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Abstract

Micropitting is currently a significant failure mechanism in carburised steel gears, but the detailed mechanisms of crack initiation and
propagation are not well understood. Experiments have been carried out using a twin disc machine, according to a factorial experimental
design in order to assess the influence of seven factors: material, surface finish, lubricant, load, temperature, speed and, slide-to-roll ratio.
In order to minimise time, the design adopted was a fractional factorial design 2(7-4). It has been found that load has the biggest effect on
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icropitting initiation whereas speed and slide-to-roll ratio have the biggest effects on micropitting propagation. Finally it is sh
icropitting is related to the phenomenon of martensite decay.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Micropitting is a form of surface contact fatigue encoun-
ered in bearings and gears, under lubricating conditions,
hich leads to their premature failure. It can occur with all
eat treatments applied to gears[1] and with both, synthetic
nd mineral lubricants[2] and after a relatively short period
f operation—in some cases, after less than a million cycles,
ears need to be replaced due to the increased noise and vi-
rations caused by the deviation of the tooth profile as a result
f micropitting.

Microscopically, micropitting shows similar features (i.e.
its and cracks) as macropitting but these differ in scale. A
icropit is characterised by a depth, length and width on the
rder of a few microns or tens of microns. On the pinion

he cracks propagate towards the pitch line meanwhile on
he wheel cracks propagate away from the pitch line, which
ndicate that the direction of propagation depends on that of
he sliding. The cracks propagate into the depth of the steel

∗

at a shallow angle, usually less than 30◦ and they can merg
resulting in a continuous loss of material, which determ
profile deviation.

Extensive investigations into micropitting have been
ried out during the last decades but the micropitting
nomenon remains unpredictable, difficult to control, and
complete mechanism is unknown. Micropitting researc
an interdisciplinary subject and its complexity is due to
numerous factors of influence involved. Investigators are
erally inclined to emphasize the importance of one or m
parameters that make their research area (i.e., chemists
the lubricant formulation; metallurgists blame the heat tr
ment, etc.) but the question “what is the main contribu
factor to micropitting” has not yet been answered.

Experimental observations[3–5] show that the rougher
surface is the more prone it is to micropitting. Surface as
ities act as stress raisers and surface initiated cracks ori
in the asperities. It is believed that theλ ratio has little effec
on micropitting initiation but has a strong influence on mic
pitting propagation[6] and that antiwear (AW) and extrem
pressure (EP) additives used to prevent scuffing promot
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sulphur and phosphorus prevent micropitting[8], while oth-
ers[9] find a significant tendency for them to produce micro-
pitting. The detrimental effects of EP additives on the fatigue
life of gears can prevail against the benefits of enhanced steel
cleanliness and surface finish[10].

Micropitting can occur at moderate loads, below the pit-
ting endurance limit and, it can cause damage after short
running times[11]. The operating temperature mainly affects
the lubrication conditions (i.e., the lubricant viscosity and the
friction coefficient). An increase in the operating temperature
results in a decrease of the lubricant viscosity and the lubri-
cant film thickness and thus, an increase in contact and the
probability of micropitting occurrence. The temperature also
influences the behaviour of the additives. In consequence, an
increase in temperature, below a threshold, may improve the
lubricant performance due to the action of additives[11]. An
increase in the operating speed improves the formation of the
lubricating film but also increases the operating temperature.
Therefore, high operating speeds may promote micropitting.
The initiation period of micropitting decreases as the sliding
speed is reduced. It was found[12] that micropitting occurs
most readily at speeds in the range of 4–10 m/s but micro-
pitting may occur even at low contact stress because of the
effect of sliding. The predominant sliding direction in gears
is transverse to the direction of surface lay, therefore per-
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To date, there is no recognized unified method to assess
the factors influencing micropitting. In order to describe the
mechanism it is necessary to monitor the factors of influence
and to evaluate their effect. The aim of this work was to assess
statistically the influencing factors in order to identify those
that are the most significant. A global approach has been used
by taking into account seven factors that have been previously
reported in the literature to influence micropitting. The factors
considered are material, surface topography, load, lubricant,
temperature, speed and, slide-to-roll ratio. The assessment of
these factors has been done by a fractional factorial design,
which allows for the study of a number of factors simultane-
ously. The data are analysed by multiple regression and the
resulting model relates the factors to the results and it shows
which factors have the greatest influence and how they com-
bine in influencing the results.

2. Experimental

2.1. Gear tooth contact simulation

It has been shown previously[29,34]that the experiments
made on roller discs faithfully reproduce micropitting as
found in gears. The disc machines reported in the literature
a
f dy
o de-
s ally
s

on-
n irs of

g (b).
endicular to the direction of lubricant entrainment. In th
onditions there is an opportunity for a loss of oil from
ontact which leads to thinning of the film and ultimately
lm collapse[13].

The role of the steel microstructure in contact fatigue
een widely investigated. While the effect of retained aus

te and carbides is debatable, the effect of non-metalli
lusions is known to be harmful. Little or no attention
een paid to possible effects of phase transformation o
ing in gears undergoing micropitting. It is well known t
urface contact fatigue phenomena in rolling element b
ngs, are associated with phase transformations referr
s martensite decay[14–26]. There are only a few cases
hich martensite decay has been reported in gears. Ho

t is not clear whether this contributes to the damage o
ear tooth flank. Hoeprich[27] believes that the dark etchi
ffect in gears is due to plastic deformation and disloca
ccumulation rather than phase transformation or that
ue to the diffusion of hydrogen from the lubricant to
teel as a result of tribological processes in asperity con
hite etching areas (but not bands) have been report

ears[28] but it was assumed they do not cause fatigue d
ge on tooth flanks. Recently, it has been shown[29] that the
ecay of martensite also occurs in specimens subject
olling/sliding loading (both discs and gears) affected by
ropitting. The decay of martensite gives rise to prefere
ites for crack nucleation and propagation. The micropi
echanisms suggested previously are explained in ter

ubricant pressure effects inside the crack[30,31]or slip line
eld theory[32,33] but with no reference to the steel m
rostructure.
re designed to work either with two rollers[29,34,35]or
our rollers[33,36,37]. In this work, the experimental stu
f micropitting was carried out using a two-disc machine
igned at the University of Newcastle, which is schematic
hown inFig. 1a.

A three-phase motor drives a lower shaft which is c
ected to the upper shaft via a pair of gears and two pa

Fig. 1. The disc machine (a) and the configuration of the disc housin
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Fig. 2. Locations of metallographic investigations: longitudinal and trans-
verse.

bearings. The disc samples are fitted at the other ends of the
two shafts. Different loads can be applied at the extremity of
the hanger which incorporates a spring to minimise dynamic
loads and the load is transmitted via a pivot to the upper shaft
and consequently from the upper shaft to the discs.

The discs are enclosed in the disc housing, which contains
lubricant and is cooled by water (seeFig. 1b). The lubricant
is sprayed in-between the rolling discs by the means of a tube
that comes down from the lubricant reservoir. The tempera-
ture of the sprayed lubricant is controlled by a cartridge heater
situated at the entrance in the disc housing. The temperature
of the lubricant in the disc housing is controlled by the water
flow through the walls of the disc housing. The disc housing
has an orifice where the lubricant can exit the system and
flows into a heat exchanger where it is cooled. From the heat
exchanger, the lubricant flows into a basin from where it is
pumped back to the reservoir.

During testing the discs initially rotate without the ap-
plication of load. Once the desired speed has been reached
the load can be applied. This is done gradually by adding
weights on the hanger. Different loads can be achieved by
loading the hanger with different weights. Disc samples have
an inner diameter of 25 mm to fit on the shafts. The sum of
the outer diameters is 120 mm. Different slide-to-roll ratios
can be achieved by choosing discs of different diameters but
k
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Table 1
Factors influencing micropitting and their corresponding levels

Factor Low level High level

Steel grade EN36 SAE 8620H
Surface lay Longitudinal Transverse
Load,P (N) 2484 4968
Lubricant type Base oil + EP OEP-80
Temperature,T (◦C) 60 100
Speed,v (rpm) 1000 1200
Slide-to-roll ratio,S 0.23 0.33

factors. In our study, a full factorial design would require
27 = 128 experiments! The fractional factorial design enables
the study of the main (linear) effects of each factor with a
small number of experiments[38]. For seven factors, each
with two levels, the theoretical minimum number of experi-
ments is eight (2(7-4) = 8). In such a design, some of the factor
combinations are excluded and therefore some of the effects
will be confounded. Confounded effects cannot be estimated
separately and they are said to be aliased. A measure of the
aliasing relationships that exist in a design is given by the
resolution. A 2(7-4) design with eight experiments has a res-
olution III which means that no main effect is aliased with
another main effect and at least one main effect is aliased
with at least one two-factor interaction and two-factor inter-
actions are aliased with each other. The factors considered in
this study and their corresponding levels are given inTable 1.
The computing for experimental design has been done using
Minitab 13 software. The resulting matrix of experimental
design is shown inTable 2.

2.3. Samples

The discs were manufactured from two gear steel grades:
EN36 and SAE 8620H, which are widely used for gear man-
ufacturing. The chemical compositions of the two steels are
g gear
h tem-
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eeping constant the sum of their outer diameters.
Tests were interrupted afterN=n× 1.8× 105 cycles

heren= 1–4 and the surface condition was investiga
sing light microscopy and optical profilometry. Meta
raphic investigations were carried out after the tests
topped on cross-sections obtained by sectioning the d
ongitudinal and transverse direction as shown inFig. 2.

In addition, after each testing stage, the weight and
adii of curvature of the disc samples were measured.
esults presented here refer to the driven disc.

.2. Design of experiments (DOE)

One difficulty with factorial designs is that the num
f combinations increases dramatically with the numbe
iven inTable 3. The samples were subjected to standard
eat treatment procedures (carburising, quenching and
ering), EN36 samples at David Brown Eng. Ltd. and S
620 samples at Bodycote Heat Treatment. The case
chieved was 1.5 mm.

Following heat treatment the discs were first ground
oth flat faces and then on the test surface. Specimen g

ng was carried out on a Cincinnati Tool and Cutter Grin
odel No. 2 fitted with C-BN grinding discs of a grade u

or manufacturing gears. For the axial grinding the abra
heel was in the form of an internal cone. A drawing

he arrangement used in grinding is shown inFig. 3. For
tudying the influence of surface topography on micropi
our pairs of discs were cylindrically ground and four a
lly ground. Cylindrical grinding produces longitudinal
eanwhile axial grinding produces transverse lay. Trans

ay is a better approach to gear contact conditions, cons
ng that, on the gear tooth, the direction of grinding ma
nd the direction of motion are perpendicular. The sur
arameters determined by optical profilometry after grin
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Table 2
The design of micropitting experiments

Run Steel Surface lay Load (N) Lubricant Temperature (◦C) Speed (rpm) Slide/roll ratio

1 EN36 Longitudinal 2484 Base oil + EP 60 1200 0.33
2 SAE 8620H Transverse 4968 Base oil + EP 60 1200 0.23
3 EN36 Transverse 2484 OEP-80 60 1000 0.23
4 SAE 8620H Transverse 2484 Base oil + EP 100 1000 0.33
5 SAE 8620H Longitudinal 2484 OEP-80 100 1200 0.23
6 EN36 Transverse 4968 OEP-80 100 1200 0.33
7 EN36 Longitudinal 4968 Base oil + EP 100 1000 0.23
8 SAE 8620H Longitudinal 4968 OEP-80 60 1000 0.33

Table 3
Chemical composition of the two steels

wt.% C Mn Cr Ni Si Mo S P

EN36 0.12 0.55 1.2 3.25 0.28 0.12 0.025 0.025
SAE 8620H 0.20 0.80 0.50 0.55 0.25 0.20 0.04 0.035

Fig. 3. The configuration used for grinding: (a) cylindrical grinding; (b)
axial grinding.

are given inTable 4. During the eight tests theλ ratio varied
from 0.14 to 0.66. The microstructure of the case is similar
for both steels and consists of tempered martensite (Fig. 8a).
Fig. 4shows the hardness profiles for the two steels. In order

Fig. 4. Vickers hardness profiles for the two steels (load 300 g).

Table 4
Surface roughness parameters

Experiment Disc Rq

(�m)
Ra

(�m)
Rt

(�m)
∆qx

(mrad)
∆qy

(mrad)

Exp1 Driven 0.46 0.37 3.21 0.13 0.34
Driver 0.39 0.27 2.98 0.09 0.31

Exp2 Driven 0.25 0.19 1.92 0.17 0.08
Driver 0.29 0.22 2.11 0.21 0.12

Exp3 Driven 0.60 0.48 4.38 0.39 0.18
Driver 0.43 0.35 3.37 0.27 0.12

Exp4 Driven 0.33 0.26 2.50 0.21 0.09
Driver 0.40 0.31 2.71 0.37 0.15

Exp5 Driven 0.47 0.38 2.68 0.07 0.21
Driver 0.45 0.32 2.49 0.11 0.27

Exp6 Driven 0.85 0.71 4.29 0.32 0.09
Driver 0.57 0.45 3.28 0.27 0.12

Exp7 Driven 0.29 0.24 1.82 0.03 0.13
Driver 0.41 0.35 3.22 0.09 0.24

Exp8 Driven 0.38 0.30 2.82 0.09 0.22
Driver 0.52 0.39 2.15 0.07 0.18

to assess the influence of lubricant type, experiments were
carried out with two different lubricants, a base oil with 4%
EP additives (Anglamol A99) and OEP-80, used for marine
gear lubrication.

3. Results

3.1. Micropitting measurements

The percentage of micropitting (M, %) on the running
surface has been measured by processing the surface con-
tour maps captured with an optical profilometer (Micromap
512). The total area of micropitting, the number of pits and
the mean area of the pits have been determined using Scion
Image software.Fig. 5 shows a sequence of image process-
ing and micropitting measurement. The measurements were
performed on images obtained with the optical profilome-
ter from five different locations situated on the wear track.
The micropits are sufficiently uniformly distributed on the
wear track, that the method described above can be reliably
used. The images used in these measurements are the same
used for the measurement of the surface roughness parame-
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Fig. 5. Image processing and micropitting measurement. (a) Surface image captured by optical profilometer; (b) analysed image; micropits are counted,
measured and labelled using Scion Image. The results are as follows: number of micropits = 70, mean pit area = 53.9�m2, minimum pit area = 0.19�m2,
maximum pit area = 616�m2, total micropitting area = 20.8%.

ters. The total area on which the measurements were taken
is 138× 131 = 18078�m2. We define amicropitting param-
eter,M, as in the equation given below

M (%) = micropitted area

18 078
× 100 (1)

M (%) has been determined for the discs before test and the av-
erage value isM= 0.5± 0.3%. This is because, on one hand
randomly distributed small pits, situated on the top of the
grinding marks pre-exist due to the surface finishing process
and, on the other hand, because of the limitations of the image
processing method. These considerations suggest that there
is a threshold value forM below which the method is not
sensitive. The threshold value was chosen asM= 1.5%. The
micropitting parameter has been plotted versus the number
of stress cycles inFig. 6. These curves show the rate of mi-
cropitting progression and they exhibit a similar trend to the
mass loss curves inFig. 7. This suggests that the removal of Fig. 6. Percentage micropitting vs. number of cycles.
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Fig. 7. Mass loss as a function of number of cycles.

material from the specimen surface is mainly due to micro-
pitting. The experimental data inFig. 6 have been fitted to
straight lines. The number of cycles,N0, necessary for micro-
pitting initiation is taken to be the intercept of the micropit-
ting curve with a horizontal line represented by the threshold
M= 1.5%. The slopes, dM/dN, of the lines fromFig. 6repre-
sent themicropitting progression rates. The number of cycles
for micropitting initiation,N0, and the micropitting progres-
sion rates, dM/dN, determined for the eight experiments are
given inTable 5.

3.2. Phase transformations

The microscopic examination of the samples etched with
nital has revealed similar microstructural features to those
reported in fatigued bearings, namelydark etching regions
(DER) andwhite etching bands(WEB). Fig. 8 shows two
cross-sections of the disc tested in experiment 1 taken in
longitudinal direction in (b) and, transverse direction in (c).
The dark etching regions are clearly seen in both pictures,
beneath the specimen surface. These regions appear much
darker than the rest of the microstructure. Beneath the dark
etching zone, the microstructure is characterised by a pref-
erential oriented texture (seeFig. 8b). The texture consists
of white lines (WEB), which lie between 185 and 690�m
b s
a
r erv-
a

T
M

R

1
2
3
4
5
6
7
8

Fig. 8. Micrographs showing the microstructure before and after test. (a)
Longitudinal section before test showing no DER or WEB. (b) DER and
WEB in longitudinal section. (c) DER and WEB in transverse section. Ex-
periment 1, driven disc; etch: nital 2%.

but as a zone of fine microstructure, lying beneath the DER,
slightly darker than the unaffected microstructure, which ex-
tends to a depth approximately equal to the limit of WEB
from Fig. 8b. The samples were carefully prepared using
state-of-the-art equipments in order to minimise preparation
artefacts and similar features are not observed in the samples
before running (Fig. 8a). A higher magnification of the WEB
zone is shown inFig. 9. In addition to the aforementioned
phases, zones that exhibit a non-martensitic microstructure
(seeFig. 10) have been found near the tested surface to a
depth up to 6�m. This microstructural feature will be re-
elow the contact surface. InFig. 8b the white etching band
re inclined to the surface plane to an angleα = 45◦ in the di-
ection opposite to the sliding direction. WEB are not obs
ble as inclined bands in the transverse section fromFig. 8c

able 5
icropitting initiation and progression

un Initiation cycles,N0 (M= 1.5%) Progression rate, dM/dN

1.48× 105 6.80× 10−5

4.55× 104 3.87× 10−5

4.72× 105 8.77× 10−6

1.05× 103 3.06× 10−5

1.12× 105 3.21× 10−5

1.16× 104 8.55× 10−5

4.69× 104 2.83× 10−5

6.24× 103 1.74× 10−5
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Fig. 9. Higher magnification of the WEB shown inFig. 8b. A second set of
WEB in A and a polishing artefact in B.

Fig. 10. SEM image showing PDR bordered by DER grains. Experiment 1,
driven disc. Longitudinal section. Etch: nital.

ferred in this work as theplastic deformation region(PDR).
In order to asses the influence of the test conditions on the
phase transformations a transformation factor corresponding
to each type of transformation has been calculated as the ra-
tio between the width of the new phase (p the width of the
PDR,d the width of the DER andw the width of the WEB)
and the number of stress cycles,N. The values ofp, d, andw

corresponding to each of the eight experiments are given in
Table 6.

3.3. Statistical analysis

In order to assess the effects of the factors listed previously
they must be represented numerically. It has been shown that
micropitting is governed by the plastic deformation of asperi-
ties[29,32]. The most suitable property that characterises the
plastic behaviour of the steel in the contact region is its hard-
ness,H (GPa). The hardness measurements were performed
on the testing surface, by nanoindentation technique with a
Hysitron Triboindenter using 10 mN peak load. The average
values, after applying the pile-up correction factor[39] are as

Table 6
The phase transformation factors

Run p× 10−5

(�m/cycle)
d× 10−5

(�m/cycle)
w × 10−5

(�m/cycle)

1 1.25 51.38 140.28
2 0 19.44 0
3 0.34 4.86 0
4 1.11 5.37 0
5 0 1.11 0
6 2.22 102.78 352.78
7 1.38 38.88 202.78
8 0 3.61 0

follows:H= 8± 0.7 GPa for EN36 andH= 9.4± 0.9 GPa for
SAE 8620H. The surface lay is best described by the wave-
length ratio,Λ, defined as the ratio of the surface roughness
wavelength in the direction perpendicular to the direction of
the contact motion,λ⊥, and the wavelength in the direction
of the contact motion,λ//. The use of this parameter is also
supported by the bidimensional distribution of the micropits
described in[29]. The root mean square wavelength in two
orthogonal directions,λ⊥ andλ// have been calculated using
Eq. (2) whereRq and∆q are the standard deviations of the
profile height and slope, respectively and they were deter-
mined by optical profilometry.

λq = 2π
Rq

∆q
(2)

The average values ofΛ, before the test are as follows:
Λ = 0.335± 0.086 for longitudinal lay andΛ = 2.547± 0.636
for transverse lay. The average values ofΛ corresponding to
the running in conditions areΛ = 0.642± 0.069 for longitudi-
nal lay andΛ = 1.67± 0.421 for transverse lay. The parameter
used to characterise the effect of load is the maximum con-
tact pressure,p0. Because the discs are crownedp0 has been
calculated using the Hertzian equation for elliptical contacts
(Eq.(3)).

p

( ′2)1/3[ ( ′ )]−2/3

w r
s f
c en
b
[

R

I ve
r d
ν

p-
p is
4

0 = 3P

2πab
= 6PE

π3R2
e

F1
R

R′′ (3)

hereP is the normal load,a andb the major and the mino
emi-axis of the contact ellipse,Re the effective radius o
urvature (Eq.(4)) andE′ the elastic contact modulus giv
y Eq.(5) andF1 a function which depends on ratio R′/R′′

40].

e =
√

R′R′′ (4)

1

E′ = 1 − ν2
1

E1
+ 1 − ν2

2

E2
(5)

n Eqs.(4) and (5)R′ andR′′ are the major and minor relati
adii of curvature,E1 andE2 (E1 =E2) the elastic moduli an
1 andν2 (ν1 = ν2) the Poisson’s ratios of the two discs.

The calculated values arep0 = 2.0 GPa when the load a
lied is 2484 N andp0 = 2.2 GPa when the load applied
968 N, for the initial conditions andp0 = 1.5 GPa for 4968 N
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Table 7
The factorial design matrix for micropitting initiation

Run Factors Response

H (GPa) Λ p0 (GPa) η0 (Pa s) T (◦C) u (m/s) S N0

1 8 0.335 1.8 0.169 60 3.76 0.33 1.48× 105

2 9.4 2.547 2.2 0.169 60 3.76 0.23 4.55× 104

3 8 2.547 1.8 0.268 60 3.13 0.23 4.72× 105

4 9.4 2.547 1.8 0.169 100 3.13 0.33 1.05× 103

5 9.4 0.335 1.8 0.268 100 3.76 0.23 1.12× 105

6 8 2.547 2.2 0.268 100 3.76 0.33 1.17× 104

7 8 0.335 2.2 0.169 100 3.13 0.23 4.69× 104

8 9.4 0.335 2.2 0.268 60 3.13 0.33 6.25× 103

load andp0 = 1.8 GPa for 4968 N load during the running-in
period.

The most important property of a lubricant is represented
by its viscosity. The ambient viscosity (atmospheric pres-
sure and 40◦C), η0 has been used to assess the effect of lu-
bricant on the micropitting phenomenon. The viscosity val-
ues determined with a digital Brookfield viscometer RVTD
areη0 = 0.169 Pa s for the base oil andη0 = 0.268 Pa s for the
OEP-80 lubricant.

The entraining velocity,u, is commonly used in the calcu-
lations which refer to elastohydrodynamic contacts. The en-
training velocities corresponding to 1000 rpm rotation speed
is u= 3.13 m/s and to 1200 rpm isu= 3.76 m/s.

3.3.1. Micropitting initiation
The initial contact conditions have been used to study the

influence of the given factors on the number of cyclesN0,
necessary for micropitting to initiate. It is considered in this
work that micropitting had been initiated when the micropits
occupy 1.5% of the disc surface. The matrix of the facto-
rial design is given inTable 7. Fig. 11shows the main effect
plots when the response isN0. The central line represents the
mean of all the values of the response (N0) in the experiment.
The biggest effect on the number of cycles,N0, necessary
for micropitting to initiate is that of the contact pressure,p0.
T tes
c . Al-

though the pressure appears to affectN0 more than the other
factors it is important to analyse the interactions. The inter-
action plots when the response isN0 are shown inFig. 12.
The interaction plots show that the number of cycles,N0, at
high contact pressure (p0 = 2.2 GPa) is almost independent
of the other factors. The only significant interaction is that
with surface roughness. This observation is very important.
At high contact pressures the means to avoid micropitting are
limited and, under the experimental conditions used in this
research the only way to retard micropitting initiation is to
improve surface finish. At the low setting for contact pres-
sure (p0 = 1.8 GPa) micropitting initiation is strongly affected
by the other factors.N0 increases when EN36 steel and base
oil are used, when the wavelength ratio,Λ, the temperature,
T, the speed,u, and the slide-to-roll ratio,S, decrease. The
second biggest influence on the initiation of micropitting is
that of the hardness of the steel. Micropitting initiates ear-
lier on the specimens manufactured from SAE 8620 steel,
which is harder than EN36. The interaction plots show that
for SAE 8620 steel,N0 varies insignificantly when the other
factors vary. In conclusion, the SAE 8620 steel is more prone
to micropitting initiation. The initiation of micropitting in
the EN36 steel is influenced by all the other factors. Better
resistance to micropitting initiation is provided by high wave-
length ratio (transverse lay), low contact pressure, the OEP-
8 -roll
r nce

e numb
he slope of the effect line shows that micropitting initia
onsiderably faster when the contact pressure is high

Fig. 11. The main effects on micropitting initiation.N0 is th
0 lubricant, low temperature, low speed and low slide-to
atio. The slide-to-roll ratio also has a significant influe

er of cycles after micropitting occupies 1.5% of the surface.
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Fig. 12. The interaction plots for micropitting initiation.

on micropitting initiation. The lower the ratio the higher the
number of cycles for micropitting to occur. Slide-to-roll ra-
tio has no effect when the wavelength ratio is low and also
at high speed. The effect of temperature is as expected, at
low temperatures the occurrence of micropitting is retarded.
Temperature has no influence at high contact pressure and
better micropitting performance is provided by the OEP-80
lubricant. Both lubricants act better at low temperatures in
the sense that the initiation of micropitting is delayed. The
influence of surface roughness and speed are small and they
can be neglected.

3.3.2. Micropitting progression
The variation of the surface roughness parameters leads to

changes in the operating conditions. The factors affected by
these changes are the wavelength ratio,Λ, and the maximum
contact pressure,p0. The final conditions after run-in are used
to study the stage of micropitting progression. The responses
used to assess the influence of the factors on the progres-
sion of micropitting are: the micropitting progression rate,
dM/dN (the slopes of the micropitting progression curves)
and the phase transformation factors (i.e.,p the PDR factor,
d the DER factor andw the WEB factor). The factors and
their levels corresponding to each experiment are given in
Table 8and the response columns inTable 9. The main effect
p rate,
d o-
r fects
a igh
r , the
m n in
F AE
8 n
t ant.

Table 8
The factors and their levels used to study the micropitting progression

Run Factors

H (GPa) Λ p0 (GPa) η0 (Pa s) T (◦C) u (m/s) S

1 8 0.642 1.5 0.169 60 3.76 0.33
2 9.4 1.67 1.8 0.169 60 3.76 0.23
3 8 1.67 1.5 0.268 60 3.13 0.23
4 9.4 1.67 1.5 0.169 100 3.13 0.33
5 9.4 0.642 1.5 0.268 100 3.76 0.23
6 8 1.67 1.8 0.268 100 3.76 0.33
7 8 0.642 1.8 0.169 100 3.13 0.23
8 9.4 0.642 1.8 0.268 60 3.13 0.33

At high speed micropitting propagates with high rate regard-
less the values of the other factors. This implies that little
can be done to stop the progression of micropitting when the
operating speed is high. The progression rate increases dra-
matically when high speed is coupled with high slide-to-roll
ratio. The effect of increasing speed and slide-to-roll ratio is
more pronounced on EN36 steel.

The plastic deformation zones form more extensively in
samples manufactured from EN36 steel as might be expected

Table 9
The responses used to study the micropitting progression

Run Responses

dM/dN p× 10−5

(�m/cycle)
d× 10−5

(�m/cycle)
w × 10−5

(�m/cycle)

1 6.80× 10−5 1.25 51 140
2 3.87× 10−5 0 19 0
3 8.77× 10−6 0.34 4 0
4 3.06× 10−5 1.11 5 0
5 3.21× 10−5 0 1 0
6 8.55× 10−5 2.22 102 352
7 2.83× 10−5 1.38 38 202
8 1.74× 10−5 0 3 0
lots when the response is the micropitting progression
M/dN, are shown inFig. 13. The effect of speed, slide-t
oll ratio and material are much higher than the other ef
nd they are significant. Micropitting propagates with h
ates at high speed and high slide-to-roll ratio. Although
icropitting initiation is delayed on EN36 steel, as see
ig. 11, the progression rate is much higher than for S
620 steel. From the interaction plots (Fig. 14) it can be see

hat all the interactions which involve speed are signific
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Fig. 13. The main effects on micropitting initiation. dM/dN represents the micropitting progression rate.

given its lower hardness. The biggest effect in the main effect
plots (Fig. 15) is the effect of hardness. The second biggest
effects are exerted by temperature and slide-to-roll ratio. It
can be seen from the interaction plots (Fig. 16) that at low
load the effect of temperature reduces considerably.

From the main effect plots shown inFig. 17results that the
development of dark etching regions depends strongly on the
steel; the dark etching regions develop preferentially in EN36
steel. The next significant effects are exerted by speed, contact
pressure, slide-to-roll ratio and temperature in this order. The
factors that have the biggest influence on micropitting pro-
gression, namely speed and slide-to-roll ratio have also a big
influence on dark etching region development. This observa-
tion confirms the assertion that micropitting and martensite
decay are related processes. The DER factor does not vary
significantly for SAE 8620 steel, regardless the value of the
other influencing factors but the effect of speed, slide-to-roll
ratio, temperature and pressure is pronounced for EN36 steel

(see the interaction plots inFig. 18). Although the effect of
temperature is not the biggest, high speed and high slide-to-
roll ratio generate frictional heating and the temperature is
actually higher than the values used in this model. The in-
teraction between temperature and pressure is significant. At
high temperature and pressure thed factor tends to a maxi-
mum value.

The white etching bands have been found in both steels but
they developed as continuous bands, and hence were measur-
able, only in the EN36 steel discs. Therefore, the WEB trans-
formation is not specific only to EN36 steel grade as the main
effects plots fromFig. 19indicate. The significant influences
are exerted by temperature, pressure, speed and slide-to-roll
ratio, as for the DER factor. The temperature-pressure inter-
action forw (seeFig. 20) shows the same characteristics as
the interaction ford (Fig. 18). The DER transformation and
WEB transformation are favoured by high temperatures and
high contact pressure. When the load is reduced the effect of

plots fo
Fig. 14. The interaction
 r micropitting progression.
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Fig. 15. The main effects on the development of the plastic deformation regions.

Fig. 16. The interaction plots for plastic deformation regions.

Fig. 17. The main effects on the development of the dark etching regions.
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Fig. 18. The interaction plots for dark etching regions.

temperature attenuates dramatically. This is expected since
both phases are products of martensite decay. The effects of
speed and slide-to-roll ratio are also significant. The WEB
phase is more likely to occur at high speed and high slide-
to-roll ratio. The interaction between speed and slide-to-roll
ratio shows that the DER phase does not occur at low speed
and slide-to roll ratio.

4. Discussion

The most significant factor that influences micropitting
initiation is the contact pressure. At high contact pressure,
the number of cycles necessary for micropitting to initiate
is almost independent of the other factors. This implies the
existence of a load threshold above which the means to avoid

micropitting are limited. Under the experimental conditions
used in this work the only way to retard micropitting in such
cases is an improvement in surface finish.

The main effects on micropitting progression rate, dM/dN,
are those of speed and slide-to-roll ratio. At high speeds mi-
cropitting propagates with a high rate regardless the values of
the other factors. This implies that little can be done to stop
the progression of micropitting when the operating speed is
high. Unlike the initiation, where SAE 8620 steel is more
prone to micropitting occurrence, the progression rate is sig-
nificantly higher for EN36 steel.

All the phase transformations strongly depend on the ma-
terial (steel grade) and hence material is the biggest factor for
all forms of martensite decay. The plastic deformation region
(PDR), the dark etching regions (DER), and the white etch-
ing bands (WEB) are more extensively developed in EN36

e deve
Fig. 19. The main effects on th
 lopment of the white etching bands.
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Fig. 20. The interaction plots for the white etching bands.

steel. Considering that the micropitting progression rate is
significantly higher for EN36 steel it can be concluded that
micropitting develops faster if martensite decay is more pro-
nounced. This suggests that the mechanism of micropitting
and the mechanism of martensite decay are related to each
other. Based on this observation it can be assumed that a suit-
able choice of gear steel, or heat treatment could represent a
solution to prevent micropitting.

The next biggest effects on martensite decay are those of
temperature, speed and slide-to-roll ratio. Since high speed
and slide-to-roll ratio produce high friction, hence high tem-
perature it can be concluded that the main driving force for
martensite decay is the temperature. Progression of micropits
therefore depends on the frictional power dissipation by the
sliding of surface asperities. This results in plastic deforma-
tion and heating of the surfaces.

The importance of the temperature generated at the sur-
face during testing cannot be overemphasised. As the asperity
temperature increases the contacting materials will be soft-
ened if martensite decay occurs and also if the surface tem-
perature rises. In addition the lubricant viscosity and load
support is reduced as its temperature rises. All of these will
contribute to poor micropitting performance.

Several approaches are possible to reduce frictional heat-
ing which should all therefore have an effect on micropitting
r

(
ase

suc-
ends

( he

to reduce frictional tractions can reduce micropitting.
However, the choice of additive package will be critical
as it must operate at the temperatures experienced in the
contact and not promote the initiation and propagation
of fatigue cracks in the surface (corrosion fatigue). Con-
siderable variation in performance with additive pack-
age has been observed and in some cases performance is
worse[8,11].

(3) Use a thermally stable surface. Annealing of martensite
and martensite decay are both features of high speed con-
tacts in carburised steel, the latter occurring at lower tem-
peratures. The use of a more stable surface (e.g. the white
layer in nitrided steel) can greatly reduce micropitting
[44].

(4) Use of hard surface. The plastic deformation region of a
few microns thickness is a feature of the worn surfaces of
all the discs tested in this study. The plastic deformation
of asperities leads to considerable heat generation and
can promote martensite decay—for this reason micro-
pits are observed soon after the test is started. A harder
surface layer, such as nitrided white layer[44] or a thin
hard carbon coating can improve this in micropitting per-
formance by reducing surface temperatures[43]. How-
ever, hard wear debris can cause problems elsewhere in
the system so this approach is not recommendable in all

5

1 test-
for
f mi-
esistance.

1) Reduce surface roughness—this will increase theλ value
for a given lubricant/contact combination and decre
the metal/metal contact and frictional heating. The
cess of superfinished gears in micropitting tests dep
on this[5,6].

2) Reduce frictional tractions during rolling/sliding. T
use of EP additives[2,7,9,10]or carbon coatings[41–43]
uses.

. Conclusions

. Disc testing produces similar results to full scale gear
ing but is quicker to perform and is more suitable
micropitting mechanism assessment and the study o
cropitting initiation.
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2. Micropitting initiation is mostly controlled by contact
pressure.

3. Micropitting progression is mainly controlled by speed
and slide-to-roll ratio.

4. Micropitting and martensite decay within the surface con-
tact region are related phenomena. Steels which show low
martensite decay are expected to be more resistant to mi-
cropitting.
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