spherical asperitigs. Each surface is traversed by a series
of Talysurf profiles separated by a spacing &y (where &y 1is very much
less than any value of the Hertzian contact radius 'a' of any asperity
being considered). The number of profiles per unit length on the sur-

face will be

A plan view of a surface is presented in Fige. 5.2.1a where two profile

lines bb’ and cc’ are shown. The full circular lines represent the
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areas of Hertzian contact and the broken lines the corresponding areas
of interference derived from the surface profiles. Initially profiles
of both surfaces are aligned and then brought together, Fig. 5.2.1b is
one such pair under exam%nation. The interference region for one con-
tact will have a radius a and a depth of interference w. It must of
course bé realised that in general the aligned profiles will not'indicate
the interference which corresponds to the central profile where a and w
will have their maximum values. Eigc 5-2+.1c shows one such occurrance
where the corresponding values of a and w now take their maximum values
of a, and @, o
Since the asperities are spherical the local relative radius of

curvature R of the surface may be defined by

[h]

a al

R = e = 0O (5.2.1)
20 2w,

From Hertzian theory (Timoshenko and Goodier) it is easily shown that

23
a=<3v y?>
LE
1
v#*Wz
«(35)
16 B' “R
gives a%/wo = R (5.2.2)
1 1? 1 2
where ) —— | 4+ ——=2 is the reduced elastic modules
E E, E,

and 1/R=1/R|+ 1/132

where R, and R2 are the radii of the two asperities, v is Poisson's

ratio and E is the elastic modulns of the respective bodies.

From equations (5.2.1) and (5.2.2) we have the important relation-
ship between the radius of the Hertzian area of eontact, a, and the

maximum interference radius a g

a = av?2 (5.2.3)

o
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The relationship between a, the maximum interference half width and

a is given b
mean & ¥

8 can = i 7o, (5.2.4)

Similarly it may be shown that the relation between the maximum inter—

ference depth W and @poan 18 given by
© = % w (5+2.5)

Considering one asperity with a given region of contact defined by

A= naz this area would be ipdicated in the Talysurf profiles as an area
of interference A; = 24 = 1.?0:02

Applying the Hertzian equations the load W supported by solid contact may
be written as

W

& é_@' (52.6)
3 R
This region would be observed tc occur on n successive profile pairs of

separation 8y

n = 2a,/8y = 2V2 a/5y (5¢2.7)

Thus the load supported per interference event observed on the profiles

is
3. - 2.1
W _L4L 2°E 8y _ V2 a&°E
n=3 F Es-3 7 (5.2.8)

using equations (5.2.1) and (5.2.3) the above equation may be rewritten

as

s

=-f52-on' oy

and using equation (5.2.5) this then becomes
w 1
n

= 7-2 wmean E' 6y » (5-2-9)

For pairs of profiles spaced a distance §y mpart equation (5.2.9) repre-
sents the contribution of each interference region on the profiles to

the total load, it is not a physical description of what happens, it is
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the result of sharing the load W over the interference area if this were
possible. As has been stated earlier, there are parts of the interference
area that do not in fact form part of the area of contact, but even so the
principle adopted is valid because the existence of an interference area
automatically implies the existence of a contact area.

Equation (5.2.9) may be rewritten to indicate the total load for
that contact area as

W=>lnr, E' &y

V3 mean
or may be transposed to give the contribution of an interference region
on the profiles to the load per unit length at right angles to the
profiles
we B - “meen®’ (5.2.10)
ndy V2
This is a very neat and rather surprising result, it implies that in the
proposed system the contribution of an interference region to the load
supported per unit length is proportional to Fhe depth w of the inter-
ference region but independent of its width 2a. In support of this
argument consider the simple problem of Fige 5.2.2 where there are two
regions»having'the same interference depth w  but different interference
widths o4 and a,-.
Assume ay = 2a2
Then frcm equation (5.2.1) Ry = 4R,
and using equation (5.2.6) W, = 2W,
Thus the loads per unit length are
. | y m
é;; and 20,5

which are equal.
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5.2¢2s Application to the disc machine problem.

Consider the Hertzian zone of an elastohydrodynamic contact between
two discs, Fige 5¢2.3. The width of the discs is 2L and the width of
the Hertzian band of contact is 2D. The motion takes place in the y=-
direction and the profiles of the surface are of length 1 (where 1< 2L)
and are in the x direction. Two more assumptions must now be takewn into
account before proceeding with th. development of the theory.

1) The deformation (movement of the surfaces in the z direction)
arising from asperity contact is small compared with the deformation

arising from the main Hertzian pressure distribution.

2) The analysis may now proceed with the assumption that the asperity
contacts can be considered equivalent to those between asperities on two
flat surfaces of dimensions 2L x 2D.

Again the assumption that thers are in existence sufficient Talysurf
profiles to provide a good statistical average mist for the present theory
be taken into account. Iet there be 'm' such pairs of profiles of length
1; then the load per unit iength in tihe y-direction corresponding to the
total profile length mzl may be derived from equaticn (5.2.10) which must
be summed for all asperity contacts, i.e. it may be considered as summing

all the interference depths for a single equivalent profile of length

m21, which gives the load per unit length in the y-direction

! 1

r
Wiotal = % E Zw (5.2.11)

where X w is the sum of all interference depths observed by ths computere.
Thus the estimate of total load supported by the area 2B x 2L is

the load per unit area multiplied by 4D L and becomes

W:QL___..._DLE, Zw
V2 m? 1l

_22DLE'y, (5.2.12)

m2 1
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5¢2¢3. Theory of plastic contact

Chapter 4 has shown that in many conditions the load supported by
asperities involved plastic deformation and so the precemding theory is
now extended to take this condition into account.

From Hertziai theory

=
Puean T el
=2
and Po - > Phean
therefore p_ = —éﬂg (5.2.13)
2ya
or frcm equation (5.2.6)
!
po = 2aB
TR

and using equations (5.2.1) and (5.2.3) this becomes

P

_2RE! ¥ 2R w
= re——— -—-(-—a—-—-——- —
© L4

Cq T . Q

The onset of plastic flow can be considered to have been reached when the

maximum Hertzian pressure satisfies the equation

pO > 0.6H
thus plastic flow has occurred when

w/a > 0.666H/E" ‘ (5+2014)

Therefore using the same arguments as earlier the total load supported by

plastic deformation as detected by Taiysurf is given by

!
W = 22DLE . (542.15)
p 2, p

where 2 wy is the sum of the values of  where equation (5.2.14) holds

for these particular regions of contact.
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He2ehe Theory for ellipsoidal asperities

As an initial starting point the simplest case of a rough surface
and smooth plane will be considered. The shape of a single asperity may

then be described as

2

2 = d - Ay - Bx° AgB (5.2.16)

Figure 5.2.4 represents such a cross-section of an ellipsoidal asperity
through' its summit therefore Gy ﬁo and w, are a maximume The principal
curvatires of the asperity are 2A and 2B (Thomas and Hoersch 1930) and 4
is the height of the summit above the mean level of the surface. If a
smooth flat plane is now moved towards the ellipsoidal asperity to a
height z above the mean plane of the rough surface we have an interference
area created which, as in the previous theory, is not the same as the
Hertzian area which would have been created by deformable bodies. It is
required to find a reletionship between these two areas so formed and the
applied load which would cause them.

From the Hertzian theory for dry elastic contact presented in a
more manageable form by Thomas and Hoersch (1930) the load W required to

cause the deformation is given by
-1 3
W=2aE'(®B+A)"2(a-2) f1(A/B) (4/B <1) (5.2417)

where (4 = z) = w the compliance of the asperity caused by the load W.

As before E'is the reduced elastic modulus of the materials and

£, (a/8) = (31" [B(x)IZ [RG)IF, (5.2.18)
where Eﬁ
k(') = [ (1 -2 ain20)~Z a6

E(x")

i
—
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are the complete elliptic integrals of the first and second kind respec—-

2 2

tively and k° = 1 = k'“ where k (<€1) is the axial ratio of the ellipse of

contacts The equation relating it to the ratio A/B is given by
A = K(kl) - E(k,) (5.2.19)
B 2 g(x) - R(K')

If c.o and ﬁo are the major and minor semi-axes of the ellipse of inter-

ference, the equations for these values may be written as

) (]
CLL‘ = .,.9.
° A
2 Wy
By = =
B

,
substituting for wf in equation (5.2.17)

1
2 1E ap A2

W = ”(A% )%“’° £,(4/8) (5.2.20)
+ B

or W

1

27E'ay w, £5(4/B) (5.2.21)

where  £,(8/8) = (WBE (14 1/8)F £, (a/%)

Repeating'the earlier arguments this region of the ellipse will be

observed to occur un 1 successive profiles of separation &y

and the load supported per interference event will be

YI-'-; = .6y T E'wo f2 (a/B)
Also Wpean = % Wo
and thus

% = ‘g dywE @ oan fz(A/B)
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Therefore the load supported per unit width will be

W o= ﬁ%r = g 7 By pn £,(4/B) (5.2.22)

Comparison with equation (5.2.10) shows that the change from spherical to
ellipsoidal asperities modifies the equation for the load solely by intro-
ducing & new constant of proportionality which depends only on the assumed

shape of the asperities i.e. the lengtii/width ratio.

5e2.5. Application to the disc machine

It is relevant to proceed in a similar fashion to Section 5.2.2 as
the geometry thus described although not giving the same physical insight
represents a better description of the surface of circumferentially ground
discs which are in common use in the investigation of elastohydrodynamic
phenomena.

As previously discussed consider two discs of width 2L and Hertzian
band 2D. The motion is in the y direction and the profiles of length
1 (<2 L) are taken in the x direction. All previously mentioned
assumptions hold true but for the fact that asperities are now ellipsoids
and there are m pairs of traces.

The total load per unit length in the y diraction corresponding to

the profile length mzl is
W = 2 gE fz(A/B) Zw (5.2.23)
2

where Zw is the sum of all the interference depths an the profilese.
Thus the total load supported by the area 2D x 2L is given by

3 7 E’ fz(A/B)Ziwx

w LDL
total o 1

67DLE £ (A
L 5 (4/B) Su

W =
total m?l

(5.2.éh)
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This equation may now take an approximated form. The function fz(A/B)
has been evaluated by Bell and Dyson (1972) for values of A/B from 10™4
to 1 and for the range from 5 x 1072 4o 5 x 107% (within which range the
asperities on ground surfaces lie) this function may be replaced by a
constant suggested by Bell and Dyson equal to 0.06. Thus the calculated
load is not markedly dependent upon the assumed length/width ratio of the
asperities. Then to an acceptable accuracy equation (5.2.23) may be
written as

_ DL E" -
Wiotal = 1013 vy Zw (8.2.25)

In a similar fashion the analysis may be applied to determine the real

area of contact which gives the equivalent equation of (5.2.2)) as
Bpotal = %2’2;!' £5(4/8) 2p (5.2.26)
where £5(4/8) = ¥ [s(x)] [K(&)1™" (a/8) (a8 + 1)

and is presented in graphical form in Figure 5.2.5.

5¢2.6. Plastic contact for the ellipsoidal case

The argument for plastic contact is directly analogous to that used
for the spherical case, what remains to be found are the values of semi-
axes of interference and to apply the equations as before.

From the Hertzian theory equation (5.2.13) may be written for the more

general case of elliptical contacts

I
pmean - Tab
e (5.2.27)
- W
Po =
2w7ad

Thomas and Everseh provide the two basic equations for analysis of

elliptic contacts
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4
3
I
(4 + B)E' 271°
The compliance wbis given by the equation
o, = 3W K(k’) (5.2.29

2arE’

From equation (5.2.27)

t .3
oo 2 K (h+B)TE @ (5.2.30)
3 E(k’)
comtining equations (5.2.29) and (5.2.%50)
- E 1;2"E1 (4 + B) 8.3 _ 2 vEfw@a
3 E(k') 3 K(x")
2 ]
taus -&—'- = E(k ) (5-2.31)
“% ¥ (& + B) K(x")
we know :
1% ¢
A Wo w
1 B8
B~ Wg T ow
Therefore
& _ __E(k)B
ﬁf K (4 + B) K(x')
1
Y 2
or a = 9—0' { E (k ) B } (592932)
: k (a4 + B) x(x') -
substituting equation (5.2.30) into (5.2.27)
k (A+B)E'
_ L(a+B)E (502.33)

p0 E(kl)
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Combining equations (5.2.32) and (5.2.33)

p=w°E,{ (A +B) }2

° By UE(X) x(x')B

It will be assumed that the onset of plastic flow is reached when the

maximum Hertzian pressure satisfies the equation
po > O-6H

This last statement is not strictiy tiuve, it is derived from tne assump-
tion of point contact i.e. from considerations of spheres. In the
envisaged use of the theory the elliipticity may well rise to values more
accurately regarded as "near-line contact", in which case the above
statement may well not hold true. See for example Merwin and Johnson
(1963) where the maximum Hertzian pressure for the onset of plasticity
would be 0.65H for line contact. Even so if the assumption of constant
ellipticity is used then this error simply 1educes to a different constant
being introduced into the final equation.

The condition for the onset of plasticity may now be written as

-

2o 6 8 Eifﬁl_ﬁﬁéﬁl : 2.
ﬁo>06E'{(1+A/B)} (5-2.34)

Thus plastic deformation will have occurred if

W H
5> 061, (4/B) (5+2.35)

E(x") K(k')}15

where .f4 (A/B).= { 1+ 3/5)

The function fh (A/B) has been evaluated for values of A/B from 1 to 1073
and is shown in Pigure 5.2.6. Using a value of A/B equal to one the
result is the same as that derived for spherical asperitiese.

In the same manner as Section 5.2.3 we may now write down an
equation for the total load supported by plastic deformation as determined

from Talysurf traces.
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W= 2 am £, (W80 (5-2036)

where 23wp is the sum of the values of compliance ¢ where equation

(5.2.38) holds for those particular regions of contacte.

5e3., Conclusions

This chapter has set out to give a greater physical understanding
to the problem of surface contact by the direct use of profiles derived
from surfaces used in experiments. It has provided a simple tool for
the analysis of partial elastohydrodynamic lubrication with the aid of
simple mathematics and a computer. The beauty of the approach is that
no specific model is assumed and therefore it avoids the errors which
arise from the fact that many surfaces, particularly those modified by
running=-in, do not fit the theoretical models. The technique described
here is now being applied by ir. R.T. Hunt to the analysis of surfaces
derived from the experiments of Bell and Dyson (1972).

It has been shown that the load support from asperity contacts is
directly propertional to the suumation of all the asperity interference
depths Zw. It has also been shown thet the load support involving
plastic deformation can be similarly calculated by taking the summation
caly over asperity interactions of the required severity. The initial
theory assumed spherical asperities but its extension to ellipsoids, such
as occur on ground surfaces, has also been derived. The original
conclusions of the first analysis s+ill hold and the only additional
assumption required is a mean value of the shape of the ellipsoids
represented by the ratio (4/B).

The great merit of the approach is that it uses data from surfaces
used in experimental work. Thus checks on some of the assumptions

used in the theory can be derived from computer analysis. One obvious



question which arises from model analysis of two rough surfaces in
contact is that of alignment of opposing asperitiese Greenwood and
Tripp (1971) pay great attention to the problems involved, realising
that in general the highest points (summits) would not coincide. In
tl.e camputer analysis of profiles presented here this problem does not
arise because the analysis proceeds simply by observing the contact as
it occurs, and in preliminary application of the method described in
this chapter.Mr. R.T. Hunt has cbserved the existence of these mis~
alignments as small tilts of the planes of contact to the mean lines
through the contaciing profiles. Also from this preliminary work it
has_become clear that sometimes, under heavy loads, two contacting
regions coabine to form one single region. By careful examination of
such events means may be found to take account of this phenomenon.

The analysis at the present is possibly only applicable for pure
rolling conditions as no account has been taken of gliding and the
possible resultant wear. This problem is of course inherent in all

surface contact models but Chapter 5 would seem to have the greatest

possibility of modification to take this problem into account. Further

development of the technique described here must obviously await the
full development of the computer programmes, but as an example of its
pogsible use, and power, consider the following experiment. Rough
discs are run under lubricated conditions and fairly heavy loads such
that marked running-in occurs with considerable modification of the
surface profiles by plastic deformation of the asperities. The
profiles of such surfaces are brought together in the computer and the
analysis of this chapter is performed for a range of separations. It
would be expected that as the separation is decreased there would, at
first, be only elastic deformation of the asperities. As we pass

through the separation at which the surfaces ran in practice there
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should be a marked and fairly rapid increase in the proportion of
plastic deformation. If such an effent was observed it would be
strong evidence for assuming that this separation corresponded to
that which occurred in the experiments.

These questions and problems in the method outlined here can
only be enswered after development of the computer programmes but
it seems possible that the method described here may be a powerful

tool for the investigation of mixed lubrication conditions.
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CHAPTER 6

GENERAL DISCUSSION AND CONCLUSIONS

6.1. Experimental Work

In Chapters 2 and 3 the author has attempted to draw comparisons
between results obtained for a grometrically simple disc machine simu-
lating line contact and results obtained for a laboratory gear test rig.
It can be claimed that in broad terms the conclusions reached by Dawson
are also applicable to gears, but that disc machine predictions would
grossiy overestimate the life of gears.

The main conclusions drawn from this experimental work are listed
below.

1) Both chapters substantiated the fact that pitting fatigue is clearly
dependent on the surface roughness/film thickness parameter. However
the correct definition of combined surface roughness is still not posi-
tively determined, but for engineering practice the most reliable
definition would be twice the surface roughness of the harder element.

2) It was hcped that Chapter 2 would provide information about the
influence the orientation of machining has on the life to pitting. Un-
fortunately this work was not carried through to completion, but the few
results reported here suggest that the 1life to pitting of axially ground
discs would in fact be somewhat greater than for those ground in the more
conventional circumferential direction.

3) The disc machine work has shown that the drive ratio plays a much more
important role than was first thought before the commencement of this
work. There was a marked increase in the amount of wear taking place

when the discs were driven by a hunting tooth ratio.
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L) A comparison of the results of Chapters? and 3 showed that the lives
of discs could overestimate those of gears by a factor of 102., |
The qemerality of s discovery has not been eskablished. A full
discussion took into account the various physical parameters which could
be controlled by design and it was concluded that there was an inherent
difference between gears and discs. This reduced life was possibly
attributed to doubis about the ability to predict the film thickness
between gear teeth or the effects of dynamnic loading.
5) The results of Chapter 3 show tuat speed influences pitting life inde-
pendently of its influence on film *hickness. At low speed (500 r.p.m)
this effect is very spparent and similar to that reported by Dawson (1963)
on discs. Statistical analysis also showed the possibility of a second-
ary speed effect for the other two running conditions again suggesting
dynamic loading plays an important role.

The comparison of discs and gears has unfortunately been, for the
bulk of results, drawn from two differing drive ratios. The argument
of asperity stress cycles (Shotter (1961)) has already had some discussion
and as stated earlier, it is the author's opinion that the explanation is
an over-simplification of the problem. Briefly, the argument states
that only when a complete cycle of tooth contacts has taken place will
two opposing asperities againAcontact ons another. Shotter proposes that
the interactions which have the most seveve stress conditions will result
n pitting failure and these stress cycles will be a function of the drive
ratio. The concept in itself is indeed valid for the determination of
the number of fatigue cycles if one considers only two particular con-
tacting asperities on opposing surfaces. What this argument overlooks
is the possibility that one of these asperities comes into contact with
other asperities. The resultant stresses may be less than the previous
interaction but still sufficient to help in initiating fatigue. Secondly
the hypothesis overlooks the possible influence of the material combina-

¢ion. This is most important when considering deformation. Consider
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a case hardened specimen running against a relatively softer one, it may
be fair to approsimate the hard specimen to a non-deformable body. For
simplicity let us now assume that the hard surface is rough end the soft
surface smooth. Then for a one to one drive ratio, the highest asperity
will have &« greater probability than cthers of initiating pitting due to
its higher contact stresses. Let us now introduce a hunting tooth drive
with a similar combination of discs; In this situation the highest as-
perity will make more than one con.act, dependent on the hunting ratio.

If the stresses so obtained are above the critical limit then the proba-
bility of initiatinn of pitting will be even greater. We therefore have
the situation where there ave less individual stressing cycles per asper-
ity irnteraction compared to cycles run, buv we have a greater number of
individual interacticns which may initiate pitting. This over-simplified
example illustrates that the concept of 'a.s.c' is inadequate. The
problem is far more ccmplex, it requires a statistical analysis and thus
a surface model analysis may be a useful tool to help understand this
problem. Chapters 4 and 5 are therefore relevant to this problem, they
present two theoretical approachzs to the understanding of surface contact
of the type encountered in the experimental work of this thesis, and also

other tribological failures of a similar nature.

5.2+ Theoretical Analysis

Chapter 4 discussed the contact of random surfaces in terms of a
general theory of such surfaces previously described by Whitehouse and
Archard (1970). The surface was defin=d by two parameters o the r.m.s
value of the height distribution and ﬁ* the correlation distance which
is associated with the major wavelength of the structure. The theory
is compared with the earlier study of Greenwood & Williamson (1966) which

uses a three parameter model, and the influence of a distribution of
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asperity curvatures is revealed. The concept of surface models and
their limitations is cdiscussed and from this a more general approach for
computer analysis is developed in Chapter 5. The theory is the first
approach for the analysis of such surfaces and their resultant modifica-
tion throughout their running process. The main conclusions resulting
from this work are as follows.

1) The primary influence of introducing a distribution of asperity
curvatures is to increase the contuct pressures and also to increase the
probability of plastic flow.

2) The plasticity index, which indicates the probability of plastic
deforma*ion, can be re-expressed in terms of a two parameter model,
namely o and p*. The great merit of this re-definition is that the
plasticity index is now expressed in terms of surface parameters which
are more easily measured, and which form part of proposals {Spragg and
Whitehouse (1970/71)) for a future specification of surface topography.
3) An indication of anisotropy, for typical ground surfaces, is given in
Chapter ) and it results in the plasticity index falling in the region
where the probability of plastic flow is quite smell.

4) In Chapte: 5 a basic theory for the analysis of surface contact,
based upon computer simulation, has been provided in a form suited to
any type of surface, and may therefore be used for surfaces modified by
running in.

5) Work by R. T. Hunt (unpublished) suggests that a reliable estimate

of load borne by solid contact can be obtained by this method.

6.3. Suggestions for Further Work

The work carried out in this thesis has opened up fields of invest-
igation which now warrant considerable attention. A concise list of

topics of the more immsdiate problems is presented below.



1) The work has shown that results obtained from discs will grossly
overestimate the lives of gears, and that there is some fundamental
difference between the two forms of specimen. Thus, pitting failure
of gears, although more costly, can and must be investigated using a
similar approach o that of discs.

2) The influerce of asperity orientation in grinding may now be fully
investigated with the aid of a cheap manufacturing process described

in Chapter 2.

3) Some thought must be given to methods of determining reliable values
of film thickness between gear teeth.

4) Using the facilities of (%) it may be possible to substantiate the
effec* the influence of spezd has on the results other than the D ratio.
5) The concept of 'asperity stress cycles' should be given more consid-
eratione A programme of disc machine tests with varying drive ratios
should give some insight to this problem. This work may alsoc benefit
by the inclusion of resistance measurement techniques.

6) The theory of Chapter 5 is now at a stage where experimental results
are required. Initially discs with zero sliding should be run end
these results may then be compared with others obtained with a small
amount of sliding incorporated. It may also be of use to inciude discs
o unequal hardness.

7) 7ne ~f the more important theoretical investigations should be the
development of a theory for micro e.h.l which may be used in conjunction
with the surface analysis models of Chapters 4 and 5.

At the initiation of this thesis most of the topics listed above
were not apparent and it was inevitable that a complete investigation
could not have been possible. Unfortunately throughout the project
time was at a premium; the author could do no better than substantiate
a small part of the subject and indicate the various directions that

investigations must now go. Nevertheless the points above will, when

o4



fully investigated, go a long way towards the understanding of pitting
fatigue in gears; and hopefully a reliable theoretical model to help

in the understanding of several forms of tribological failures will be

forthcoming from Chapters 4 and 5.

95



96

APPENDIX I
METHODS OF INTEGRATION

We require to evaluate the integrals FA 3 FW’ FG and Fn defined by
equations (4.3.4), (4.3.5), (4.3.6) and (L.3.8) of Chapter 4. The
integral Fn is the cumulative distribution of asperity heights which has
been given in equation (L.2.1k).

Removing the constants and changing the order of integration for

FA leads to the form

[ ] (-]

£ 2 2

I, =[ -e—r—cﬁglf (y-d)exp(-3y°)expHy-3C)] dy aC - (a1)
o d _

Let I be the inner integral, then, campleting the square in the exponential

term,

I = [ (y-d)expl -y~ 2yCo3c?) Jdy
‘d

= exp(~&0°) [d<y-d)exps-;<y-.%c)2; ay (a2)
Using the substitution Z = 2 (y-iC), dz =2 dy

I-= exp(-;’gcz) / L/% z+£C-d] @ exp(-—zz)dz
J3(a-%0)
which yields

-

I=texp(-30%) {exp[-g-m-%c)‘”-] N E: (d-éc)h-erff:!—-(d—éf))]}

Hence

[+-3 —

1.2 |
I, = / zﬁl&%ﬁuﬁl {exp[-g—(d-é—(})zl - J%’-’(d—%c)

o

[1-er£wf§-(d—§c)]} dc (A3)
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IW and IG cannot be reduced to a single integral but may be simplified
by changing the order of integration and completing the square for the

exponential term as above. The substitution
z = (y=-d)
may then be made with the following results

(<] 3 ©0
I =/ (y-d?'[ L exp(-2y?)expl-(y-3¢)° Jert(3c) d¢ dy
A o vC

=/ 716 erf(%c)exp(-!%cz)/ F expl-2zra-20)?] dz a0 (ab)
[e] (o]
o 1

o= [ G-0f [ F em(rHenl-(r-30) lert (o) o oy
d

o]

= [ :f% erf(%C)exp(-ﬁCz) [ z%exp[-‘"%(vd-%c)z] dz dC (A5)
) ‘o

For computation, equations (A3), (AL), (A5) are transformed to give

limits from O to 1. IA may be thus transformed by the use of
x = 1/(14C) (16)

to give
1

1 1
IA f-;f(;-‘l)dx

o

where f(-:-c - 1) is the integrand of equation (A3).

Similarly to transform equation (Bl) we write

1 1 -
£(c) = 7 erf(3C)exp(~20") a7)

(2,0) = 2 expl-2(z+a-10)°] (48)
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Then

L= [ﬁ(c)/ow(z,c) dz dC

and using the substitutions
x =1/(14C) b = 1/(1+z)

we obtain the result
1 1
A 1 1 1 »
Iw"/;‘2'§(§'1)/;§¢{(E-1)’(E-‘l)}dbdx (49)
(o] [}

. L
I, may be evaluated by similar methods replacing ia- by z* in equation

G
(Ae) o

The equation for the area of contact involving plastic flow is

given . by equation (L.h.h) Chepter L and may be reduced to the form
A =3 . F (d)
p 57 Ap

where

AP e X
. / @ d)f Un0) o, gy (410)

d+
oy, 0
which differs from the equation for A (equation (4.3.4)) by the lower.

limit of the outer integral. Using the earlier techniques we can write

the required integral directly

Ly =/ -31-5 erf(%C)-exp(-ﬁzcz){exp[-}[d%-écl2]
(o}

—

_J%’ (a-ic) [1-erf[f§(d*%-§0)]]} dc (A11)
where %’ = w*p snd is defined by equation (L.L.3).

The integral was evaluated for values of ¢ = 3.5, 6.2, 8.5, 11.0.
The results are Shown. in Fig. h0506.
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