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Analysis of the Premature Failure of Wind Turbine GeaBmatings

ABSTRACT

Wind turbine gearbox bearings are the component that leads to the most downtime of
operatingwind turbinesdue to their high failure rates. Failures occur within 10 % of bearing
design life, despite the fact that they are designed to the same bearing standards that
satisfactorily predict bearing lifetime in many other industrial applications. No theory has yet
been widely accepted to explain the reasons for this premature failure, despite intensive
research effort and many theories have been suggested both from industrial and academic
researchers alike. The most widely accepted theory at the current time is tleabdaring
subsurface is weakened by what have been termedvhige etching crackshat eventually

lead to material removal from the bearing contact surfaces.

Extreme loading conditions caused by a number of possible sources, which expose bearings to
higher than designed contact pressures and surface traction in wind turbine operation, are
investigated throughout this project. A dynamic model of a wind turbine gearbox was
developed in order to calculate bearing contact stresses during transient operatiigtioas,

which found that bearings were loading to above recommended values, even during normal
operating conditions. A failed bearing from a wind turbine gearbox was then destructively
investigated, leading to the conclusion that manganese sulphide inoisvere the primary
cause of white etching crack initiation. These inclusions were investigated in greater detail to
determine the geometry and depth of the most damaging inclusions, both in the failed bearing
and on bench top test rigs. A series of haaring impact test and rolling contact fatigue tests
were designed and led to the successful recreation of white etching cracks in test specimens.
It was found that white etching cracks certainly initiate at MnS inclusions. These microcracks
initiate due b a tensile load across inclusion tips, which are thought to be further propagated
by shear loading along the cracks. Inclusion initiated microcracks have been found to develop
into white etching cracks, which may link up and weaken the subsurface ohbeageways
sufficiently to cause eventual failure. Testing is carried out to find thresholds in terms of
contact pressure, surface traction, impact and fatigue loading cycles, required for the
formation of white etching cracks.

The key contributions of th study are identification and recreation of four different types of
subsurface damage at MnS inclusions by examining a failed WTGB and carrying out testing
using a reciprocating hammering impact rig and a rolling contact fatigue twin disc machine. A
hypathesis of the order and mechanism of these damage events is proposed in this study, as
well as the development of testing methods to investigate the damage in order to support the
hypotheses. Test methods are also developed to investigate the effectave key bearing
loading parameters, including impact loading, levels of contact pressure, surface traction and
number of load cycles.
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1. INTRODUCTION

1.1. Justification of research

During the past 15 to 20 years the wind energy industry has rapidly expanded, a trend that wil
continue throughout this decade. The European Wind Energy Agency (EWEA) has a planned
target of 230GW of installed wind power capacity by 2020, representing%20of total
European Union (EWlectricity consumptior{2]. Thisexpansion is being limited by the high
operating cost of wind energy, which is made more expensive by a number of maintenance
issues, most critically concerning wind turbine gearboxes (WTGs) which are not reaching their
anticipated lifespan o0 yeard3, 4, 5, 6, 7]A typical onshore WTG failure takes around 250
hours to repair and 206 of the overall lifetime downtime of a wind turbine (WT) can be
expected to be caused by gearbox failJdd, with this percentage greatly increased for
offshore applications. It isstimated that operation and maintenance (O&M) account foP20

of the cost of offshore wind energy in the B/ 9]

Theoretical WT availability is being significantly reduced by downtime causadlr Bfailures

[3, 10] Approximately twethirds of these failures initiate in the bearin§B0], despite best
practice manufacturing being followed1]. As average WT size increases, failure rates also
increase since larger turbine size leads to more flexible supporting strgctaseilting in
complex loading conditionsn turbine componentg10]. Additionally, larger bearings hawe
higher probability ofmaterial defectsbeinglocated in a critical positignwhich increases the
probability of failure Two modes ofpremature failure have been observed iwind turbine
gearbox bearingsWTGB}) namely; whitestructure flaking (WSF), also known as irregular
white etching aregIrWEA formation; and axial cracking of bearing racew§d/2, 13]. Both
failure modes are thought to be linked to the development of white etching cracks (WECS) in
material just beneath bearing raceway contact surfaces which may be formed-cdlled
butterfly cracks, an established damage feature found innglelement bearing (REB4R].
Currently, the method by which WECs lead to WTGB failure is not fully understood, despite
intensive research effort, and hence there isusefulmethod of calculating remaining useful
bearinglife in WTG applicationd 2, 13, 14, 15]

1.2. Aims and objectivesof this study

The overall aim of this studg to gain insight into the premature failure of WTGBs using a
combination ofmodelling techniques and benchtop testing to investigate how extreme loading
conditions experienced by WTGBs may contriliotéheir premature failure. More specifically,
the main objectives of the project are as follows:

1. To complete a review of the cume literature to understand the many different theories
that may lead to failure of WTGBs, particularly by WEC related failure modes. Factors
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affecting the likelihood of WEC initiation and subsequent propagation will be thoroughly
investigated in order tdater design experimental methods to investigate the failure mode.

2. To create a detailed analytical model of a complete WT drivetrain in order to investigate
the level of loading experienced by WTGBs during transient operating conditions.

3. To carry out a thmugh subsurface metallurgical investigation of a failed WTGB in order to
gain insight into the mechanisms behind its failure.

4. To design testing to investigate the effect of varying different factors affecting the WEC
damage initiation of bearing steel; meely the contact pressure, level of surface slip and
number of load cycleas well as the effects of impact loading

5. To nvestigate any features relating to WECs using metallographic analysis to gain insight
into the formation mechanisms of WECs and thatential role of material defects, in
order to shed light on the mechanism of failure to improve future design of WT drivetrains.

1.3. Structure of thesis
The structure of the work completed in the thesis is showRigurel-1 and the contents of
each chapteare summarised below:

1. Introduction

v

2. Literature review

3. Dynamic modelling of 4. Procedure for

wind turbine gearbox experiments and

bearing loading during metallurgical

Transient events imvestigations

5. Results from the
destructive investigation |

of a failed wind turbine

gearbox bearing

&. Results from
hammering impact -

testing of bearing steel

7. Results from twin disc

-

testing of bearing steel

» B. Conclusions and

h

further work

Figure 1-1: Thesis work flow chart
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Chapter 2: Literature reviewChapter 2 fist summarises the bearings used in wind turbine
gearboxes, befordiscussing bearing technology and tribology. Bearing steel is then reviewed,
including manufacturing methods, inclusions in the steel and sources of residual stress. A
thorough review of recent investigatiors into WECs and related features is then presented,
including butterfly cracks, factors affecting WEC development and historical testing that has
been used to recreate WECs. A review of dynamic modelling methods used to model WTGs is
then presented before the @pter is concluded with a number of key findings

Chapter 3: Dynamic modelling af wind turbine gearbox bearindoading during transient
events.Chapter 3 first presents the development of a multibody dynamic moslieigRicardo
PLC'SVALDYNsoftware. he modelis designed to calculate bearing loading during transient
operating conditionsacting on a7r50 kW gearbox. The model is validated using models of the
same gearboxcreated by external partnersusing other modelling tools Finally, baring
loadingresults are compared to levelecommended in the international standards

Chapter 4: Procedurefor experimental and metallurgical investigations Chapter 4 first
presents the method used to prepasnd observe bearing steel specimeios metallurgical
investigations The method used to examine the subsurface of a failed WTGB is then
presented. Finally the design of experiments using both a hammaémpgct test rig and a
twin disc test rig is discussed and experimental procedures presented.

Chapter 5: Results from the destructive investigation of a failed wind turbine gearbox
bearing Chapter5 reports an investigation of the destructive sectioning of a failed low speed
planetary stage WTGB and the damage found at manganese sulphide (MnS) inclusions. The
bearing inner raceway was sectioned thgh its circumferential and axial directions in order

to compare the damage around inclusions in different directions. 112 damage initiating
inclusions were catalogued and their properties investigated.

Chapter 6:Results from hammering impact testing of0DQrMo7-3 bearing steel Chapter 6
reports the results of testing using reciprocating hammer type impact rig. Tests were
designed to induce subsurfackamageat stress concentrating MnS inclusions. The effects of
increasing surface contact stress and r@n of impact cycles, with and without surface
traction, were investigated by destructive investigation of the test specimens.

Chapter 7: Results from twin disc rolling contact fatigue testing of O bearing steel
Chapter 7 reports the results of rimiy contact fatigue (RCF) testing using a twin disc test rig.
Tests were designed to investigate the effects of changing the contact stress, level of slip and
the influence of preseeding the specimens with impact damage. A destructive investigation of
the specimens was undertaken to investigate the damage at MnS inclusions in the specimens.

Chapter 8: @nclusions and further workChapter 8 presents conclusions from the study and
highlights the main novelty contributions. Further work on the subject s suggested.

Appendices The appendices presesupporting information and figurefsom the study.
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1.4. Key novelty points and contributions

The key research novelty and contributions from this study are related to WEC damage at MnS
inclusions. Four differertypes of damage have been found and reproduced at MnS inclusions
by exposing bearing steel specimens to impact loading and rolling contact fatigue on bench top
test rigs. These four damage types are: separation of MnS inclusion boundary surfaces from
the surrounding steetreating free surfaces; the internal cracking of MnS inclusions creating
free surfaces; crack propagation from these free surfaces into the surrounding material; the
development of WEAs attached to these cracks and/or free surfaces. dthegis of the
damage sequence and mechanism of these damage types is proposed in this study, as well as
the development of testing methods to investigate the damage in order to support the
hypotheses. Test methods and experimental procedures are alsdapead and designed to
investigate the effects of some key bearing loading parameters, including impact loading,
levels of contact pressure, surface traction and number of load cycles.
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2. LITERATURE REVIEW

This chapter presents eview of the literature relating to work completed in this study. It
beginsby examininglVTGBs and the extreme conditions that they operatd@fore looking in

detail at the steel that bearing raceways are made from and how manufacturing processes and
the presence ofdefects in particular MnSinclusions, can adversely affect operational
performance.The various driving factors leading to the development ofCaéte presented

and the differenttypes of white etching featuresdiscussed. Methods used to modelT®
drivetrains are therinvestigatedbefore the chapter is concluded with key findings from the
literature review andhe introduction ofhypotheses to be investigated throughout this study.
Figure2-1 shows the thesis work flow chart.

1. Introduction

¥

2. Literature review

3. Dynamic modelling of 4. Procedure for

wind turbine gearbox experiments and
bearing loading during A " metallurgical
transient events investigations

5. Results from the
destructive investigation
of a failed wind turbine

eearbox bearing

&. Results from

hammering impact -+
testing of bearing steel

7. Results from twin disc

testing of bearing steel

B. Conclusions and

k.

k.

further work

Figure 2-1: Thesis work flow chart

This chapter is split into the following sections:

- Section2.1describes WTGBs and their operating conditions.
- Section2.2describes bearing steel.

- Section2.3described WECs and related features.

- Section2.4discusses dynamic modelling of WT drivetrains.

- Section2.5summarises findings from the literature review.
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2.1. Wind turbine gearbox bearings and their operating contions

The main difference between wind turbine gearboxes (WTGs),gaadboxesused inmany
other applications, is that WTGsep up shaft rotation from lovepeed,high input torque to
high speed,low output torque; whereas most othemgearboxesoperate in the reverse
direction. Theresult of this is hat WTG operate againsthigh referred inertia from the
generator thatis attached to the high speed end of the gearbidigh transient loads from the
rotor are therefore absorbed by the gearbox, and consedlyetie bearings are loaded in an
extreme manner that igelatively uniqgue to WTGsAdditionally, wnd turbines operate in
extremely harsh environmentsransient wind conditions lead to short time scale extreme
loading on gearbox components thated tobe considered whemlesigning gearboxesnd
selecting bearing component§his sectiordiscussesthe componentswithin a wind turbine
drivetrain; the various bearings that are used in WTGs; stresses experienced during bearing
operation; bearing design I& calculation methods; bearing failure modes; ahd tribology
behind bearing operation

2.1.1. Wind turbine gearboxes

A typical lorizontal axis wind turbine drivetraiis shown inFigure2-2 and consists of: a hub
which connects to the rotor blades; a main shaft, supported by two or more main bearings; a
gearbox, which typically steps up the input speed fraraund 20 rpm to around 1,800 rpm
output; a braking system on thddh speed shaft; aalternating current (AGjenerator; and a
bedplate that supports thdrivetrain5, 16, 17]

Hub Main‘ Main Main. Gaaiboi Brake Disc High-Speed Generator
Bearing Shaft Bearing ‘ Shaft

.....................

Bedplate
Figure 2-2: Typical WT drivetrain

The wind turbine gearbox links the high torque, low speed main shaft to the low torque, high
speed shaft, generally via three stage gearbox, which provides a total géax ratio of
aroundof 901 [17]. The most commoronfiguration is for a planetary first stage, with three
planetary gears, followed by twoarallel gear stages, as showrFigure2-3 [7, 18] which also
presents the abbreviations used to describe each gearbox compofRatating components

are supported b a total of around T bearngs[17]. Lubrication is provided by a system that
circulates oil around all gears and bearings and through a filter. The oil must therefore be able
to provide suitable lubrication at a wide range of speeds and contassprres as discussed in
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more detail in sectior2.1.6 Approximate rotational speeds for bearings in a conventional
WTG operating at rated power are given Table 2-1 [17]. This table is presented as an
approximate guidelineand bearingspeedswill vary dependent onWT rated speed and
gearbox ratios.

Notation Description
LSS Low Speed Shaft
PC Planetary Carrier
PG Planetary Gear
RG Ring Gear
SG Sun Gear
PG-A/B Planetary bearings A and B
LS-IS Low Speed Intermediate Shaft
LS-I1S-G LS-IS Gear
LS-I1S-A/B/C LS-IS Bearings A, Band C
HS-IS High Speed Intermediate Shaft
HS-IS-P HS-IS Pinion
HS-IS-G HS-IS Gear
HS-15-A/B/C HS-IS Bearings A, B and C
PG-A GB HSS High Speed Shaft
HSS-P HSS Pinion
HSS-A/B/C HSS bearings, A, Band C

Figure 2-3: Typical gearbox schematidncluding description of component abbreviations used

WTGB location Approximate operating speed at rated power (rpm)
Low Speed Shaft 20
Planetary Gear 35
Low Speed Intermediate Shaf] 120
High Speed Intermediate Shal 450
High Speed Shaft 1,800

Table 2-1: Approximate operating speeds for bearings in a typical WTG17]

2.1.2. Wind turbine gearbox bearings
Thegeneral method obperation of the bearings in the gearbox, broadly speaking, fall into two
categorieq16, 17}

1. Those with fixed inner races and rotating outer races. These are the planetary gear
bearingsPGA and PGB in Figure 2-3, of which there are usuallyhtee pairs per
planetary stage. The inner raceway is connected to the planetmyerand the outer
to the rotating planetary gears by interferencesfit

2. Those with fixed outer races and rotating inner races. These include all other bearings
in conventional gearboxes, which are used to support the rotating shafts. In the most
commonly used design, this will include nine shaft bearings, three on the two
intermediate shafts and three on the high speed shaft as shoviigare2-3. In these
cases the inner raceway is connected to the shaft and the outdreagearlox casing
by interference fits.Two similar bearings are usually used to support the planetary
carrier.
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The implications of this difference are important when considering gearbox loading, since all
bearings have a loaded zone and an unloaded zaidch means that oneircumferential
section of the bearing will experience higher contact press{t8f On the stationary bearing
raceway, this loaded section will always be in the same place, so that section of bearing
material will be consistently exposed to theghestcontact stresdevels For outer races this is
less critical than for inner races, ¢tause the inner race experiences higher contact pressures
due to its lower radius of curvatureThe method for calculating Hertzian contact stresses is
presented in sectiorR.1.3.1, which demonstrates thisAs a result, a small section of a WT
planetary bearing inner raceway is constantly exposed tdhigaestloadng and the failure of

such bearings almost alwaysitiates within this loaded zong20, 21] Figure2-4 presents
photographs of a pair of failed planetary bearings from a 600 kW wind turbine. A destructive
sectioning investigation dhe upwindbearing is presented i@hapters. Figure2-5 shows the
direction of themaximum loading on each of the planetary bearing inner racewayjRiGe

to the WT rotor input torque Yo 1, ddhich ispossiblythe mostload critical location of any
bearing in the WT gearbox.

Figure 2-4: Failed planetary bearinginner racewaysfrom a 600 kW turbine: a) upwind bearing, b) downwind
bearing
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Figure 2-5: Direction of maximum force (3 |, acting on planetary gearsl-3 from WT input torque J|| . =0 <

In addition tothe different operating methods of théearings, karing selection in WTGs
involves a compromise betweemany otherdesign requirementg18]. Mechanically, the
bearing must be suited to operating atcertain speed, depending on its location within the
gearbox, but must also have a high enough load bearing capacity to be suitable for the contact
pressures experienced at that location. For example, a larger diameter rolling element will
have a highestatic capacity, but will more prone to skiddif#R]. Other factors to consider
include: method of assembly low-load conditions; vibration; lubrication requirements;
lubrication oil flow design; load sharing; operating tengtere; operating temperature
gradient between inner and outer racewaysermal expansion of materialgigbris resistance;

and thesuitability ofthe bearing for its locatioffil8].

In conventional WTGsuch as the one shown Figure2-3, cylindricakolling element bearings
(CRBs) argenerallyusedin high radial load carrying locatiof$8]. Full complementCRBs
(which do not have cages separatitagge rolling elements)may be used in locations with
extremely high load carrying requirements, but roller on rollertaehmay limit the bearing
life. When helical gears are used, it is @egary to usdearings that have the capability of
supporting axial loading, in which casapered rolling element bearings (TRBs} positioned
back to baclor double rowspherical rolling elemenibearings (SRB) are used[18]. For shaft
bearings, the outer raceway is generallyenference fitted to the bearing housing and the
inner raceway rotates. For planetary gear bearings, the inner race is fixed to planetary pins
that attach the gears to the planetary carrier, and theteyuraceway rotates.Detailed
information about the different bearing types used in wind turbines and their selection
considerations are listed in Annex C of BS EN 61400 pEi{.4
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Each bearing in the gearbox operatesaatlifferent speed therefore each will experience a
different number of rotationgduring a set operation time. Estimated revolution numbers for
WTGBs during one year of operation are listedTable 2-2 (based on the shaft speeds
presented inTable2-1 and the estimated revolution numbers §23], assumig 60 % WT
operational availabilitydue to standstills, maintenance, low wind speed conditions and other
factors Theapproximatenumber of rolling elements fotypical WTGBs at each locatifit4],

are also presented in the table, as well as the estimated stress cycles experienced per year,
occurring each time a roller passes over a section of raceWag.recommended maximum
contact stress valid for a bearing design life of 20 years from the iatiermal wind turbine
design standards (IEC 6140@2012)is displayed to indicate the approximate level of contact
stress to be expected at each locati¢h8]. The nature of the stresses experienced by
operating WTGBs is dis@esl in the following section.

SEEE N Of. roll?ng Approximate Recommended
WTGB number of elements in different
) } . number of stress max. contact
location revolutions per bearmgs_, at each cycles peryear | stress MPa)[18]
year location*
LSS 6.4 x 16 50, 60 3.2x16, 38x1d 1,650
PG 1.1x10 20 2.2x16 1,500
LSIS 3.8x10 40, 50 1.5x16, 1.9x1d 1,650
HSIS 1.4 x 10 15, 30 2.2x10, 43x1d 1,650
HSS 5.8 x 16 15, 20 8.6x10,1.2x16° 1,300

Table 2-2: Estimated number of revolutions and stress cycles experienced per year for typical WTGBs.
*Number of rolling elements rounded to nearest 5 to protect confidentiadlesign data[24].

2.1.3. Stresses induced during olling contact fatigue

Fatigue is a progressive, localised, permanent structural change that occurs in materials
subjected to fluctuating stressd25]. High cycldatigue failureoccurs over many cycles and
results from cyclic stresses well below the yield strength of the material, whereas -cytdev
fatigue, the stresses may be above the yield streragild the failure occurs over fewer cycle
numbers The simultagous action of cyclic stress, tensile stress and plastic strain must occur
to initiate fatigue cracking (note that tensile stregncentrations can occur under
compressive load[25]. SN curvesare used to describe the number of cycles to failure at
different stress levels and are acquired from fatigue tests; wifisgthe stress; expressed as
the maximum stress, the minimum stress, or the cyclic stress amplitude (equal tof hia¢f
difference between maximum and minimum stress); aNds the number of cycles to failure,
plotted on a logarithmic axi®\ increases with decreasirgfor all materials; however, for steel
(and some other engineering materials) t8& curve becomes horizontal atcertain limiting
stress, known as théatigue limit Theoretically, below this limiting stress, the material can
experience an unlimited number of load cyc|[g$§, 26] A typicalSN curve for steel is shown

in Figure2-6.

10
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>

In (N)
Figure 2-6: Typical S-N curve for steel, whereS is the applied stress andN is the number of cycledo failure
(adapted from [26])
REBraceways experienca fatigue cycleeachtime a ball or roller passesver a point on its
surface.lt is a cyclic dependent phenomemowhichresults from repeated stresses under
rolling contactand is dependent anmaterial, speed, surface sliding, lubricant type, contact
geometry and the contact pressuf27]. The process eventually leads to bearing failure caused
by material loss from the surface, gpalling Cra&s usually initiate below the raceway surface
at depths close to the location of resolved maximum shear sstrébefore propagating
upwards but may initiate at the surface in applications where there are large tangential shear
stressesinvolved[27, 28] | SNIi T Q (i K&iBebide elastic coftAcy, developed in8P8
[29, 30] is widely used tampproximatethe magnitude and position ofontact stresses in
rolling contact application$19]. Ideally, contact between a rolling element and a bearing
raceway is déned to be either at a point, in the case of SRBs, or along a line, in the case of
CRBsHertzian satic contact theory must be considered before looking at the effects of rolling
contact, as described below.

2.1.3.1.Hertzian theory of static contact

In 1882 Hertz realisedhat if the contact load was truly supported byline ora point, as was
thought at thetime, thiswould result in an infinite pressure and as such, a small amount of
material deformation must occur before loads could be supported, thus changing the
dimensions of the contact ardg29, 30] In the case o& point contact between a sphere and a
cylinder, thepoint contact area becomes elliptical, whereas for two contacting cylinders, the
line contact becomes rectangular; the shapetw# roller/racewaycontact areas for SRBs and
CRBsespectively. Within tis study, Hertzian line contact theory is used to calculate contact
pressures between rolling elements and inner raceways in @R@gor twin disc testing in
Chapter7. Both situations are nogonformal line contacts, where contact occurs between two
convex surfacewith parallel axesThe contact geometry for such conditions is showRigure
2-7a and the method of calculated the maximum contact pressre in Pascalsin the
equations below19]:

11
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0 (2.1)
where

o 22)
- - — (23)

andw is the contact loadd is the length of the line contacty is the radius of the contacting
body, andt and O are the Pois8 y Q& | NIR( A 22 dzy 3 @fithe stReR wxpetively.
Pleasenote that unless otherwise specified, all quantities used throughout this thesis are
expressed in terms of the InternatiahStandard (Sl) system of unitSubscripts 1 and 2
indicate the different contacting bodies and in cases when the bodies haveathe slastic
properties, equation 2L becomes

0 ™ p q;: (24)

The width of the contact rectangb&in metres,is @lculated from the contact half widtf
using equation A.

A J— (2.5)

a) yﬁ’ X o
z
Tz
Tz

%
m/ o

03

Figure 2-7: Static Hertzian line contact: a) Contact geometry b) Contact stresses on infinitesimal elements on
the xz plane(adapted from[19])

In Hertzian contact mechanics, bdgonal normal stresses are compressive in nature aed a
defined by three components, with differing values; ,, and, , acting along the three

12
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major axisay wand ¢, , which are defined irFigure2-7a. These can be calculated for any
infinitesimal element in the contact area, illustratedRigure2-7b, along with the orthogonal
shear stresg (also commonly writtert , ¥ , T to define the plane it is acting of}.9].
The second form of shear stress experienced is termed the unidirectional shearis(edss
commonly writtent ), which occurs at an angle of 46 the principal stresses ,,, and,

in the stress field, as shown Figure2-7b on thew ¢plane Principal stress act along principal
planes, on which orthogonal shear stress is 4&8]). In static Hertzian contact, no movement
occurs between the bodies and as a result, for a point at the centre of the contact width,

there is a principal plane parallel to the surface tangent of the two contacting cylinders (and

perpendicular to the contact loadp ). At any point underneath the centre of the contact
width, the direction of shear stress will be at £4f% the surfae tangent. The point of
maximum unidirectional sheastresst occurs beneath the surface at a depth that is

dependent on the load and therefore the dimensions of the contact area. For line contacts of

steel bodies with a Poisstratio of 0.3, thisdepth is around® ¢p The magnitude of s
approximatdy equal tom®0 . The maximum value of orthogal shear stresg ; , is
around T& O Found at coordinates T ) &) T Gj @ . These positions are shown in
Figure 2-8, along with contours of the orthogonal stress field (left side dofxis) and
unidirectional stress field (right side afaxis).C 2 NJ | S NIi | Q &ccuiiate 3r Mbteridis?
in contact must be homogeneous, the contact area small comp#wedimensions of the
bodies in contact and the effects of surface roughness neglifiBle

13
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0.17

Figure 2-8: Subsurface Hertzian stresdield for static line contact of two steel cylinders as a proportion o,
showing contours oforthogonal shear stress\{ and unidirectionals h e a r s Positiossf matimum
orthogonal Wiz +4 8 |l 49 and unidirectional shear stress\ +. 8 |4 9 are highlighted. z is the
depth beneath the material surface, x is distance away from the centre of the contact rectangle and b is the

contact rectangle half width. Adapted from [19] and [22]

In reality, surface roughness effects may increase subsurface stress concentrations, so the
Hertzian approximatio is likely to be conservativ#.the lubricant film is thinn comparison to
surface roughness, asperity contact will occur, leading to significantly increasesdifgg/49].

In less extreme situations, when asperity contact does not take place, increased contact
pressure is stillxpelienced at raised asperitigd9], corresponding to a peak in the subsurface
stress field below23].

The von Mises stress, or equivalent strgss,is used to predict the yielding of materials and is
dependent on the combined effects of the three principal stresses on a principal plane, or on
the three orthogonal normal stresses and orthogonal shear stress comporenisther
planes It can be caldated from the principal stresses using equatiofi @ from the normal
stress inw wand @ and the orthogonal shear stresses, using equatiah21]. Yielding occurs

if , » » Where, is the yield strength of the aterial. For line contacts, the von Mises
equivalent stress reaches a maximyny, , at a depth of approximately 0c¥beneath the
centre of the contact on thevaxis[32].

14
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» - yom wom (26)

" -, " . " " " O] t t (27)

It should be noted that in reality, there are beneficial residual stresses in existence, introduced
duringmanufactureand during shakedown of bearing steels (see seidrb.]). Subsurface
compressive residual stresses are beneficial in retarding crack growth since they effectively
decrease the applied streg83]. When calculating the actual stress experienced by an
infinitesimal element, the residual stress field may be "superimposed" upon the Hertzian
stress field, to calculate the actual stress experienced.

2132Her t z 6 s tnholirgrcontactss e i

So far, only staticontact has been considerewvhichis neverthe case formoving bearings.

This section discusses applying static Hertzian contact theory to rolling contacts. It is generally
FOOSLIGSR GKI G 1 SNJadt eadbe usdd o MeRel o2 réasoadble dcautdcy @2 y i
model contact stresses in certain cases of lubricated rolling cof@d¢tIn such cases, the oil

film thickness must be large compared to surface roughness and the cowgdmidies must

bein a condition of pure rolling (no relative motion between the surfaces in contact along the

X axis). Hertzian theory is widely used to model such situations and is the basis of the model of
elastohydrodynamitubrication(EHL)see sectior2.1.6) [19].

Any point at or close to the material surfaa# a rotating body under Hertzian loadingll

suffer repeated loading and unloading cycles, creating a much more complex situation than in
static contact. Considering a point beneath the surface of the inner raceway of a CRB highlights
the extreme loading conditions experienced by the bearing stzthis point moves from left

to right through the stress field illustrated Figure2-8, it will first experience the peak value

of negative orthogonal shear stredben move into an area of peak normal stress and peak
unidirectional shear stress as the orthogonal shear stress magnitude decreases to zero, before
experiencing an unloading of normal stress and orthogonal shear stress along with a load cycle
of positive orthogonal shear. This rather complex description is illustrated-igure 2-9.
Loading extremities of points at key depths in the shear stress field are showabla2-3,

which highlights that the range of orthogonal shear stress is titkenagnitude since it
experience both a positive and negative maximum.
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Pmax
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T =

Point enters Point Point Point

stress field —-T, reaches +T moves _|_T0 Ieave.s
centre of away from stress field

stress field g, centre
POINT 2
POINT 1 . POINT 3

. . Maximum . .

Maximum negative - . Maximum positive
unidirectional shear
orthogonal shear orthogonal shear
stress and
stress . stress
equivalent stress

Figure 2-9: Stresses experiencelly a point moving through a Hertzian stress field during rolling contact
fatigue (note that the distances0.87 and 0.87 are true for a point at depth z = 0.5b)

Depth (2) Typ_e of max stress G vallie Stresg range
intersected experienced
0.5b Wi + 8 [H-+ . 8 |
Wi +eo 8 EH-+ . te
0.78b Wy, 8 |hss 8 |hs.

Table 2-3: Sheer stress loading extremities in rolling contact

2.1.3.3.The influence oftraction

Up to this point, onlypure rolling of the two bodies in contabas been consideredn reality,
relative movement of the contactingurfacesalong the x axis, known as slidiigexperienced

to varying extents by every WTGBEBsuse traction m order to transfer mechanical forces
between the r@eways, via the rolling elementdnder such conditions, there is always a speed
difference between rolling bodies (i,ebetween inner raceway and rolling element and
between outer raceway and rolling exhent), leading to slip occurring at the contacting
surfaces. RCF is very sensitive to sliding and is acceldmateden very small slip levdla6].

The level of slip is usually described by the percentage difference oivthedntacting surface
velocities in the direction of rollingfhe instantaneous slip percentage (sometimes presented
as the slide to roll ratio in the literature) can be found using equation 2.8, whéaad "Y
refer to the surface velocities of the two bodies experiencing sliding, rolling contact conditions.
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Yp ¢ mMR— (2.8)

During WT operation, WTGBs experience varying levels of slip from moderate to extreme. A
study on a spherical REB supytg an intermediate shaft in a WTG found that continuous slip
levels of 310 %][35] were present due to the geometry of the contacting ball and raceway
[36]. During transient eventsextreme slipevels between 2110 %435] were experienced due

to accelerations and decelerations caused by torque reversals. The effects of slip will vary at
different locations in the gearbox, with the level of slip expected to be highenigh speed

low load supporting bearingsuch as thehigh speed shaft (HSS) biggs than on lower
speed, high load supporting beagis such as thédow speed shaft (LSS) bearifgg].

Under high surface traction, cracksay form at surface irregularities, including asperities,
cracks and dents. Local stress concentrations at these defects initiate the cracks, which
propagate at shallow angles (around-38° from the surface). After the cracks reach a critical
length, theybranch back to the surface, isolating a piece of material, which spalls away from
the surface, leaving a gi23]. If the contact stress during shakedown is above the fatigue limit
(seeFigure2-6) surface material accumulates deformation by the process of ratcheting, which
gradually exhausts the ductility of the material, leading tdimg contact fatigug38]. Cracks

that are initiated in this way are propagated each time the contact zone passes over the crack
and by fluid pressure inside the crack, which is more critical for the driving surface than the
following. The driving surface has a higher surface velocity and cracks in this surface are pulled
open as illustrated inFigure 2-10. Since these cr&s are driven towards the oil film,
pressurized lubricant is forced into the cradi8]. The lubricant may directly contribute to
crack growth by opening the crack due to fluid pressure, or indirectly, by lubricating the faces
and promoting crack growth by shear load{3§].

Figure2-10 also illustrates why thairection ofthe resulting traction force,0, betweenthe
contacting bodiess vital "O acts in theopposite direction to surface motion on the surface of

the faster body and in the same direction as surface motion in the slower. The result’i® that
tends to pull open RCF cracks on the slower body and push them closed on the faster body.
The tensilgforce is more damaging to the cracks than the compressive force, meaning that RCF
life is reduced orthe slower rotating body, despitthe fact that it will experience a slightly
lower number of stress cyclg¢$9]. Figure2-10is true for two rotating bodies of equal radius,

if the bodies have different radii, the surface velocities must be considered, where the faster
surface representdY , and the slowefY .

17



LITERATURE REVIEW
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Frtendsto racks open

Ui< Uz

Fr tends to cracks closed
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Figure 2-10: Effect of traction force (Fr) on cracks,where=s = top body velocityand= = bottom body
velocity.
The traction force, calculated using equati2® is dependent orthe product of the contact
aread (m?), the dynamicviscosity— (Pa.s) and velocity difference between the surfac¥s
(m/s?), divided by thdubricantfilm thicknessQ(discussed ir2.1.6) [19]:

Yy

O (2.9)

When sliding occurs, traction between the roller and raceway surface causes the shape of the
subsurface stress field to change and tbeations of t and, 5 ,to move towards the
surface, an arbitrary example of which is showirigure2-11. The extent to which this occurs
depends on the traction coefficient, , defined by equatior2.10, where O is the traction

force acting betwen the two surfaces and is the contact load, acting perpendicular to the
traction force. This shifting effect is displayed bn is shown inFigure2-11a andon, in
Figure2-11b. When the traction coefficient reaches a critical leye}, reaches the surface

and a condition of pure sliding is reachea].

- (2.10)

tmax

0y, max Moves
towards surface
as Jp increases

y
VA z

Figure 2-11: The effects of surface traction (acting left to right) on the subsurface stress field: a) contours of
arbitrary unidirectional stressb) effect of surface traction on von Misestress distribution varying with depth
(adapted from[19])
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The coefficient of traction increases approximately linearly with slip (slide to roll ratio) at low
slide to roll ratios (equation 2.8). However, at higher leveldipf this linear relationship is lost
and the traction coefficient increases at a decreasing rate with slide to roll ratio, to a peak,
after which the traction coefficient reducg$9]. This peak occurs at a value of approxiehat

Y p t [19]as shown irFigure2-12. A friction coefficient is also referred to in the literature
YR UGKNRdzZZIK2dzi (GKAa (GKSaAad CNAROGA2Yy O2STF¥
stationary surfaces, with no relagv movement, or kinetic, for surfaces with relative
movement[19]. The frictional force is the theoretical limit to the traction force that may be
transmitted between two surfacefl9]. A situation kown as stictslip may occur, where the
friction coefficient oscillates between static and kinetic. Under such conditions, the sliding
speed of a surface continuously varies between stationary (stick) and very high (slip3liitick
is dependent upon thelynamic characteristics of the system and how the friction coefficient
changes at low speed$9].

M

HUr

Y o o

S

5:(%)

Figure 2-12: Traction coefficient () with increasing slip (slide/roll ratio) (S;) (adapted from[19])

2.1.4. Bearing life rating

Eventually, if not by a different cause of failure, all bearimgeperationwill fail by spalling

[40]. However, current failurdy-fatigue models do not explain why WTGB are failing well
before their design lifetime. Thé® rating life, which was developed by Lundberg and
Palmgren[41, 42] and is usedn current rdling element bearing desigrtasmdards [40], is
definedasWi KS ftAFTS oAy (GSN¥a 27F o asffthe sathplewoddtbe NB O 2
to the 0 rating life, 90 % could be expected to show no signs of surfacéngpahd 10%

would have failed; Wwere failure is defined as the first sign of surface spdie method is

based on the theory that the maximum orthogonal ahestresst , is representative of the

failure causing stress, since paratlelsurface subsurface cracks were found, which means
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they propagated in the direction that acts [43]. The failureby-fatigue 0 rating life
equationsfor radial bearings2.10) and for axial bearing2(11) are displayed below

0 — pm (2.10)

O — pm (2.11)

Where theld life is measured in revolutiand andd arethe basicdynamic load ratingin
Newtons for radial and axial loads respectively argpresent an applicable constant load
where the bearing will achieve a rating life of 18 revolutions; 0 and 0 are the
equivalent dynamicloads in Newtons for radial and axial loads resge®ly and is a
hypothetical constant magnitude load that takego accountoff-axis loadingthe factor¢ is

the load life exponent, which & p #o for roller bearings and@ o for ball bearingg40].
Modifications to the basic rating lifeare listed instandardsISO 281:200740] and 1SO
16281:2008[44], which take into account the inner geometry of the bearing, misalignment
and/or tilting, internal clearance,edge stresses, lubrication conditionand lubricant
contamination.Due to the random nature of the inclusions and defects present in bearing
steel, bearing life shows some degree of scatter, where bearing life can be plotted as a Weibull
distribution[22].

Despite the updates to the Lundberg and Palmgren rating life, sibbaome clear that the life
rating method is not appropriatéor use with WTGBs, since they commonly fail wi0ro of
their 0 life [45, 46, 47]Lundberg and Palmgren developed their life rating model by analysis
of hundreds of tests on small bearings which were loaded to high contact stresses in excess of
2.5 GP4d[48]. Under sich conditions, neasurface strain induced microstructural changes
known as dark etching bands amdite etching bands (describad section2.3.3 take place
[49]. WTGB are much larger than those used by Lundberg and Palmamenare designed to
operate at much lower contact pressures as showiable2-2. Under such conditions, these
microstructuralchangesare not observed48] and hence the applicability of the use of the

0 life rating for predicting the lifetime of WTGBs is put into question. At these lower contact
stresses, it is now widely accepted that ssuyface failureby-fatigue is initiated at internal
flaws in the bearing steel; principally nometallic inclusiong48, 50, 51, 52, 53, 54, 55, 56]
which are discussed in detail in sectioh.2.4 and 2.2.5 Neither material cleanliness nor
materialstructure ismodelled by thed approach[48].

Another problem with the0 life rating approach is that it does not take into account the
effects of surface traction, despite the fact that sliding commonly takes place in [R&Bs
particularly in the transient conditions experienced by WTGBs. Fumitve, these transient
events are not properly modelled by the method, since thedynamic equivalent load does
not take into account short term impact events that have be#ed to occur in WTGH40,

12, 14, 36] nor does it have any way of considering the order of events. The order that the
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events take place could be critical since crack initiation requirbggher stress tharcrack
propagation[48]. For exanple, if a bearing was exposed to high enough contact stresses to
cause subsurface microcrack initiati@md then exposed to geriod of moderate contact
stresses, the crack may propagate significantly through the material in comparison to a bearing
that experienced the events the other way round. This hypothesis is discussszttion
2.5.5.2 Finally, since the theory is based on the assumption that the failure is associated with a
single stresg , it neglects to consider the wider effects of the subsurface stress distribution
(discussed isection.1.3.1and2.1.3.9 [43].

2.1.5. Rolling element bearing failure modes

The following section examines bearing failure modes that are known to affect rolling element
bearings. These failure modes are discussed in the current international standard (ISO
15243:2004)57] that describes the damage and failure of rolling bearifidss section does

not discusdailure modes relating to a white etching microstructural change that is thought to
be the main causef premature failure in WTGH&2], which is discussed idetail in section

2.3. Although the following failure modes are discussed independeiitlys important to
consider that they magll contribute in some way to the whitetching microstructural change

so may have cumulative effectShe failure modes covered in this section have been found to
occur in a wide range of bearingsnd there is a great deal of fieékperiencefrom observing

the resulting failures. A detailed analysis of bearing failure modes frBuenska
Kullagerfabriken ABSKFjield experience is provided in Appendixwhich was compiled from
information in[58].

2.1.5.1.Fatigue

Failure by fatigue is vide by flaking of material particles from the surface of bearing raceways
or rollers. The fatigue process has been described in se2tib@and can occur both othe
surfaceor within the subsurface ba bearing component. Subsurface failure due to rolling
contact fatigueis thought to be the main cause of premature failure and results fthen
initiation of microcracks, often at inclusiorms other material defets, and at features known
asbutterflies (vhich are described in detail in Secti®r3.1). These microcracks mayopagate

to the surface leading to the flakirayvay of material[57].

Surface initiated fatigue most commonly occwlen the combined surface roughness of the
rolling elements and the raceway greater tlan the lubricant film thickness, meaning that
boundary lubrication caditions prevail (discussed further in2.1.6. This may lead to
microcrackinitiation at surfaceasperities and/or micropitting, which appears gsey spots,
giving the material a matte appearan¢g9]. This failure mode is typically associated with
tangential shear stress caused by rolisigling contact{9]. Micropitting causes prdems in
bearings because it changthe geometry of the rollers and raceways. The altered geometry
increases internal clearance and results in edge stresses that ultimately prepgagatamage
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to the macro level, befordearing failure eventually occur®ossible contributions to this
failure mode are: widely varying loads, rapid accelerations and Ieigils ofvibration [59].
Contamination by water may also be a contributing fac{é0]. Micropiting, reduces
tolerances, creates noise and may lead to other issues sughastoothbending fatigue and
macropitting [61]. Indentations in the raceway surface may lead to surface initiated fatigue
and can be caused by comtinant particles or handlingh7].

2.1.5.2Wear

Wear occurs in REBsieto contacting asperitiegesulting in the removal of material from the
roller and raceway surfaces and occurs duéath adhesiveand abrasive processesbrasve

wear results from reduced lubrication or lubricant contamination by foreign particles. The
surfaces become relatively dull in appearance and as wear abrasion occurs, more and more
particles are created, leading to accelerating wear rates, resultiegdantual failure. Adhesive
wear or smearing of the roller and raceway surfaces is causedifnyirg or skidding of the

rolling elements on the raceways$lip occurs frequently during WTGB operatjfhdue to

torque reversalg[10], acceleration and deceleration of the drivetrain, misalignment, roller
profiling [56], entry and exit of rolling elements in and out of the loaded z¢2@ and
transient loading conditionfl2]. As previously mentioned, the problem is more likely to occur

in high speed, and comparatively low load supporting bearipg$ for exanple the HSS
bearings.When the bearings are lightly loaded and rotating at high speeds, the friction
between the rollers and the raceways may be less than the drag force. In this case the surface
of the rollers will rotate slower than that of the racewdgading to a breakdown of the
lubricant layer and bouncing and skidding of the rollers on both race{@@sSkidding causes
localised frictional heating at the surface, where the lubricant film thickness is inadeffjate
Under such conditions,he roller is dragged across the surface of the raceway, leading to
adhesive wea(smearing)59].

This failure mode is commonly observed in the figlfland arises becauselting element
bearings rely on friction for their operation. The rolling elements are driven at their epicyclic
speed by the rotating raceway, but exert some natural resistance to movement due to friction
and drag caused by the lubricanfAs the rolleramove in and out of the loaded zord# the
bearing, friction levels between themnd the raceways change, leading to unbalance at the
boundary between the unloaded and loaded zda8&]. Across this boundary, the rollers may
not obtain their correct speed and slipping will oc¢b®]. Maximum damage occurs just after
entry into the loaded zonevhen the levels of sliding increase roller slidifip]. Conflicting
designneeds provide a significant desighallenge[10] since large roller size increases sliding
risk, but large rollers have a higher load carrying capacity

2.1.5.3.Corrosion
Defined as achemical reaction on metal surfagesorrosionmay ocar in bearingsdue to
contact with moisture or acid, which can lead to the formation of pits on the surface, leading
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to flaking of material away from the surfagb7]. Another form istribocorrosion which is
frictional corroson caused by the relative movement of contacting surfaces under certain
frictional conditions. Tribocorrosion leads to the oxidisation of surfaces and eventually to
material removal from the surfacefs7]. This cause of beary damage begins with an
incubation period, known as false brinelling, during which the wear mechanism is mild
adhesion and wear debris is magnetitieon oxide FgO,) [15]. If wear debris is significant
enough to stop lubricant reaching the raceway/roller contact, the wear mechanism becomes
strong adhesion, which breaks through the protective oxide layer. In this case the damage is
more severe and is known as fretting caian[15].

Tribocorrosioncan occur when bearings are stationary and are exposed to strubtnee
vibrations caused by wind loading or the control system. Under these conditions, lubricant is
squeezed out from the contact bgeen the raceways and rollers and not replenished. The
metal to metal contact and relative movement removes the protective oxide films from the
metal surface[15]. If the thin oxide protective film on the component surfaceenetrated,
oxidation will proceed deeper into the material. This fretting corrosion damage can be
relatively deep in places. The relative movement can also cause small particles to become
detached from the surface, which oxidise quickly when exposetidatmosphere. This leads

to uneven support of bearing raceways and has a detrimental effect on load distribution in the
bearings. Stationary bearings in inactive turbines are exposed to vibration and other forces
which may lead to corrosion at roller caut points[58].

2.1.5.4 Electrical erosion

Electrical erosion caus¢he removal of material from the roller and raceway surfaces due to
the passage of electrical current. Excessive voltage may cause sparking between rolling
elementsand raceway surfaces due to inadequate insulati@ading to melting and welding

of the contact areags7]. Current leakage may lead to the formation of craters on the surface,
even at low currents[57]. Links between electrical erosion and the white etching
microstructure change are discussedSection2.3.5.4

2.1.5.5.Plastic deformation

Plastic deformation occurs at rolling element/raceway contacts whenever contact stresses
exceed the yield strength of the material, either on a macroscale due to high contact loads, or
on a microscale, due to a foreign object bridging the lubricant I§@} or due to asperity
contact if the surface roughness exceeds thieknessof the lubricantlayer [12]. Sources of

high contact loading during WT operatidmave been previously discusseddditionally,
inappropriate handlingluring transport or assemblyay also lead to plastic deformati¢7],
damaging the bearing before it has been used.

2.1.5.6.Cracking
Crackingmay occur if the bearing steel is exposed to stresdasng surface contacthigher
that its ultimate tensile strength (UTS). When a crack propagates to the point that the
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componententirely separates, fracture occuf57]. The UTS may be exceeded at relatively low
contact loads dugo stress raisers such as inclusions or voids in the material (discussed further
in section2.2.4). Cracking may aldme opened due to surface traction duog sliding motion.

Crad initiation and propagation is discussed furthesattion2.3.

2.1.6. Bearing lubrication

The thickness of the lubricant film that separates twofaces is dependent on a number of
factors, the most important of which is the viscosity of the oil or lubricating fluid, which varies
with both temperature and pressure. There are four distinct lulii@aregimes, which are
identifiedo @ (G KS & fé_Yyarhtio of Nde dilvh #hickness divided by the composite
surface roughness of the two surfaces that are separated by the fluidif®hwhere'Q is the
minimum film thickness (m)Y is theroot mean squaredRMS roughness of the first body in
contact (m)and’Y is the RMS roughness of the second body in contact (m)

D— (212

The thickness of the film is dependent on the relative speed of the separated surfaces, the
contact pressure and theiswsity of the lubricating fluid19]. Once film thickness and surface
roughness is known, the lambda ratio can be useddé&bermine the lubricaion regime,
summarised by the Stribeck curve showrrigure2-13 andclassified as follows:

- Boundary lubrication _ p occurs when the fluid film is a similar thickness, or less than,
the value of the composite surface roughness. There arargelnumber of asperity
contacts, leading to relatively high friction and therefore, high wear rates and in general,
undesirable operating conditions for bearings. The lubricant mechanisms are usually
controlled by additives in the lubricafi9].

- Mixed (or partial) lubrication* p _ p® occurs at higher rotational speeds, lower
loads, or with higher fluid viscosity. Surfaces are separated by a thicker film than the
boundary lubrication regime, and themre fewerasperity ontacts and as a result, less
friction, because the film thickness is slightly higher than the surface roughness. The
contact load is shared between a thin film and the contacting aspefiti@s

- Elagohydrodynamic lubrication x p& _ ¢ is a special form of hydrodynamic
lubrication that @cursin highly loaded nonrconformal contacts. Full separation of the
surfaces is possiblelue to a combination of three effectshydrodynamics, elastic
deformation of the metal sdaces and the increase in viscositytbé oil under extreme
pressuresAn extremely thin lubricant film is formed (0.1 touin), which separates the
surfaces and leads teery lowlevels of friction and wedi9]. As shownn Figure2-13, the
point of minimum friction between the surfaces is experienced in the EHL regime. The
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combination of these factors means that EHIlthis desiredlubrication regimefor non

conformal contact ifbearing operation.

Hydrodynamic lubrication _ ¢ is formed due to a combination of the surfaces being
inclined at some angle to each other, the fluid viscosity being high enough and the surfaces
moving with sufficient velocity to generate a lubricant film that is able to support the
contact load. Friction and wear levels drop to their lowest at first, but as fluid pressures
increase, friction begins to increase due to fluid drEgj.

'y

= O

Asperity contact Thicker film & ‘Fully separated
:fewer contacts: ¢ surfaces

Friction coefficient (p)

BOUNDARY | MIXED | HYDRODYNAMIC

1 15 3
Lambda ratio (A)

Figure 2-13: Stribeck curve illustrating lubrication regimes (not to scale) ¢ indicates thedirection of the
movement

Since lubrication is provided to all WTGBs by the same oil and consedihensigme viscosity
lubricant, it is not possible to obtain optimum EHL conditions for all bearings in the gearbox at
all times. Bearings operate at differespeeds depending on: their location in the gearbox (see
Table 2-1); the operating condition (staip, normal operation etc.); and the speed of the
wind. As a result, during stadp and shuidown, all bearings in the gearbox will experience
boundary and mixed lubrication, leading to asperity contact aathtively high levels of wear

[19]. As speed increases, higher speed bearings, on the intermediate and high speed shafts,
will move into an EHL regime, however, low epeshaft bearings and planetary bearings, will
remain inboundary or mixed lubricatiof23].

The mechanism of EHL is displayedrigure 2-14. Relative motion between the surfaces
modifies the ellipsoidal Hertzian pressure distribution, with lower hydrodynamic pressure at
the entry and exit regionsaused by a slight increase in the size of the contact arba.
viscosity of the lubricant sharply increases at entry to the contact and sharply decreases on
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exit. On exit, a constriction is created, to compensate for this loss of viscosity and to maintain
the lubricant flowrate through the contact region. It is this constriction that the minimum
film thicknessQ is found[19].

A

EHL pressure ;
o Hertzian pressure
distribution pr T

p «, distribution

\ Contact surface

Lubricant film
ENTRY |h, hy EXIT

Constriction

u
/-—' Contact surface =)

Figure 2-14: Elastohydrodynamic pressure distribution showing contacgeometrywith comparison to
Hertzian and Grubin pressure distributions; [is the central film thickness and | is the minimum film
thickness.Adapted from [19].

An ealier model developed by Grubii62], which is also shown iRigure2-14 approximates

the pressure distribution as Hertzian, but with pressure drops at the inlet and outlet. This
theory has been superseded by ti#HL model discussed above, however it is still useful for
modelling contacts with traction affecting the EHL contact. Under the influence of traction,
shearing of the lubricant film results in a more uniform distribution and as a result, a
commonly used implification is to ignore the EHL end constriction. Since the contact
pressures at entry and exit are low in comparisordto , Hertzian theory can be used as an
approximation of EHL contacts where traction is presestead of complex alternative odlels

[19]. This simplification is used throughouigtstudy

It is important to be aware of the influence of slip since it is often cited as being essential for
the creation of WE{RZ3]. This nay be related primarily to the shifting of the subsurface stress
field as depicted ifrigure2-11, however the direct effects of slip on the lubricamtfimay also

be relevant. Slip causes the lubricant layer to shear and consequently heats the lubricant,
reducing its viscosity andnsequently the film thickned$3, 64] It should be noted that this
does not necessarily mean thétgh slip means a high siming effect on the roller and
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raceway surfaces, since it is the coefficient of tractiorthat determines the level of the force
due to surface tractiofiO [23].

2.2. Bearing steel

Most wind turbine bearings are made from throughardened steel with carbon
concentrations in the range 0B 1 weight percentagewt%) [26] and with less than 3vt%

total alloying element423]. The most commonlysed grade of stealised to manufacture
WTGBs is DIN 100Qu@sually written 100Cr6)which has equivalent grades: AlISI 521880
written 52100) EN31 and HSUJ2. Other grades that are used to manufacture WTGBs include
100CrMn6 and 100CrMo[23]. Throughhardened bearing steel will be focussed on in this
section since it is the most widely used in WTGBs and was used throughout this study. The
chemical composition of both 100C[65] and 100CrMo73 [66] bearingsteels, which were
usedfor testingin the work described itChapterss and 7 respectively are given inrable2-4,

and their physical properties, ifable 2-5. These steels are generally provided by
manufacturers in a hot rolled conditid26], with a pearlitic microstructure as shownkigure
2-15a.

Steel grade C% Si% Mn% P% S% Cr% Mo% Fe%

100Cr6 0.93 0.15 0.25 0.025 0.015 1.35 0.10 Balance
1.05 0.35 0.45 max max 1.60 max

0.93 0.15 0.25 0.025 | 0.015 1.65 0.15

100CrMo#3 | 105 | 035 | 045 | max | max | 1.95 | o030 | Balance

Table 2-4: Chemical compasition (wt%) of commonly usedbearing steelq8, 67]

Steel grade Ultimate tensile | Yield strength Elastic Poisson's
strength (MPa) modulus* ratio*
(MPa) (GPa)
100Cr6 2150- 2450 1400- 2200 190210 0.3
100CrMo7%3 2300 1700 210 0.3

Table 2-5: Physical properties ofcommonly usedbearing stees, *typical values[22, 26, 66]

2.2.1. Shapinginto bearing rings

There are a number of methods used to shapedtezlinto ring shaped bearing raceways and
the method used influences inclusion orientatiomhich affectsstressconcentrationunder
loading and residual stress fields developed during manufacture. The effects of inclusion
orientation are investigated imetail in Chapter5. Bearingraceways are shaped into rings
before heat treatment, after which the surface is precision ground to a surface roughivess,

of around 01 um (value measured from an unusgidanetary WTGB raceway usintpe
profilometer discussed in Sectioh2.3. The shaping process of the raw material, that is
supplied as a bar or tube, is either by deformatiohthe material by forging (compressive
blows used to shape material) or rolling (material is squeezed between two rollers), or by
removal of the material by turnin$8].
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2.2.2. Heat treatment and resulting microstructure

The thoughhardening heat treatment ofbearing steel takes place over three stages
austenitisation, quenching, and then tempering. The steel is held at austenitisation
temperature for around 30 minutesyhich istypicallyat around 840°C. During austenitisation,

the steel structure changes frombmdy-centred-cubic BCQferrite structure toface-centred
cubic ECQaustenite. Cementite is dissolved, with small percentages remaining, depending on
the austenitiséion temperature and time26]. It is desirabldor cementite levels to be low,
sinceits presence has been shown to reduce RCHE88¢ Quenching is the rapid cooling of
the steel from the austefisation temperature andesults in ahard, crystalline martenisitic
structure, withtypically arounds-15 volume percentagevpl%g retained austenitd70, 71, 72,

73, 74]and 35 vol% unifamly distributed MsC carbidesaround 0.40.6 um in size,that
remained after austenitisatiof22, 26] although these percentages can vary depending on the
austenitisation and quenching procesg@6]. The "M" in MC represents a combination of
iron and chromium atoms (as well as minor amounts of some other alloying elements) and
consequently such carbides are sometimes denoted (R€ 23, 75, 76, 77]After quenching,

the steel is held at around 160C in a process called tempering, which casigbe
decompositionof some ofthe retained austeniteand the precipitation of a variety aémper
carbides(also cakd Ucarbides)[26]. Figure2-15b shows the steel microstructure after heat
treatment, using an image taken of the microstructure of the WTGB describ&hapter5,
prepared for metallurgical observatiorusing the process discussed in sectid.l. The
resulting, rathercomplex microstructurg contains martensite, retained austenite, ferrite
temper carbidesand undissolved;C carbidedeft over from austenisation [23, 26] This
microstructure is examined in more detail in sect#s3.2 It has beernclaimed that if at least
20% aistenite remains after heat treatment, the bearing may be immune to the WEC failure
mode [13]. However, alow level of retained austenite is desirable as it helps to keep the
bearing raceway dimensionally stalpiY].
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Figure 2-15: Bearing steel microstucture a) before heat treatment, b after martensitic heat treatment

After austenitisation, bearing steel can be made bainitic by interrupting quenching at a bainitic
transformation temperature of between around 2500 °C and holding the steel at this
temperature using a molten saltath [23]. After bainitic transformation has taken place, the
steel may be cooled at a slower rgté8]. This process is called austempering and leads to a
steel with a higher fracture strengtbut a lower hardnesgr9].
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