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Under standing micropitting in gears

A. Clarke, H.P. Evans, R.W. Snidle

School of Engineering, Cardiff University, CardiffK

Abstract

Micropitting is a serious form of erosive wear whican occur on the teeth of transmission
gears. lItis associated with roughness effectssarfdce fatigue, and has become a particular
problem in the speed-increasing gearboxes of wunthiries. This paper reviews the
contributions which the authors have made towandgralerstanding of the basic mechanism
of micropitting in gears based on analysis of thetact mechanics and elastohydrodynamic
lubrication (EHL) of gear tooth surfaces under ist@l operating conditions. Results are
presented which demonstrate the crucial influencdldl film thickness in relation to
roughness (the “lambda ratio”) on predicted contanct near-surface fatigue. The important
effect of plastic deformation which takes placeinigithe initial stage of running-in of gears
has also been investigated, and it has been sh@wsignificant residual effects occur which
can contribute to the early formation of surfaciéiated cracks.

Keywords: micropitting; fatigue; gears; EHL; wear.

1 Introduction

Micropitting is a type of erosive wear
which appears on the working parts o
gear teeth. It is generally associate
with surface roughness effects in higl
duty hardened gears finished by
grinding [1]. Damage begins in the
form of small surface pits typically 10-
30 um in diameter and 5-10 pm ir
depth. Figure 1 shows micropitting
damage on the teeth of a helical geg
used in a testing programme at th
Design Unit of Newcastle University.
The image shows micropitting erosio
occurring predominantly in the Fig. 1 Micropitting damage on the teeth of a helical
dedendum of the teeth. The term “grey  testgear. (Courtesy of Design Unit, Newcastle
staining” is widely used to describe the University).

dull appearance of micropitting on the.
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Fig. 2 Section of micropitted surface of helical gear tooth
showing surface cracks and direction of sliding on the
surface. (Courtesy of Design Unit, Newcastle University)

gear flank. The level of wear in this case amotmig maximum deviation of approximately
6 um from the involute profile. Damage is also apptin the addendum of the teeth but is
less severe with parts of the surface remainingosiminaffected. The gear with which it
meshed showed similar damage, which was again ntnated in the dedendum of the teeth.
Micropitting appears to be due to surface contaityfie and plastic deformation on the scale
of roughness asperities. The initial surface égstrcan, in some cases, become self-arrested
[2], and may even be regarded as no more than arbkimg of “running-in”. However, the
shallow surface cracks may grow and lead to deepmk-branching, which in turn can
develop into larger-scale (macro) pitting. In sesiocases this can cause unacceptable
degradation of the gear tooth profile and evenhtdweakaged]. The initial damage occurs
at the tips of surface asperities, particularlythe root (dedendum) parts of both the driver
and driven gears, without necessarily causingngittin the corresponding contacting parts of
the meshing gear. The shallow cracks, as seeneirselstion of a micropitted gear tooth
shown in Figure 2, characteristically grow in aediton which is opposite to the direction in
which the sliding frictional traction acts on thiéeated surface, i.e. towards the pitch point
on the driver tooth, and away from the pitch poamt the driven tooth as illustrated
schematically in Figure 3. The problem of micrapdt(in both rolling element bearings and
gears) has been particularly troublesome in thedpecreasing gearboxes used in wind
turbines, and two international worksho@s5] sponsored by the US National Renewable
Energy Laboratory (NREL) were organised to addthss specific issue, for example. The
present authors contributed to the NREL workshapksleave also been active participants in
a British Gear Association (BGA) funded researabigut on “Understanding Micropitting”.
This paper summarises the authoc®ntribution towards finding a solution to the
micropitting problem in gears based upon an impdowmderstanding of the contact
mechanics and lubrication taking place at the hgdwaded rolling/sliding conjunction
between meshing teeth.
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Fig. 3 lllustration of observed direction of growth
of micro-cracks on gear teeth

2 Rough surface lubrication

The mechanism responsible for the effective flulish-f lubrication of heavily-loaded
rolling/sliding contacts between non-conformingfaaes is elastohydrodynamic lubrication
(EHL). Under ideal gear operating conditions addpspeed and temperature, and with the
assumption of perfectly smooth surfaces, the dakfdowson and Higginsorg] equation
predicts EHL films of the order of 1.0 um. In pee the surface roughness present on the
teeth of even the best quality gears finished hpdgng is typically 0.4 um roughness
average (Ra) with peak-to-valley asperity featureabout 2-4 um. It is therefore inevitable
that when two such tooth surfaces are in heaviyléal rolling/sliding contact the generation
of an effective EHL film will be significantly affdged by roughness. Under these conditions
the mechanism is referred to as micro-elastohydrantyc lubrication (micro-EHL) in which
the time-varying pressure distribution becomes @iarippled with peak pressures at
asperity/asperity encounters far in excess of thrainal peak Hertzian pressure distribution
for smooth surfaces7]. In addition the pressure ripples are narrow wattwidth that is
commensurate with the interaction length of theedgp lands. As a result the pressure
ripples cause high principal shear stress valugeamaterial at positions proximate to the
surface rather than at the depth of the nominatziser pressure’s peak principal shear stress.
This has obvious consequences for fatigue and darmaaghe asperity level, which may
appear as micropitting. A full physical model of anu-EHL under realistic conditions
presents a serious challenge for numerical analgsisseveral researchers have contributed
numerical analyses of micro-EHL based upon plaasdgsumptions concerning elastic
deformation and hydrodynamic effects. Chang and&tée B] presented a model for line
contacts (the situation occurring at the contadtvbeen cylindrical rollers or spur gears)



which included a consideration of asperity contard took account of the transient nature of
the problem due to “moving roughness”. Jiang efShland Zhao et al.10] solved the point
contact problem by dividing the overall contactaameto domains of either solid contact or
lubricated separation. Hu and Zhid] formulated a unified approach for full film, mide
lubrication, and boundary lubrication with a sinfipl Reynolds equation. A similar
approach using a “reduced” Reynolds equation has lbeed by Liu et allP] in a mixed
lubrication line contact solution for spur gearsorelrecently He et al18] have been able to
solve the challenging problem of including elagti@stic behaviour in a rough surface solver,
the results of which show how the presence of jglaformation may significantly reduce
some of the pressure spikes and give a more ewtribdtion of load support. A powerful,
robust method of solving the general EHL problemciwhs capable of handling the most
severe, thin-film/high roughness conditions wasoditiced by Hughes et all4] and Elcoate

et al. 15]. The method is based on the differential deftactformulation for the elastic
deformation which enables close coupling of the rieéys and deflection equations in a
rapidly-convergent solution scheme. It does ndf om a “reduced” formulation of the
Reynolds equation and has the added advantagehufdytng mass conservation. Holmes et
al. [16] successfully modelled gear lubrication conditiomsvhich the roughness was at least
an order of magnitude greater than the minimum thimkness using this approach, and also
developed the method for point contactd7]] The coupled solver was subsequently
successfully applied to the analysis of contactdd@ms in helical gears used in a
programme of experiments on micropittirig].

3 Simulation of micro-EHL of gear tooth surfaces

The rough surfaces used in the results presentediere taken from profilometer traces
obtained from actual test gears. The combinatiorolling (entrainment velocity), relative
sliding and radius of effective curvature at thentect between involute gear teeth varies
continuously throughout the meshing process, anldemmicro-EHL simulation it is therefore
important to synchronise the opposing profiles heirt correct relative positions as they
roll/slide together, from start to end of the meghcycle in order to reproduce the unique
asperity/asperity interactions which take placeaasasperity crosses the Hertzian contact
zone. If the relative positions of the rough desfiare offset then the asperity on the fast
rough surface will interact with a different setasperities on the slow surface according to
the slide/roll ratio. Considering a slide/rollicabf 0.9, for example, shows that an offset of
no more than 0.2bis required to ensure that 80% of the interackemgth for a fast surface
asperity corresponds to the actual interactiontlermgp the smooth surface, wheads the
nominal Hertzian contact semi-dimension. This ratignt is achieved by measuring the
profiles relative to an identifiable datum position the tooth. It is convenient to use the
tooth tip as the datum point by allowing the pufileter stylus to over-run the tooth tip
during its traverse. The tooth tip then appeara akearly, uniquely identifiable feature on
the profile trace as shown at profile position thén in Figure 4(a). When acquiring the
profile the gear tooth is carefully positioned battthe independent straight-line reference of
the profilometer is parallel to the tangent to theth at its pitch line as shown in Figure 4(b).
It is then possible, using involute geometry anel tlhsic parameters of the gears, to identify
mutually contacting points on the two opposing jesfcorresponding to a given state of
meshing and to carry out transient elastohydrodynamalyses incorporating the moving
surface roughness of the two surfaces.
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Fig. 4 (a) typical raw profilometer trace of a gear tooth showing the tooth tip location
on the right (origin of the x-coordinate) (b) illustration showing the setup for
measurement of the tooth profile. Here, AB is the datum line of the profilometer,
which is tangential to the tooth at the working pitch point z and x is the distance
along the profile measured from the tooth tip.

p

N _ 6 A=0.1 p =12
6 - 4=20 :'nion (faster) 12 B h ]
wheel (sl ) ] - - srr‘leorll ‘(f?stenA
r gl | ]
5 10 SH m J 110
4 ; ds 4 :— ‘ l . -8
o 1.e &L E-
8 12 0° 13
<% - ] -~ Q p ] ~
2 - 4 2K 44
M'm"ﬂ' . VY1 I Wit Yk Y {2
AL T Y o
of 10 of o
_1 :l - l - l N - l s l - l N l W ] _2 _1 :A - l ) - . T - l N - l 0 - l ) - l i - l: _2
-2 -1.5 -1 -0.5 0 0.5 1 1.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5
xX/a xXa
Fig 5. EHL pressure and film thickness results of Fig 6. EHL pressure and film thickness results of
simulation of micro-elastohydrodynamic lubrication of  simulation of micro-elastohydrodynamic lubrication of
a gear tooth contact for a single timestep. Nominal a gear tooth contact for a single timestep. Nominal
Hertzian contact pressure = 1.0 GPa, A = 2.0. Hertzian contact pressure = 1.0 GPa, A =0.1.

Figures 5 and 6 show two typical results obtaimedhfthe simulation of the contact of a pair
of helical gears in this way. They show resultstieo different values of the lambda ratio
which is defined as



A= (1)

yRa + RS
whereh, is the reference theoretical film thickness atc¢hatre of the contact calculated on
the assumption of smooth surfaces da and Rg, are the standard deviations of the
roughness profiles of the gear teethis often used as an indicator of the severityhef t
operating conditions, with small values dfindicating high levels of asperity interaction.
The analyses illustrated in Figures 5 and 6 wergethout with the same rough surfaces but
with different ambient viscosity values, so as toduce results for different values for the
same kinematic conditions. The figures illustrdte same timestep in each analysis and
show the pressure, and film thicknesd), together with the individual rough surfaces ahove
which are offset by about 9 um for clarity. Theegding conditions in Figure 5 correspond
to a calculated1 value of 2.0 and it can be seen that the rougfaces are effectively
separated by a coherent lubricant film. The c@oading maximum Hertzian pressure, for
smooth surfaces, in this case is 1.0 GPa, but presgpples of almost twice this value are
present even under these relatively favourable itond. A far more severe condition is
illustrated in Figure 6 for the same rough surfadesthis case thé value is reduced to give
a predicted value of 0.1 by operating at a lowéraemng speed. The rough surfaces are now
seen to be in much closer interaction, and intéemit‘dry” contact is predicted at the worst
locations of asperity/asperity interactions. Thie&fon the pressure profile is dramatic, with
predicted localised pressure spikes of over threest the corresponding maximum Hertzian
value occurring at positions of aggressive aspémigractions. It becomes clear from these
simulations that when operating under thin film didions the possibility of damage due to
both contact/adhesion and severe high pressurepadgreatly increased.

4 Experiments on mixed lubrication

The occurrence of mixed lubrication under gear ajpeg conditions has been investigated
experimentally using an electrical contact resistatechnique. One of the first users of this
method was Crookl1P] who made contact measurements in a disc machineias found
that contact events diminished rapidly during rmgrin. In a widely cited article FuregQ)
described the transient nature of electrical cdaniaca ball-on-cylinder experiment and
introduced the concept of the time-averaged vafu®tact resistance as an indication of the
percentage time for which metallic contact occurrédlian et al 21] carried out similar
experiments using a four-ball rig and developed tejaresentative parameters: the average
no-contact time fraction, and the average numbercaitacts per unit time. Further
enhancements to the technique were reported byhéedt?] who developed statistical
techniques to deal with simultaneous contacts, Raldcios 23] who was interested in the
effect of running-in on electrical contact. Guamgfest al P4] made measurements of both
film thickness (using optical interferometry) ariéatrical contact resistance over a range of
operating conditions which showed that the eleakrcontact resistance fluctuated rapidly
with distinct intermediate levels of resistancewssn high levels associated with full film
EHL and low values corresponding with asperity acht Lugt et al 25] carried out disc
machine tests in an investigation of running-irbeéring rollers. They found that the contact
voltage was directly proportional to the level eparation. They also noted that the contact
voltage gradually increased with running time, vishigas taken to be indicative of surface
improvement by the running-in process. Lord andsgan P6] carried out electrical contact
resistance tests in which a smooth steel ball waddd against a rougher steel disc. They
introduced the concept of the “lift-off” test whighows the way in which the percentage
contact time falls rapidly with increasing speedloi@ing a period of running-in, thus



demonstrating the transition from mixed to full
film lubrication. With the exception of some of
the earlier work on contact resistance most
workers have used the mean contact resistanc
to indicate the state of the film. In our own
work we have concentrated attention on the
transient behaviour of contact voltage between
discs in a two disc rig under heavily loaded
conditions typical of gear tooth contacts. A
photograph of the main parts of the rig is
shown in Figure 7. The “slow” disc shown in
this figure is electrically insulated from the rest
of the rig by means of a PEEK bush in its drive
coupling and hybrid ceramic/steel ball bearings
in the pivot of the swinging yoke. Insulation is
also provided in the coupling to the slow disc
slip ring and the loading push rod which is *
visible on the right of the figure. The discs are
crowned and finished by axial grinding with a
roughness average (Ra) of approximately 0.4
um to simulate gear tooth finish in terms of
both roughness and its lay relative to the
direction of rolling/sliding. The discs were

Fig 7. Photograph of test head of disc rig. A
manufactured from alloy steel to Rolls-Royct  sjow disc; B fast disc; C swinging yoke: D

specification RR6010, gas-carburised an loading push rod; E torsionally-rigid couplings;
hardened. Tests were also carried out usii F slip ring connections to embedded

superfinished discs with an Ra of less than 0., érmocouples and electrical contacts.

pm. The discs were lubricated with a naval geamwkting specification OEP-80 with a
nominal viscosity of 68 ¢St at 4@ which contained a proprietary extreme pressudgisd.

A voltage of 43 mV was applied between the disceiqua potential divider network.
Electrical connections to the two discs were madesiver-graphite slip-rings. A high speed
data acquisition system operating at a speed & WMBz was used to capture the rapidly
varying voltage measured across the disc cont@be discs were gear-connected to give a
realistic slide/roll ratio of 0.25, and a high-regmn shaft-encoder was fixed to the faster
disc. In this way it was possible to acquire thetaot voltage over a complete rotation of the
disc with repeated rotations triggered at the sanmular position. The slide/roll ratio was
achieved with a gear ratio of 7:9 so that the spomets on the two discs came into repeated
contact every nine rotations of the fast shaftgotlide/roll ratios ranging from zero to 1.0
obtained by changing the gears on the two shaltsjvas then possible to assess the
repeatability of the voltage signal and thereby noordetailed changes occurring as a result
of running.

Figure 8 shows three contact voltage traces, reptieg 90 degrees of rotation of the fast
disc, taken nine rotations apart. In this testswdaces were superfinished and the operating
conditions were typical of a heavily loaded geanthiocontact running at a moderately low
speed (maximum Hertzian contact pressure 1.4 GRegiement velocity 1.42 m/s; oil feed
temperature 50C). The voltage is seen to oscillate rapidly betwése upper and lower
limits corresponding to full film and metallic camt, respectively. The repeatability of the
traces indicates that the voltage response is aludentifiable regions of asperity/asperity
encounters, and that for the majority of the timilafilm is present over the whole of the
nominal elliptical contact area which is, at theeging load, about 2.5 nfm In the three
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traces shown the mean contact volta 02

was calculated to be 20 mV, 18 mV ar Rotation 18
17 mV, respectively. Repeated voltag W‘w It “ m
traces taken at the same position of t > **{flf | a uwul

fast disc at every f0contact, so that the
counterface roughness is different at ea
pass, show significantly less correlatiol
Experiments with rougher surface
showed a far greater degree of conta

and it was only at higher speeds that ft Rotation 0 »
film  conditions  were indicated. 0 J | ™
Experiments were carried out at a ran: o _ . J

30 4 60 75 9

of loads (1.0 GPa to 1.4 GPa) ar 0 15 ( 5 0
entraining velocities (0.71 m/s to 7. Fast Disk Rotation / degrees

m/s) In V\_/h|Ch bOth mean contact volta¢  Fig. 8 variation of contact voltage during a repeated
and friction coefficient were measure(c 90° rotation of the fast disc. The figure shows three

The collected results are summarised traces taken at rotation 0, rotation 9, and rotation 18 of

Figure 9 as a function of the calculatdd the disc. The second and third traces are offset by 0.07
. he d | di . volts and 0.14 volts, respectively, for clarity. Both discs
ratio. The data plotted in Figure 9 wei were superfinished. Maximum contact pressure = 1.4

generated usin g two axially-groun GPa; speed of fast disc = 200 rev/min.

discs with stable Ra values of 0.35 um

and 0.32 um following running-in at steadily morggeessive conditions (reaching the
highest load and lowest speed used in this wor&h slat the surfaces were stable under all
conditions encountered in the test programme. dises were run until steady-state
temperatures were achieved at a range of speedsaug] at a slide/roll ratio of 0.25, giving
the range o/ ratios shown in the figure. Th# ratio is often cited as an indicator of the
effectiveness of EHL in preventing wear and damegéubricated contacts. In carefully
controlled laboratory experiments in which film dkiness was measured using the optical
interferometry method it was concluded that fullafiEHL (as predicted on the assumption of
smooth surfaces) is only achieved whthas a value of 2 or great&7]. In the case of the
elliptical contact used in our experiments the nezfee theoretical film thickness used in the
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above formula was obtained from the empirical fdaraf Chittenden, et al28]. In Figure 9

it can be seen that the approach to full film bétavis indicated only when reaches about
1.5. The coefficient of friction shown in Figurg#®) follows a steady decline with increasing
speed (andl) demonstrating the transition from mixed lubrioatito conditions approaching
full EHL. Figure 9 (b) shows that mean contacttagés only approach 43 mV far >
1.5,indicating that at lower values fthere are increasing levels of direct metallic aspe
interaction taking place. These experimental tessttongly support the view based on the
optical EHL experiments conducted independentiythers that thel ratio provides a good
guide to the effectiveness of the EHL film; furthbeoretical evidence of the value of this
ratio as a predictor of near-surface fatigue danvatide presented in the following sections
of the paper.

5 Modelling of fatiguein lubricated, rough surface contacts

Detailed results from the transient micro-EHL s@n$ can be used to predict conventional
high-cycle fatigue damage in the vulnerable thinfesie layer. At each timestep in the
solution process stored values of pressure, filkiless and surface traction are used to
calculate the instantaneous distribution of sula®@felastic stress and strain components
from the following convolution integrals.

_ 27 J' p(s)(x—9ds _ 2z ¢ 1(s)(x—9s)*ds

7 Liocoree} 7 liocsre2f

Xz

__ 27° J- f9ds 27 J- r(s)(x— 9ds
’ T 2o ((x— s+ zz)2 T 2 ((x— 9+ zz)2
2z ¢ ps)(x—s)’ds _ 2 ; 1(s)(x-9)°ds
T 5o ((x— s)? + 22)2 ”rJ;o ((x— s)? + 22)2

(2)

X

The stress history at each point in a represeetétiock of material is broken into a series of
loading cycles and a corresponding degree of damalgalated for each cycle. The rainflow
counting methodd9] gives the effective load cycles and the corredpan stress levels for
each cycle. Different models are available forcgklting the damage sustained at each
loading cycle, but they have been found to diffetlel in their predictions30]. The method
currently adopted in our work is that proposed hByefi and Socie3]l] and is expressed by
equation (3) which gives the number of loading egdo failureN; for the effective loading
cycle.

T,
v (1+KZ2) =L (2N,) +y5(2Ny)° (3)
In the abovey, is the shear strain amplitude on the materialglamder consideration for the
effective loading cycle, angh maxthe maximum tensile stress normal to the planenduhe
effective loading cycle. The material constantsh@ equation can be chosen corresponding
to different steels, and in our work we have takalues corresponding to SAE4340 as given
by Zahavi and Torbilo32], for example. The damage sustained in one eWfedtiad cycle is
N;* and the total damagp, is the sum of the damage for each effective made. Further
details of the model are given i81] 33]. The value of D resulting from one gear meshing
cycle is obtained for each point in the materialsiddered. Fatigue failure is assumed to occur

whenD reaches a value of unity, so that at any poithématerial, the reciprocal bfis the
number of gear meshing cycles associated withufatag that point.



The situation in which a full EHL film can be geatad is unlikely to occur in practical gears
unless they operate at high speed or have veryyffimeshed surfaces. It is therefore of
interest to examine the effect of tHeratio on predicted near-surface fatigue with time af
advancing a tentative lower limit of thé ratio for the avoidance of micropitting.  The
predicted effect of thel ratio on near-surface fatigue can be examinedangying out the
above fatigue simulations by varying the lubricaiscosity (other conditions remaining the
same) corresponding to a range of conditions mgryiom “full film” to severe thin-film
operation typical of heavily loaded gears at a leghperature. Damage maps corresponding
to A/ values of 2.0 and 0.1 are shown in Figure 10 () &0 (c), and the corresponding
profile of the surface is shown in Figure 10(a)e3é results correspond to a short, shallow
section of the surface of a pinion tooth. The ooloode varies from blueD&10*° the
darkest colour) to redD&10°) which is also relatively dark, and the figurethierefore best
viewed in colour. The volume shown

is of depth 0.2 and length & wherea () [, &
is the semi-dimension of the " [ ]
corresponding Hertzian line contac :
This is the region of the tooth profils 0
sub-surface material that experienc (bo)os
aggressive stress cycling due to t
mixed lubrication effects. There i § o1
another, deeper, zone (8)7 where
high level stress cycling due to th
average Hertzian pressure occurs, | 02
that is not associated with micropitting 0
It is potentially less vulnerable tc¢ ()
surface weaknesses, the possil
development of internally pressurise € o1}
cracks, and the effects of asperi
plastic deformation and the associat
residual stress fields. At theé = 2 02
condition the highest damage value
the ﬁgure isD = 10_6 very near the ?35-10 1E|-09 3E|-09 1E|-08 3E|-05 1E|-07 3E-07 1E-06

surface at/a = 0.015. At the lowent

value there are two much 6Iarger hig damage based on micro-elastohydrodynamic lubrication
damage areas whefz > 10" centred simulations of the contact of gear tooth profiles,

at x/a = 0.015 and ak/a = 0.12, and (b) A=2.0; (c) A=0.1.

new D = 10° hotspots very close the

surface ak/a = —0.45, 0.40, 0.49 and 0.80. All of these lamagi of high damage can be seen
to align with the prominent surface asperities. Zbaes of high damage are slightly offset
from the corresponding asperities in some caseschwhg a consequence of local
hydrodynamic action in which the peak hydrodynapmessure tends to occur at the exit of
micro-EHL contacts.

Fig. 10 Roughness profile (a) and predicted fatigue
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6 Plastic defor mation and running-in

When newly manufactured gears are put to work tineases of the teeth undergo a process
of “running-in” during which their surface profilemre noticeably modified. The highest
peaks are reduced in both amplitude and tip curgaaind as a result the surfaces are able to
bear the load with lower extreme pressures. leappthat the improvement in the surface
can occur very rapidly. For example, in earlietdassing circumferentially-finished discs in
scuffing experiments3l] it was found that varying the length of time f@hich the discs
were run-in at each load stage (ranging from 0.5 tmi1l0 min) had no significant effect on
the subsequent scuffing behaviour. In more recamkwsing axially ground discs in which
re located profiles from the same parts of thesigere carefully monitored over a period of
time it was found that running-in occurred inetdlly, a few rotations of the discs, and that
subsequent running over a far longer period, preduw further noticeable change in the
surface B5]. A series of relocated profiles taken from thefate of an axially-finished disc

at different stages of running at the same loadhawvn in Figure 11. Load was applied to the
test discs for 27 seconds after which tt
discs were cleaned and surface profile
taken in-situ at the same circumferentii 0.4t
positions. The profiles taken at the end
each of these 27 s load stages we
relocated to align the deep valle
features and compared. Figure 11 sho
a detailed comparison of three suc
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plastic deformation of the aggressiv T e
asperities can be seen when compari "3} | Load Stage 3

the original, as manufactured, surfac -1
with that taken after the first load stage

Differences  between the surface _. : ,
. followina the first stage of Fig 11_Aser|eslof re-located prof|Ie§ tak.en from the
geometries g g fast disc showing the effect of running time on the

running and the third stage are seen to be development of surface deformation. Maximum
negligible, and are of the order of the Hertzian contact pressure = 1.7 GPa; fast shaft
measurement accuracy of the in-situspeed = 1500 rev/imin; slide/roll ratio = 0.5; each load
surface profilometry technique used. stage is 27 seconds in duration.
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These findings strongly suggest that the changesiiface topography which occur during
initial running-in are due to virtually instantaneoplastic deformation of the most prominent
asperities. (Further running-in due to changesperating loads and temperatures can also
occur.) This idea of rapid asperity shape chanderitber supported by the results of elastic,
dry contact simulations which show that when nembnufactured ground surfaces are
brought together at typical operating loads of trder of 1.0 GPa nominal Hertzian
maximum pressure, the maximum local pressuresparig contacts (based on the elastic
assumption) far exceed the hardness of the steelvied. Significant plastic deformation at
the asperity level would therefore seem to be taéle when newly-manufactured gear tooth
surfaces are put to work. Reduction in the heahprominent surface asperitiper seis
clearly beneficial in terms of hydrodynamic lubtioca, but when this is due to significant
plastic straining it may be associated with damaghle form of micro-cracks. Oila et &4]
carried out detailed metallurgical examination @fuanber of micropitted gears and identified
what the authors called “plastic deformation regiofPDRs) which developed beneath
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asperities, and it was concluded that the inteisectf the metallurgically weak boundary of
the PDRs with the surface represents a criticaéZoom which microcracks initiate. It was
suggested that these cracks then propagate preddlsealong the boundary of the PDR until
they reach the surface again, whereupon a miaopreated. The test gears used here and in
other gear experiments reported in the paper weneufactured from 16MnCr5 steel, gas
case carburised and hardened to a surface hardheds0-750 HV before being finish
ground.

Even if plastic deformation at the asperity levelesl not cause immediate cracking the
possible creation of a tensile residual stressd fielthe near-surface of the asperity as a result
of plastic straining may also have a significarftuence on subsequent high cycle fatigue
behaviour. The inclusion of elastic/plastic defotima in a full micro-EHL simulation
presents significant numerical difficulties. Aethurrent stage it has therefore been assumed
that under heavily loaded conditions the elast@sft contact behaviour under lubricated
conditions can be modelled as that between surfiacdsy contact. Considerable progress
has been made in the elastic/plastic modellingingle asperities using commercial FE
packages. Mulvihill et al37] have produced an impressive FE model of thersiidiiictional
contact of a single pair of asperities, both smgatand cylindrical. In our own work we have
investigated residual effects in the contact othbagular wavy surfaces and real surfaces
[38, 39] by simulating the contact of representative lesgbf profiles taken from freshly
ground gear tooth surfaces. The advantage of simglahe contact of surfaces having
multiple protuberances, rather than that of singldated features, is that the possibly
important effects of interaction of the stressdgelof closely adjacent asperities can be
revealed.

Figure 12 shows a typical result obtained fromelaestic/plastic contact simulation of the test
disc used for Figure 11. (The deep valley feathma atx = 0.063 mm in Figure 11 appears
atx = 1.033 mm in Figure 12). The surface profileuperimposed on a 38 mm radius circle
to form a 2D deformable part. It is loaded in @astrain against a rigid plane that is

1.00 | - T ) 1.00 |

e heri v m PV

oooVJ MV<§-OOO:

-0.25 }

050 |} -0.50 }
-0.75 | -0.75
-1.00 + | 4 { -1.00 } } |
0.93 0.98 1.03 1.08 1.13 1.18 1.08 1.09 1.10 1.11 1.12
X/ mm X/ mm

Fig 12 As manufactured roughness profile (black) with residual roughness profiles after first load
application (blue) and second load application (red). The residual profiles are essentially

coincident at the scale of the figures. Right hand figure shows two asperities in greater detalil..
tangential to the disc at its crown. This is eglewt to loading the disc against a mirror
image of itself. An elastic/plastic model is used the material and the load applied is such
that the resulting plastic deformation at the agipsris of the same order as that observed
from comparison of the measured disc centrelinghoass profiles. Figure 12(a) shows a
250 um length of the profile and Figure 12(b) shawshorter (40 pm) length of the same
profile in more detail. The figures show the as-ofantured profile and the residual shape of
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the roughness profile after the load is applied, aiso after a second application of the same
load. The two residual profiles are almost ideaititess than 4 nm difference in the curves
shown) which shows that there is an insignificanbant of further plastic deformation of the
asperities due to the second application of thed.loa Simulation of further
loading/unloading/loading cycles at the same Idaus that the residual plastic deformation
at the asperities occurs almost entirely in tha foading event. It was also found that when a
higher load was subsequently applied the residegdrohation was almost exactly the same
as when only the higher load was applied. Thisritezally predicted behaviour is confirmed
by the monitored running-in experiments describdeava.

The stresses arising from elastic/plastic contacind loading and following removal of the
load are illustrated in Figures 13 and 14. The Mises equivalent stress distribution in a
short length of rough surface whilst under loagh®wn in Figure 13. In this figure the
assumed vyield stress was 1.6 GPa and the redlayea svhere plastic yield is present. These
positions can be seen to correspond to the partseotorresponding profile shown in the
upper part of the figure where significant residdaformation of asperity features has
occurred. The effect of plastic deformation on deal stress is illustrated in Figure 14(a)
which shows the maximum positive residual principiaéss vectors. It seems possible that
the predicted occurrences of high residual tensitesses at the surface can cause the
initiation of shallow cracking consistent with thebserved appearance of micropitting.
Figure 14(b) shows contours of the maximum prindipsidual stress. The dashed, enclosed
curve in Figure 14 is the (approximate) boundaryhef zone where the maximum principal
stress is positive, so that the material insidectiree has a residual stress that is compressive
in all directions. The dashed curve has also lageled to Figure 13 for comparison. The FE
model presented here considers only normal, fnitégs contact. A more sophisticated
model of a tangential encounter between a singlegbdasperities” has been presented by
Mulvihill et al [37] as mentioned earlier.

7 Discussion and conclusion

Detailed numerical modelling of the elastohydrodwi@lubrication of rough surfaces under
gear tooth contact conditions shows that the |lpcaksures experienced at the encounters
between run-in surface asperities are far high@&erfoby a factor of three or more) than
expected on the basis of the assumption of smaothces. Hence although the presence of
a thin micro-EHL film may be sufficient to preveattual metal-to-metal contact between
asperities it does not significantly “cushion” tafect of roughness on the pressure profile.
Even under the most favourable conditions in whioé nominal film might be twice the
combined roughnesst (= 2) the effect of roughness is still clearly eand in the resulting
pressure profile (see Figure 5). In the operatingironment more typical of most types of
present-day gears (including wind turbine geans)which theA ratio may have a value
significantly less than unity, the pressure profilecomes very sharply rippled, and is
completely unrecognisable as Hertzian under sebaneilm conditions (see Figure 6). The
effect on near-subsurface time-varying stresses pratlicted fatigue is dramatically
increased under these conditions. Furthermore frédgpiency of the short-lived transient
occurrences of loss of the micro-EHL effect durthg more aggressive asperity collisions
increases, which adds the risk of possible locakamn and micro welding/tearing (micro-
scuffing). The presentation of predicted sub-siafeatigue damage as shown in Figure 10,
for example, indicates the striking quantitativéeef of reduced film-forming on predicted
fatigue. Peak damage values in the near-surfa@s laythe case considered are typically
predicted to increase by about three orders of matgwhen thei ratio is reduced from 2
to 0.1.
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Fig 13 (a) Asperity shape before (blue) and Fig 14 (a) Maximum positive residual principal
after elastic plastic loading (green) with (b) von stress vectors with (b) contours of maximum
Mises stress under load. Dashed curve principal stress. Dashed curve indicates
superposed from Fig 14. boundary of zone where maximum principal

stress is negative.

The results of the electrical contact resistangeearments carried out under gear operating
conditions over a wide range dfratio in a disc machine lend support to the earésults of
direct measurements of film thickness obtained gigiptical measurements, and are also
consistent with the predictions of fatigue damagdimed above. Repeatability of contact
voltage traces when the test discs are in the satagve position clearly demonstrates the
interaction of potentially identifiable asperities groups of asperities on the two surfaces as
they re-encounter one another. Although consideratieraction apparently takes place
under the most severe thin-film conditions it ishag@s surprising that in spite of the two
surfaces being in nominal contact over an elliptizaa of about 2 mf{within which there
are several hundred prominent asperities on botfaces) there are still significant “no-
contact” periods, which strikingly demonstrates tnaderlying stiffness of the physical
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micro-EHL system and its crucial role in protectiihg surfaces even under the most severe
conditions.

The strong dependence of contact and fatigue on/thatio predicted in the above and
similar studies has encouraged the use of the agtithe basis for a micropitting criterion.
The use of a “specific lubricant film thicknessinfdar in definition to the/ ratio) as the
basis of a practical aid to avoid micropitting mledied in a current ISO standadd]. The
document recognises that other specific factorsluding lubricant chemistry, have an
influence, but it is appreciated that the scienas hot developed sufficiently to allow such
factors to be included directly in a calculationthael. Thus the specific lubricant film
thickness is recommended “as an evaluation critevibien applied as part of a suitable
comparative procedure based on known gear perfa®iait is therefore clear that gear
practitioners recognise the need for a better wtaeding of the phenomenon of micropitting
before it will be possible to provide a truly corapensive design method to prevent it.

The experimental observation that running-in appéaroccur almost instantaneously when
new surfaces are put to work strongly suggests ithgortant role of initial plastic
deformation in determining the subsequent perfooeanf gear teeth. Work has therefore
been carried out on the elastic/plastic contact etiiod of both single asperities and
representative lengths of profiles from gear tostiwrfaces to quantify the residual
deformation and stress field. It was found thaeeged elastic/plastic loading produces rapid
shakedown which accords with the observed behauvitwing running-in. The residual
geometry and stress field obtained can, in priegijple incorporated into the micro-EHL
simulations and elastic fatigue calculation, andkaan this idea is ongoing. In pursuing this
work a basic question to be answered is: doesdbiglual stress field produced by initial
plastic deformation significantly lengthen or sleortpredicted fatigue life? Detailed
examination of residual stress contours has resiealaes of high residual tensile stress very
near to the surface and this may provide an exptan&or the appearance of microcracks
which then develop into micropitting.

A further mechanism which has been suggested actarfaffecting the propagation of
surface micro-cracks is that of hydrostatic prasstion of existing cracks by the EHL
system. In classic early work on pitting under dbads of pure rolling involving more than
eighty tests Dr Stewart Way1, 42] of Westinghouse Laboratories, came to the renideka
conclusion that “pitting will not occur without labant”. By tracing the development of
cracks Way found that pits initiated from minutaaks at the surface, and he proposed that
the observed growth of the cracks under lubricabetnot dry, conditions was explained by
the “theory of oil penetration”. Following Way sesak workers have produced models of
crack pressurisation, a notable contribution wasleniay Bower 43] and more recently an
EHL/crack pressurisation model has been proposdgalyombe et al44]. Opinions diverge
on the issue of crack pressurisation, however, #ndhould be recalled that Way's
experiments were conducted under conditions ofdatjrpure rolling, which is not the case
in gears where micropitting is observed on thegaftthe teeth where significant sliding
occurs. It is clear that further work, involvingth theoretical modelling and careful
experimentation, will have to be carried out beftbre hypothesis can be proven or rejected.
The challenge for numerical modellers is the foligling of a transient micro-EHL solution
with a consistent treatment of the mechanics aflcstressing and crack growth.

The work carried out by the Cardiff group on midtbpg has been concerned with the

physical mechanisms of EHL, elastic/plastic defdrama and elastic fatigue damage
modelling. The effects of surface chemistry anthdiilms has not been considered. In
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eventually arriving at a full understanding of theoblem of micropitting it is therefore
believed that it will be necessary to combine tbkdsand fluid mechanics of rolling/sliding
contacts with the behaviour of interacting surfaaiethe molecular level.
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