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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



Analysis of the Premature Failure of Wind Turli@earbox Bearings

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



Analysis of the Premature Failure of Wind Turli@earbox Bearings

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



Analysis of the Premature Failure of Wind Turl@®arbox Bearings

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
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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 .
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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 rgtg8]. This process is called austempering and leads to a
steel with a higher fracture strengtbut a lower hardnesg79].
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2.2.3. Microstructural changes during long term rolling contact fatigue

Long term observation of the subsurface region affected by cyclic RCF stresses has revealed
that microstructural changes occur in three distinct phases ternsb@dkedown, steady ate

and instable.During shakedown, the material becomes conditioned to the contact stresses
due to limited plastic micrstraining [56, 80, 81] or workhardening The progressive
reduction in plastic straimfter repeated cyclic loading due to work hardening is illustrated for
martensitic 52100 bearing steel Figure2-16. Smaliscale dislocation glide takes place, leading

to the generation of defects within the crystalline matrix structure, including dislocations and
vacancieq82]. During shakedowna residual stress is induced, which increatfes material
strength [83]. The shakedown limit is the largest stress that can be applied to the material
without causing plastic deformatiof26]. During shakedown in WTGB steel, soofethe
retained austenite is transformed to martensif83]. After around 18 cycles, the shakedown
phase ends and further plastic deformation does not occur as easily. At this point, the steady
state phase begins and the material respomdisstically to RCF induced contact stresses. The
length of steady state phase depends on the contact pressure, but it may last as lony as 10
cycles, during which no fatigue damage ocd@f. Eventually the material becorménstable

and enters the final stage of the RCF process. At this point, plastic deformation occurs (more
slowly than during shakedown), the yield strength decreases and crack nucleation [&&gins
During the instable phase tensile residual stress is developed, which promotes growth of
cracks parallel to the rolling surfaf@4, 85]

0.0004 -

0.0003

0.0002

Plastic strain
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Figure 2-16: Reduction in plastic strain in martensitic bearing geel with increasing number ofloading cycles
(adapted from [26])
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2.2.4. Inclusions in bearing steel
During manufacture small quantities ovarious elements are used to amdachiningof the
material and to aid te manufacturing procesi26]. During the manucturing process, these

elementsmay bond to elements in the steel or to oxygen and create small quantities ef non

metallic material in the stedl26]. After manufacture is complete, theon-metallic material

remains embeddedwithin the steel matrix as an inclusion. Six groups of inclusions are

described inrable2-6 [26, 86]

Inclusion group

Description

A (sulphide type)

(inclusion length/widthpnd have generally rounded ends.

Highly malleable, individual grey particles with a wide range of aspect ratig

B @luminatype)

the deformation direction.

Non-deformable, with low aspect ratios 3, black or bluish particles, aligned i

C (silicate type)

ratios (> 3), sharp ends.

Highly malleable, individual black or dark gpayticles, wide range of aspect

D (globular oxide type)

bluish, randomly distributed

Nondeformable, angular or circular, low aspect ratio (< 3), black or

DS (single globular type) Circular single particle with a diameter >43r @

T (nitride type)

Non-deformable strongly connected to matrix, with sharp corners

Table 2-6: Grouping of inclusion types found in steel[26, 86]

These inclusions cause a number of problemsoperating WTGBslue to their differing
properties from the steel matrixThe properties of selected commonly found inclusions in

steel are presented iTable 2-7. Some inclusion types are brittle and may crack during

manufacture or under loadingSuchcracks form at stress concentration poistand so may

propagate through

surrounding steel, it will create a stress concentration point under load, thus locally changing

the material. If the inclusion has a different &&sy Q a

NJ G A2

the Hertzian stress field87]. In addition, most nclusions have asignificantly different
coefficient of thermal expansion (CTHpm the steel and so during quenching, contract at
different rates to the matrix. The majority of inclusions have a smdll€Ethan the steel
(green text inTable2-7), but manganese sulphide inclusioiisr example have a largeICTE
(red text inTable2-7). Inclusions that have small&TE<ontract more slowly than the steel
and so produce tensile and compressiesidual stresses that develop parallel and normal to
the inclusion/matrix boundry respectively (discussed further in secti¢h2.6. This is
particularly problematic for inclusions with higher yield strength than steel, sachlaminas
[88]. Tensile residual stresses can be damaging to the steel. Inclusions that haveQakger
contract faster than the steel and she bond between inclusion and steel may become

weakened or in extreme cases, the inclusinay detach from the matrixEither directly from

cooling, or by the breaking of a weakened bond after a number of stress cycles, a free surface

may be created at # inclusion/steel matrix boundaryyhich is a potential initiation point for
RCF crackin@6]. Sinceinclusionswith larger CTEare notwell bonded to the steel matrixthe
formation of cavities at the inclusion/matrix intee may occur during deformation,
potentially leading to void formationMnS inclusions with weak or neexistent bonds
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(debonded) can be treated similarly to voids in the microstructi®@] as they act similarly
under loading It should be noted that tensile residual stresses are created around inclusions
regardless of whether their CTE is larger or smaller than the matrix, but the locations of the

tensile stress are differerf®0], this is discugsl in more detailn section2.2.6

. Chemical - Inc_It.Jsio.n Average L, 2dzy 3| t 2 7\ aa
Inclusion Type composition identification CTE* (x18) | modulus F ratio
P group cch (GPa) o
Manganese MnS A 18.1 69138 0.3
Sulphide
Alumina ALO; B 8.0 389 0.250
Nitride TiN T 9.4 317 0.192
. CaS.6AI0; 8.8
Aﬁjr'g:ﬁg CA2.2A0; B, D 5.0 113 0.234
Ca0.2A0; 6.5
Steel matrix SeeTable2-4 - 12.5 210 0.3

Table 2-7: Physical properties of selected inclusions in stef@0]*values true for temperature range (0~80€C)

During this study, it has become increasingly clear #a$ inclusiongare the primary initiator
(although notexclusively of subsurface damagis WTGBs. Evidence to support this claim is
presented throughout thighesis however, it is with this in mind that the following section
primarily focuses on the properties and behaviour of MnS inclusions.

2.2.5. Manganese sulphide (MnS) inclusions

MnS inclusias have been classified into three types since 1PBS. Although initially the
classification applied to cast steels, it has been extended to include wrought [g2¢I3ype |
inclusions are glaldar in shape and appear in steels with practically no aluminium content.
Type |l are dendritic chain formations on grain boundaries and appear with the first traces of
aluminium (0.005 wt%). Type lll are strings of broken silicates and initially appegside
Type Il at levels of 0.0194.03 wt% aluminium. Alevels greater than 0.04 wt%ype Il is the

only MnS inclusion to appeafypical bearing steel hagry lowaluminium conten{93], so it

is therefore globulaype | MnS inclusions that ammost commonly foundalthough in steels
with low cleanliness]ype Il and Ill can also be foundnS inclusions in heblled steels are
randomly distributed and of irregular shape. Durfiogming of the bearing racewaythe MnS
inclusions are flattened and elongated in the direction of rol[i&§, 92, 94] therefore their
orientation may vary from bearing to bearing due to differences in the metal forming process
used Inclusionshave been observed to have been elongated to different extents in bearing
steel and can be defined by their aspect ratio (length/width) when vieweddintensionally

[86].

MnS inclusionsanbeame further elongated under loaithg because they deform more than
the surroundingmnatrix [95, 96] Cracksnaybe initiated along the highly straéa andflattened
MnS inclusion$95] due to: microcrack initiation at loclised deformation bands in the vicinity
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of the inclusions; high stress concentration in the middle of the elongated inclusions leading to
interfacial debonding and void formation, which are potential crack initiation sites; break up
the inclusions due toolwer plastic limit, causing the cracks to form within the inclug@si,

which may propagate into the bulk materi{&?2]; or by stress concentration at tHew radius

of curvature inclusion tipshiat coincide with the positin of maximum equivalent stress when
inclusions become debonded from the matf7]. A debonded MnS inclusion acts like a
elliptical hole in the materiabnd provides the greatest stress concentration at its tips when
the direction of loading is normal to the plane of litisg axid97], as has been observed to be
the case in axial sections afailed WTGH98] that isinvestigated in Chaptes of this study

Although free surfaces may be potential crack initiation sites, it is not necessary for a MnS
inclugon to initiate a cracklue tothe poor bond with the bulk material. A thin, flattened MnS
inclusion may itself act as a virtual crdé®] that may propagate into an actual crack. In rail
steel, MnS inclusions can become digaint crack initiatord100]. It was found that near to

the rail surface, all MnS inclusions were deformed first in the strain direction, moved to the
shear angle caused by oveolling, and then flattened as they reached thear surface. Wear
tests on four rail steel types confirmed that almost all deformed MnS inclusions near to the
wear surface were associated with cragg].

2.2.6. Residual Stress

Residual stress can be classified into three typifined by the scale at which it self
equilibrates Type 1 balanceover macroscopic distances; Type 2, over a number of grains;
Type 3, within a single graih01, 102] A thorough review of residual stresses in king steel

is published in[26]. Type 1, ormacrcstress can arise from the different phases of
microstructure in the bearing steel (described in secto®.?), reacting differently to external
effects due to their different properties, which may include mechanical, thermal or chemical
operations. Specifically relevant to this study dhe effects of cyclic loading/acro residual
stresses may accumulate during cyclic loading, because the resulting strain hardening over
long periods of time will lead to a local decrease in plastic stress redistribiaticomparison

to undamaged areas of the bearing racewgh@3].

Type 2 and 3, omicrostressare caused by defects such as inclusions that have diff&2&is

to the steel. Inclusions with small&TEghan steel, such as alumirtgpe, will induce tensile
residual stressearound their circumferencelt is sometimes overlooked thanclusions with
higherCTEssuch as Mn$/pe, also intraluce tensile residual stresses, although idifferent
direction A list of commonly found inclusions in steel and their thermal expansion coefficients
is presented inTable2-7. The locations of the induced tensile (damaging) residual stresses at
inclusionsduring quenchingare illustrated in Figure2-17. Those inclusions with CTEs that are
less than that of the matrix induce tensile residual stresses around the circumference of the
matrix/inclusion interfaceKigure2-17a), while those with CTEs greater than the matrix induce
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tensile residual stresses in the radial direction (of the inclusion) at the matrix/inclusion
interface [90]. The directionin whichthese resiual stressesact could be crucial and sis
considered throughout this study.

Y

YV z Y z
CTE; < CTEy CTE; > CTEy

Figure 2-17: Residual gress concentrations aound spherical inclusions for: a) cases wherthe coefficient of
thermal expansion of the inclusion €4 gis less than that of the matrix &4 4P, b) cases wherer 4| gs
greaterthan g 4 4= »indicates direction perpendicular to surface tangents indicates any direction
perpendicular to »hdwindicates a tensile residual stress in the inclusion circumferential directiorg],. indicates
a tensile residual stress in the inclusion radial direction. Adapted fronf90]

The distribution of microstress in béag steel varie depending on the phase. Retained
austenite contains tensile residual microstress, however, for microstructures containing at
least 83% volume ahartensite, theresidual microstress is compress[2é, 104]

Another residual stress is inducegbon bearing racewayslue to interference fitsbetween
beaing racewaysand shaftsor housing, named thehoop stressHoop stresses are tensile
(damaging) for inner raceways, that are streched by the interference fit, and compressive for
outer raceways that are compress¢®2]. These hoop stresses are "superimposed” on the
stress fielddue to loadingduring operation affecting the magnitudesf the maximum stresses
experienced[22]. Tensile hoop stresses reduce the RCF lifgéneral and can also be
particularly damagingo subsurface microcracks since the addedsile loading will tend to

pull open these cracks, encouraging propagation to the surfa8g It is recommended that

the hoop stresshouldnot exceed about 140 MH&05].

2.3. White etching microgructural change and features

Failure due to axially propagatingECsand WSF has been found to lead to WTGB failure
within 5-10% of theird0 designlife [3, 10, 13] Due to the rapid expansion of thsind
industry in recent years, intense research effort has been undertaken to attempt to find causes
and solutiors to this problem whichhas become a critical issue for wind turbine operaf®;s

12, 13, 15, 23, 26, 46, 56, 106, 10iMe eventual failur@ccurs when thanaterialwithin the
Hertzian zoneof an operatingbearing raceway subsurface is sufficiently weakebgdthe
formation and propagation of WECsand white etching areasWEA$3, at depths of up to
approximately one millimetrérom the racewaysurface[12]. ¢ 2 KA 0 S  GuudOnkitey 3 ¢
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structure)refersto the colour of the altered steel itrostructure,after having been etched in
nitric acid methanol solution (nital) [52] and is coloured as such due to the low etching
response of the ultrafine nancecrystallised carbidéree ferrite structure [10]. The
appearance of the wgface damage is similar to that caused bpalling due to RCF.
Microstructural analyss have identified the link betweerthese white etching features and
premature failureof wind turbineg[13, 26, 52, 55, 56]

White etching areas have been found to be areasltrhfine nancrecrystallised carbidéree
BCCferrite microstructure[12, 53, 108] with no, or very few remaining carbides arde
supersaturated with dissolved carbon, which makes the material brittle and harder (abeut 30
50%) than the steel matrigl2, 53, 109] The movemen(glide) of dislocations due tayclic
Hertzian stresseis thought to lead to repeated interaction between dislocations and caghide
which leads to the dissolution of temper carbides and the elongation % ®arbideqd12,

110]. One theory is that when the accumulation ditlocations reaches a critical density, a
dislocation cellike structure forms to release the strain ener@yl 1], possibly explaining why
obstacles to dislocatioglide, such as inclusions, voids or large carbides have been found to be
areas at which WEAs forfal].

WEAK | S 06SSy F2dzyR (2 LINBLI 3IFGS FNRBY 6KIG KI
their two dimensional appearance.dzii i S NF f &  dranaytéhtat initi@tionipBigthat

is usually but not necessarilynaaterial defect. The wings typically consist of thin cracks, with
attached WEA[12]. Butterflies are discussed in detail in sectihB.1. WEAs may also form in

the near vicinity of inclusions as a separate WEA, with or without a linked crack. WEAs
attached to cracks (WECs) may propagate manyndreds of micrometres through the
materialand possibly near enough to the surface to weaken the material suffigiemtead to
spalling failurg12, 13] WECsre discussed imore detail insection2.3.2 Butterflies, WECs

and WEAs should not be confused with white etching bands (WEBSs), which are linear areas of
the white etching microstructural change, ortated at 30 and 80 to the horizontgbreceded

by dark etching regions (DERSs), what$o occurn the Hertzian affected regiof26, 112, 113,

114] (discussed in more detail i2.3.3. WEBs however, are found after the life of the
bearing has passed, so are not considered éoabcause of premature failuf@6, 115,116].

The approximate times at which butterfliesompared to the) life and the0 life (life after

which 50 % of bearings could be expected to,fRIERs and WEBs appear in WTGBs are shown

in Figure2-18.
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Butterflies DERs WEBs
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Rolling contact cycles

Figure 2-18: Timeline showing approximate number of cycles that butterflies, DERs and WEBs appear
showingd andd lifetimes. Resuts from a deep groove REB tested dfl.g, + .= 3.48 (Pa. Adapted from
[26, 115, 116]

It is thought that all othe features discussed above aléferent occurrences ardr different
stages of development of the same microstructural change of stedile2-8 is assembledo
clarify the different terms describing the different forms diet WEA microstructural changes
observed in bearing steel during the course of this stlébllowing this, each of the features
are discusseth more detail.
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NI Description of feature

feature

1. White The eventual failurenode caused by the white etching microstructure change. |
structure WTGBS, it occurs at a late stage, when brittle white etching cracks propagate tq

flaking (WSF)

surface, which is weakened sufficiently for material to flake away from the surfa

2. White
etching area
(WEA

An area of hard, ultrafine nano
recrystallised carbidéree ferrite
microstructure that appears white whel
etched in nital and observed by an
optical microscope.

3. Irregular
white etching
area
(I'WEA)

A network of WECs and possibly
butterflies that has developed into an
irregular shape (not a single long anc

thin straight crack)

4. Butterfly
crack

Aregion of WEA that has the
appearance of a butterfly,
with up to four white etching

YA ONER & i NHzO § dz
angles of between 30 t60°
and 130150° from the over
rolling direction They nay or
may not have a central
initiating defect

5. White
etching crack
(WEC)

An extended,
long and thin
WEA that is
adjacentto a
physical crack
in the material.

6. White
etchinglayer

(WEL)

An extended layer of white etching microstructural change attached to the conts
surface.

Table 2-8: Clarification of the different stages and forms of the white etching microstructuralchangein steel
Images reproduced with thanks from[48], with permission from SAGE publishing.
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2.3.1. Butterflies

Butterflies are small (of the order of D0 pm) damage featureghat form within the
Hertzian subsurface stress fiedthd can diminish thdoad bearing capacity of the materiial

their vicinity [106]. Considerable research effort has focussed on the formation afafled

G o &NF t & r@GNIde0558ER,AB, 265,652, 53, 54, 5Blamed such due to their two
dimensional appearancelt has been shown thaticrocracks initiateat impurities and
propagde between 30650° and 130150° from the overrolling direction, whichis likely tobe

due to the position of maximum Hertzian unidirectional shear strege Figure 2-8) [12].
Butterflies have been reported to initiate ost commonlyat inclusions[51], but voids and
carbides may also be candidates for butteifijtiation [12, 13]and other studies have found
that voids are most likely to initiate butterfligd17, 118] Impurities may be initiation points
due to Hertzian stress concentrati® around the inclusion, residual stress from heat
treatment, the creation of free surfaces during quenchiagl/or dislocation accumulation, all

of which have been previously discuss®@dEAs form adjacent to the cracks, possibly form

first and promotemicrocrack growthgivingthe resulting featureshe appearance oft 6 dzii G S NJF f &
¢ Ay Hld, €13] During torque reversals caused by extreme loading conditions, symmetric
cracks may form at the same angles, in tlieection opposite to overrollingl2], a process
that is illustrated irFigure2-19.

When considering the Hertzian unidirectional shear stress, it is not cleartudmywinged
butterflies commonly form during RCF tests, as showhigire2-19a, since the stress field is
symettric and theoretically, four winged butterflies should be fo(i2@]. The reason for this is
that the stress field is affected lifie direction of roller motion If the RCF test is stopgpeand
the overrolling direction reversed, fowwving butterflies are created, as shownkigure2-19b
[119]. Since fouwinged butterflies aresometimesfound in WTGBSs, this may suggest that
torgue reversals in WTGB actually cause short reversals in thealiag direction of bearing
rollers; or alternativelywithout reversal, wherthe first two wings form preferentialland the
other two, after further exposure to unidéctional shear stres§ he propagation of a buttefly
wing to the surface may lead to spalling as showhigure2-19c.

a) . Pmax. ' b) ) Pmux' ' C) . Pmuxl

b \ A b0 yd
/ \ / \ /
/ I \ / [ \ / I
| - v - - - v v - I v - - v + + % | | - .

Surface spalling

Microcrack

N
WEA
N
/

Inclusion/void

Figure 2-19: Butterfly formation in wind turbine gearbox bearings: a) two-wing butterfly formation with
single overrolling direction (ORD), b) four -wing butterfly formation with reversal of overrolling direction, c)
propagation of butterfly initiated crack to raceway surface leading to spalling.
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proceed the WEA and encourage its growth. Evetnal. propose that crack and wing form
cooperatively, which may explain why the WEA is commonly observed to form on only one
side of the crack$106]. An alternative theory proposes that the WEA forms first and the
cracks fom within the WEA to relax the stress concentration at the harder WEA material,
which cannot plastically yield like the surrounding matejl&0]. It has been argued that the
white matter can occur independently of crackshiétstrain amplitude caused by cyclic loading

is above a certain level and that cracking occurs preferentially if this value is exdd@déd
There isalsosome dispute that butterfly cracks are dirgctinked to the developrmnt of a
propagated WECOne theory is thatwhen a crack or WEA is at a typical °4butterfly
orientation, it is likely to have propagated from a butterfly defgt], since it was initiated by

the unidirectional sheastress acting in this direction. An alternative opinion is thatréhis

little evidence to supporthe fad that butterflies may propagate ints WEAs or WE(Q#$3].

Lund [55] found that buterfly initiation is dependent ont j generated during RCF,
exceeding a value of approximately 400 MPa. This value can be used to define a threshold
depth at which butterflies are formed at differehlertzian contact stresses, as showrrigure
2-20. Grabulov[53] found this limit to be at around 450 MPa for &k inclusion initiated
butterflies (although this result is based on an unnaturally high number of artificially
introduced large~45um diameter ALO; inclusions)lt has been found that when the contact
stress exceeds.@ GPa, butterflies may be observed at /1000 rotations [115], although it
should be noted that this contact stress is unrealatic highwhen considerindong term
exposureof the material formingVTGBacewaysOther thresholdf butterfly initiation have
beenbased orlevels ofd  andhave been found to bat around 1.4 ®a[33] and in another
study; 2.0 GPa for clean steel arid3 GPa for dirtier ste€]122], proving that steel cleanliness

is critical in preventing butterfly formationTwin disc testingand other methods havéeen
used to successfully recreate butterflieslil0Cr6bearing steel andire discussed in section
2.3.6 It has been found thatt 6 dzii (G S NJF f AdSndoéWECINERvbdkaBtwin dsc testing
where the samples had been precharged with hydroddre acceleration of butterfly initiation
and WEC propagation by hydrogen embrittlemeggnerated by lubricant aging, water
contamination, or hydrogen initially presernn the steel microstructurg12, 123, 12] is
investigated in sectio@.3.5.5
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Depth

v

Contact pressure

Figure 2-20: Butterfly initiation threshold in term s of depth and contact pressure (adapted fronf55])

2.3.2. White etching cracks

Currently, WTGB failure via white etching cracking is not fully understood, despite intense
research effort[13, 36, 46, 50, 52, 53, 55, 107, 109, 128ECs are physical cracks in the
material subsurface decorated by WEJA2]. Despite considerable eviden¢26, 50, 52, 53,

56, 106, 110, 33, 125there has been, as yet, no method devised to prove absolutely
butterflies are indeed the point of damage initiatiofindings in[53, 125]suggest that VEAS

are formed at butterfliedy an evolving microstructural change leading to the nanocrystalline
structure by materiali NI ya FSNJ | YR & Ndazsiand snd éhe stelinga8is y
Impurities may be initiation points due to local Hertzian stress concentration, residual stress
from heat treatment, the creation of free surfaces during quenching, and/or dislocation
accumulaion [26]. WEAs form adjacent to microcracks, or possibly form first and promote
microcrack growthAswell as in WTGBs, WECs have been observed toifobearings used in
industrial applicationsincluding: marine propulsion wstems paper mills, crusher mill
gearboxes industrial variable drivesor lifting gear driveq10]. Evidencethat microcracks
precede the formation of the attached WEA is presentedli®6], where RCF cracks were
created in100Cr6 bearing steel with artificially introduced vqidppearing before the WEA.
This evidence suggests that it is the repeatsmhtact of the free surfacesformed at
microcracks against each other, that leads to the defornmat and hardening required to
create the WEA microstructur6]. WECs can form as cracks parallel to the surface, or as
irregular branching crack networks that follow gaastenite grain boundaries [16].

2.3.3. Dark etching regionsand white etching bands

WEBs have the appearanoéthin, elongated, white strips that can form at steep or shallow
anglesof 80° or 30° to the surfacerespectively[127]. The level ofHertzian stress and the
number offatiguecycles(seeFigure2-18) influence the formation offWVEB413]. WEBs form in
high quality bearing steels (100Cr6 or similar) andpaezeded by the formation of BER, in
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compaison to thecolour of the etchedundamaged steelnd form at depths of up to around

0.3 mm[112, 128](value dependenbn the contact pressure) arcentred around the location

of t [113, 129] The DER microstructureheterogeneous, consisting mainly of martensite
separating severely deformed band$12, 113, 114] appearing dark since the etchant
preferentially attacks the bands that appear dark when viewed with an optical microscope
[26]. WEBSs develop within the DER after further rolling contact cycles as shdvigure2-18.

Both WEBs and DERs have been found to be linked to martenisitic decay and carbide
"depletion' [26]. A comprehensive review of DERs and WEBseisepted in[26] but since

these features have been identified as distinct from WECs and butterflies, they will not be
consideredurther in thisthesis

2.3.4. White etching layers

The formation of WELSs common on machined surfacesn railvay tracks and in other
applications where steel surfaces rub togeth@&B0]. The formation occurs duringeriods of

high surface sliding at high friction (or traction) coefficients; dsample during a railway
wheel lockup [131]. The formation method is thought to bea one of two methods:

1. The surface traction is high enougghlead to temperaturesiighenough to austenitise
the steel, leading to the formain of a layer of highly deformed martensj@5].

2. Mechanical action causes the initial microstructure to become alloyed, creating a
carbon supersaturated ferritgl32].

WELSs areot thought to be a major problem in WTGBs although they have been observed to
appear (seesection5.2.6. However, observation of the manner of their formatiamdeof their
microstructure may offer insight into the formation of subsurface WEAs and WECSs, which
appear to be similar imicrostructuralappearance to WELS.

2.3.5. Factors affecting the development of WEs
A number of factors have been found and/or aespected to contribute to the initiation
and/or propagation of WECs. These factors are investigated below:

2.3.5.1.Extreme Loading

The loading conditions experienced at the contact between the roller and raceway affects the
initiation and propagation of WECs ilVaTGB[12], regardless of thenethod that hasled to

their formation. As has been previously discussed, WEC initiation is more likely when the
material has experienced higher levels of stréBse transient nature of the windnd the
subsequentoperational actions of a WT creates extremely harsh operating conditions for
drivetrain components leading tm@verloading causing stress levelseyond the bearing
racewaymaterial yieldstrength. Local yielding may ocdarthe bearingsubsurface, leading to
microstructural change and possibly the initiation of a WEL 109] Overloadingcan be
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caused by shorterm impact loading torque reversals and/or misalignment of gearbox
components de to deflections in the drivetrain structurevhichmay arise from: fluctuating

wind loads, norsynchronisation of blade pit¢hsudden braking, sudden and frequent grid
drops, generator/grid engagemenid 2], extended periods ohigh rotor torque during the

high wind speed season, misalignment due to deflections of gearbox components, oval
compression of gearbox bearings due to deflections in gearbox support structure, oval
compression of blade pitch bearings causing short teongue spikes due to delayed blade
pitching[10], non-torsional loadind58], preloading on account of tight fits, excessive diupe

on a tapered seating, extreme events leading to torque reversal (for example emergency
shutdown), or impact during fitting133, 134] The high variability of imd conditions and
subsequent turbine controls leads to frequent connections and disconnections between the
generator and grid, causing the gearbox to experience frequent torque reversals and overloads
[10]. Such torgue reversadvents can occur approximately 15,000 times per yda0]
(although this number may vary considerably depending on the WT and the bearing location
within the gearbox).

During torque reversals and transient wind loading, the aceéifen and deceleration of the
drivetrain can lead to frequentripacteventsat WTGBsSuch events are most serious when
bearing rolling elements are in the unloaded zone, where tin@y beinstantaneously loaded
0S@2yR GKS YI (SN lafighedl codditiéhé, Rlond andld yva delt point Y A &
in the load profilef12]. These periods of heavy and dynamic loading lead to transient raceway
stresses sometimes exceeding 3.1 GPa and generator engagements/disengagemdatsica

to stresses up to 2:8 times higher than dunig normal operating conditionfd.0] well above

the yield strength of bearing stee[45]. At such high contact stresses, failure may oanter a
relatively low number of load cyclesie to low cycle fatigugl35].

As previouslydiscussed, operating ¢ D. & ' NB Y2NB KSIFg@gAafteée f2FRSR
within which rolless experience high traatin forces and are wetdlligned. h the unloaded zone

however, traction forces are much lower, resulting in poor roller alignmga®]. An
instantaneous change in shaft loading from a torque reversal relocates the loaded zone,
resulting in hjh load beingapplied to the raceway by misaligned rollers. A small misalignment

angle can alter what is normally a line contattetween the roller and racewaio a point

contact, whichwill leadto far higher contact stresses on a small area ofrteeway.

2.3.5.2 Adiabatic heating due tohammering impact loading

It has been hypothesised by Hansen Transmissionshtbhtfrequency impact loading creates
the white etchingmicrostructural change due to adiabatic localised heating in the vicinity of
inclusiong[14]. It is though that adiabatic shear bands may be formed, which have long been
known to appear white after etchinfl36]. However this form of damage would require the
strain rate of deformation to be large enough to avoid the dissijpat of heat [26].
Additionally, adiabatic shear bands are not associated with cri@showever, as has been
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previously discussk WECSs that have been found in varistigdies[13, 36, 46, 50, 52, 53, 107,

109, 123Jare linked tocracks. It therefore seems likely that adiic shear bands are not the
same as WECs, although hammering impact loading may be damaging in other ways as
discussed in the previous secti(h3.5.]).

2.3.5.3.Slip

Slip could be a driver of WEC development, either directly, due to high levels of surface
traction resulting in shear stress concentrations being shifted closer to the sgachown in
Figure2-11), meaning that any crack would have less distance to propagate in order to reach
the surfacepr indirectly, by shearing the lubricant layidi9] and/or the fact that the creation

of fresh surfaes may lead to hydrogen liberatigi2], subsequently leading to hydrogen
embrittlement (see sectio.3.5.5.

2.3.5.4 Electrical discharge damage

When electrical current passacrossWTGBacewaysa process similar tarcwelding occus
heating the steel to high temperatures and in extreme cases, ngeitirilThe discharge current
may come fromthe generator,lightning strikes, pitch motors, or static discharge and is
observed in the field to be caused by damaged insulation and grounding protection damage
[9]. It is postble that such damageroduces fresh steel surfacesncouraginghe release of
hydrogen, which acceleraté&SF damaggL2] (see sectior2.3.5.5. Staticdischarge has been
experienced in automotive bearings, where asperity contacts release static charge, liberating
hydrogen from water that had penetrated into the bearing and mixeithwie lubricant[46].

2.3.5.5.Hydrogen Embrittlement

It has become increasingly clear th#iSFis accelerated by the presence of hydrogen
Numerous tests have been conducted to investigate the influence of hydrogen, inckR@iRg
[51, 56] high frequency ultrasonic loadiri@37], low frequency loadin§l38, 139]andtensile
testing [140], with the gaeral conclusion that the presenad hydrogen is detrimental to
fatigue life. Although there are many models to explain this phenomenan, prevalent
theorieshave emergedhat describe the detrimental effects of diffusible hydrogen leading to
the embritlement of bearing steelsThe first is viahydrogerenhanced locaded plasticity
(HELR) which was proposed by Beacheiidl] in 1972. The HELP theory suggests that
hydrogen is absorbed into the steel matrix and enhances the ease of dislocation motion, while
simultaneously decreasing the stress limits for crgc&pagation [51]. Hydrogen induces
localised plastity at crack tipg142, 143] effectively making crack growth possible at lower
contact stressesThe second theory is namedhydrogen induced decohesion which was
developed by Troian§l44] and modified by Oriani and Josepliel5]. This theory suggests
that dissolved hydrogen in the steel matrix reduces the strength of interatomic bonds,
therefore promoting decohesion and encouraging cleavage fracture of the mafédél.
Cracking occurs at lower stges due to the lower cohesion strength of the s{édl7].
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Hydrogen gagO) is diatomicin its natural stateand therefore too large to enter steelhese
molecules musbe broken up into single atoms by chemical reactiorlectrochemically if is
to penetrate (diffuse)into the steel subsurfac@l2]. Sources ofliffusible hydrogen include:
water in the bearing lubricanfl48], degradation of products in the lubricafit49]; trapped
hydrogen in the steel from heat treatmeii26]; which may be released when fresh surfaces
are createdboth on the surface and subsurface and particularly at crguk [51], which
creates a vicious cycléye trapping and subsequent releasélydrogen from MnS inclusions
[150] (discussed further below)andfrom stray electrical currentfl?]. There seems to be a
critical concentration of hydrogen of around 1 part peillion [26, 151]below which bearings
have relatively long lifetimes, and above which, the fatigue life declines sHagdly

2.3.5.6.Inclusions as initiators

All inclusions may act as crack initiation sites under high enough contact @6¢sk1100Cr6

steel enough evidence is now available to confirm thanS inclusionsre the most likely to
interact with butterfly crackg52, 56, 33]despite older studies disputinidpis [152, 153, 154]

These older studies did not believeat MnS inclusions were damaging since, unlikkeder
inclusions, MnS inclusions and other sulphide inclusions do not dicectly as stress
concentratorg26, 154] Since MnS inclusions have been found to be the rikesty to interact

with WECSs, this section will focus on this inclusion type, although as discussed in previous
sections other inclusion types (particuladyuminas) havealso been found to interact with
butterflies.

Shorter MnS inclusionshave been foud to be more likely to initiate damage than longer
inclusions, with the ideal length for crack propagation found to be smaller tham2@based

on a sample size of 76 WHt@eracting inclusions]52]. As previously discussefilee surfaces
created during quenching and/or separation of the inclusion from the matrix during operation
may be locations for the initiation dRCFeracking26]. Cracking has been found to be sensitive
to the directionwithin the raceway; with vertical WEC branches appearing to propagate when
viewed in circumferential crossections and branclethat are parallel to the surface in axial
crosssections[52]. Another possiblénfluence of MnSriclusions, is that their boundaries are
thought to act as trapping sites of hydrogen, which may lead to hydrogen embrittlefh®b}

The accumulation of hydrogen atoms at MnS inclusions may aid crack inifi5iop

Fracture mechanics relates crack opening and propagation to the type of applied loading,
which is defined by three modes that are illustratedrigure2-21 and listed below48]:

1. Mode I: Tensile loading across the crack
Mode II: Shear loading in the plane of the crackp{ane)
3. Mode llI: Shear loading out of the plane of the crack-jtdhe)

N

It is thought that for microcracks that initiate @clusions the initial extent of short crack
growth is caused by Mode | loading of the inclusion, which consequently means that a tensile
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stress field must exisacrossthe inclusion[48]. Since cracks have been observed to form at
inclusion tips, it follows that the tensile stress field must exist at that location, although there
may be alternative reasornsxplainingcrack initiation at the tips, which are discussed below.
Cracks are thoughtherefore, to be initiated in the vicinity of inclusions due to this residual
tensile stress, which decreases to zero with distance from the inclusion, meaning that crack
growth is limited. However, the cyclic stress field can load thekckyy Mode 11/111, which can
causefurther propagationand spread to greateand more damagingglistances from the
inclusion[48, 90] Whether or not the crack will open, and propagate by Mode I/Il/lll loading is
govaned by stress intensity factors that are discussed9. For crack initiationbased on

Mode Ito inducetensile loading across the crack, an inclusion needs to have a CTE lower than
that of the steel matrix (se€igure2-17), which would not explain why MnS inclusions have
been found to be the most likely to interact with WECs. It has been postulated thst it
essential for MnS inclush to contain oxide parts in contact with the surrounding steel matri

at these crack tip location$0, 55] Oxide parts have a smaller CTE than the steel mamix
which would create this harmful tensile residual stress and it has been found that MnS
inclusions that contain oxide parts are more harmful than those that d4g5@t55]

Mode |

Mode Il

Made Il
_4_—

!

Figure 2-21: Modes of loading affecting crack initiation and growth

However, analternative three-stage process for MnS initiated WEC formation has been
proposed[109]. First the inclusion fractures along the lengthitsf major axis. Secondly the
crack propagates into the bulk material surrounding the inclusion. Finally, white etching areas
(WEAs) form along the crack®sr a butterfly to exist at a MnS inclusion, Evans ef5dl] found

that the inclusion was always cracked in the direction of the major axis and that the inclusions
themselves were initiators of cracks/butterflies that propagated to form WEDsh crack
initiation is byMode | loading[48], but since it takes place inside the inclusion, it may be
possible for an inclusion with a higher CTE than steeh sscMnSo initiate the crack. As
discussed earlier, residual stress concentrations around such inclusions, formed during
quenching may affedhis process, shown iRigure2-17.
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2.3.6. Laboratory teststo recreate white etchingmicrostructure

A number of researchers haweiccessfully recreatebutterflies and whie etching crackin

test specimensTher main results and the operating conditions used to create the damage are
discussed in this section.

Evans, efl. [51] useda TE74Stwin-disc machine, with steeabllers of size 26mm and 52mm

to simulate wind turbine tnsientconditions. Slip levels fromIb6% were tested, at contact
pressures of up td GPa Contact pressure and slip were changed to various levels during a
single testto simulatetransient condtions duringwind turbine operation.Tests were carried

out using rollers made from 100Cr6 steel, initially with comparable hydrogen content to
bearing steel, then with increased levels of hydrogen, since hydrogen embrittlement is known
to accelerate WE@rmation. Upon examination of the tested rollemo WECs were found in

the nonthydrogen charged tests, although limited numbers of butterflies were found. In the
hydrogen charged tests, the number of butterflies formed increased with contact pressures in
the range of 1.2 2.0 GPa and with the number of rolling cycles. WECs were formed at various
contact pressures between above 2.0 GPa depending on the hydrogen charging method
used.

Evans, et al[52] also conductedests on a norhydrogen charged highpeedshaft WTGB

using alargescale test rig designed to simulateansient WTG operating conditions at
maximum contact pressures of around 2.15 GPa and for 1.4 sts8s cycles, equivalent to
130% of the bearing life. Amongst other findingst was found that butterflies could

propagate to form WECs and that WECSs initiate at inclusions.

Reullan[54] also used a twin disc machine with hydrogen charged andhyainogen charged
test spedanens to recreate butterflieContact pressures between 1¢3.5 GPa were tested at
slipratios of up t0 30% Like Evans, Reullan recreated WECs on the hydicdygged samples
but not the nonhydrogen chargedReullan also tested a REB on a full seaderigat contact
pressures of 2.5 3.40 GPa and slip ratios of-22%.WECsvere createdon both hydrogen
charged and notydrogencharged bearing inner races. WECs initiated primarily (and more
extensively) at inclusions in the hydrogeharged sampls and at the boundary between a
near surface DER and the steel matrix in the-hgdrogen charged samples. This important
finding suggests that hydrogen concentration at inclusions may be relevant.

As was briefly mentioned in sectidh3.1, Grabulov[53] successfully recreated butterflies at
(large ~45 pm) artificially introduced AO; inclusions using a test rig that simultaneously
appled a contact pressure of 3.2 GPa for 1.3 %stfess cycles at an extremely high rotational
speed of 15,000 rpmt wasfound that the damage was as a result of shear stress leading to
material transfer from a debonded inclusion to the surrounding steatrix. Material transfer
across the gaped to the creation of butterfly crackthat then propagatd away from the
inclusiors. Butterflies were created at maximum orthogonal shear stregs , of around 450
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MPa While these results are verpteresting, it must be noted that the steel may not have
been truly representative of bearing steel since the inclusions were artificially introduced.

Lund[55] exposed spherical ball bearing to RCF at contact pressfirggto 4.9 GPa to find
conditions at which butterflies were formed. As mentioned in secidhl, it was found that a
maximum orthogonal shear stre§s;, , of 400 MPa was required to initiate butterflies and
that the maximum depth at which they were found decreasasdhe magnitude of theontact
pressuredecreased The trend was not affected by the whether the steel had a martensitic or
bainiticmicrostructure

A studyby Carrollat the University of Sheffielll56] investigatel rolling contact fatigue on rail

track using a twin disc machine, to create a hard WWEL below the rail surfacelests were
conducted at contact pressured 1,500 MPa for a period of 5 seconds, with discs rotating at
around 400 rpm in the same direction, so that the contacting surfaces movegpposite
directions, rubbing againstach otherand creating extremely high slip levelSesting found

that the gowth of cracks depended greatly on the strain history of the subsurface pearlite
structure. The WEL was found to initiate at weak spots at the surface, such as grain
02dzy R NASazX 2NJ 29[ kLISIFENIAGS 062 dzyratemdPsBaca) W/ 2 N
displayed WELSs at their peak, although it is not clear whether they lead to the formation of the
WEL or vice verda56].

2.4. Dynamic modelling of wind turbine gearboxes

From the findings in sectioris1c 2.3, it has become clear that the complex loading conditions
and their effect on WTGBs are not fully understood, despite the many theories suggesting
different modesof failureand factors affecting therrit seems important therefore, to model a
WT drivetrain to establish the levels of contact stress that are foundTGB&luring normal
operating conditionsA review of dynamic modelling methods and previous work in this area is
presented

2.4.1. Rotating machine dynamics

Every rotating machine comprises of three principle component types: rotors, bearings and
supporting strutures. A rotor component has mass and inertia and is at the heart of any
rotating machine and therefore, any analysis must first determine the dynamic properties of
the rotor element.Each rotoris connected to the supporting structure by bearings, which
support the rotor up to a certain load capacity and with certain stiffness and damping. The
bearings make significant contribution to the rotating machine dynamics so it is important to
model them accurately. The structure supporting the bearings cansidt stators and
foundations; the stator being an integral part of the machine and the foundation holds the
machine in plac§l57].

CNRY bSgiliz2yQa aso02 ykiowh lingaZequatdn diyinathmofio,S ¢ St f
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G @ Qo Qo (2.13

where: & represents the mass of an objeaf)and Q the damping and stiffness of its
supporting structure respectivelycito and ¢ represent its acceleration, velocity and
displacementt a point in time; andQo is time dependent force loading.

In rotational dynamicsgquation 2.13is adapted to a polar coordinates system and to include
rotational inertia rather than masfl57]. Thisequation shows that a rotating system can be
defined by a series of polar moment of inerti@ damping coefficients), stiffnessesQ and
time-dependent torque loading o .

0— O— 0— to (2.19

In matrix form, these equations are combthdo representsix degree of freedom PORF
motion, both linearly and rotationally, as shown in equatt®5[157], where [M], [C], and [K]

are the inertia, damping and stiffness matrices representing the modelled components
respectively; ® h&® and & represent the6 DOFacceleration, velocity and displacement of
each modelled component respectively an@® representsthe calculated forces antbrques

at the modelled bearing supports.

b & 06 0 (2.15

2.4.2. Modelling strategies
Peeters et al[158] compared multibody WT gearbox models with varying complexity and their
strengths and weaknesses, identifying three types of model:

- Type 1 Purely torsional multibody models, modelled withe degree of freedom (DOF);
- Type 2 Six DOF rigid multibody models with discrete flexible elements;
- Type 3 Fully flexible multibody models.

Type 1 models are generally carried out to model drivetrains in the early design stage, but
insights into gearbx modal behaviour are limitefll59]. They are suitable for investigating
dynamic torque levels throughout the gearh but are not capable of modelling detailed
reaction forces on the bearings. A study by the University of Strathclyde and Romax
Technology160] describes the development of a basic type 1 gearbox model, which is used to
simuate normal operation and emergency stop conditions. It was found that most of the off
axis loads are absorbed by the main rotor shaft bearings before they enter the gearbox, a
conclusion that has also been reached the USAbased National Renewable Energ
Laboratory (NREIL61]. Using the current failurdy-fatigue analysis method as presented in
the international standard§40], it was concluded that the planetary bearings in the first stage
of the gearbox were subject to the highest loads and showed the greatest amount of fatigue
damage, but that the damage was well within acceptable limits. Normal stops led to no more
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damage than normal operation but emergency stops led to higher damage legpks;ially in
the modelling of10 second period after grid loss. The model did not prediny excess loads
on the HS$§L60].

Type 2 models consist of rigid components free to moveDO&ssupported by linear springs

that representcomponent stiffness. They can be used to investigate the influence of bearing
stiffness on the intemal dynamics of the drivetraifil58]. Helsen et al[159] investigated a

type 2 model, ihding that it was applicable for use in both planetary and parallel stages as well
as complete gearboxes. These models are not able to take the internal stresses and strains of
drivetrain components into account, although they are capable of calculagtajled reaction

forces on the gearbox bearings. A bearing stiffness matrix witidiaffonal zero terms was

used, meaning thathe effects betweendegrees of freedomwere not coupled, and with
constant diagonal terms, meaning constant stiffness valued, zero bearing damping. This
model could be refined to provide a more realistic simulation.

It has been shown that fullftexible models (type 3) are the most accurate and are able to
calculate internal component stresses and strains, bitlh \Wwigh computational expensi58,

159]. Further research by the GRIB, 161]investigated the computational cost of each model
type. A gearbox model was developed, initiallyaasvo mass system (rotor and generator),
and then the complexity was incrementally increased, while being matched to experimental
acceleration data from a tested braking event. It was found that the computational cost of
using type 2 models was 400 % ldglthan that of type 1, with type 3 a further 26 % higher
than type 2. The conclusion drawn was that type 1 models are time effective and that accurate
modelling is possible using type 2, without the need for ufimte elementanalysis (FEA).

2.4.3. Key findings from previous modellingstudies

The GRC also examined the effects of changing the complexity of the gear tooth model. One
Fyrte@dAolrt Fylrfteara YSGK2R wataoSaqQ GKS 3AStHI
RI YLISNR T 2 Ndibo®ingohIhe $agfidl and axial forces to be calculated over the
whole width of each gear toothThis is important when analysing helical gear contsicge

axial forces are introducebly the angled gear teethyhichmust be supported by the bearings

and mayleadto shaft bending and therefore misalignmetit.was determined that a 3Slice
contact model wasfound to be the optimum compromise between accuracy and
computational cosf162]. It was also noted by the same GRC report, thetnging bearing
clearances has a negligible effect on results, thatt suchmodels are sensitive to bearing
stiffness value$162]. NREL has found that turbine size has little effect on the type of failure
occurring inWTGs Therefore, failures that occur in small&/TGsare alsofound to occur in

larger gearboxes. This confirms thaty conclusions takefnom a study based on a smaltale

WT, such aghe NREL750 kW testturbine, will be relevant for larger, more modertyTGs

[17].
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2.4.4. Generator modelling methods

A challenging part of any WT drivetrain model is thethod used to simulate thgenerator,
sinceinstantaneous fluctuations in torquén response to input conditions are regad. One
modelling method is utilised by tHeREldevelopedFASMrivetrain simulation package, which
uses two different generator models to provide generator resistance torque: the simple
induction generator model andhe Thevenirequivalent model. The "simple induction
generator modél is a good starting point and is capable of providing generator resistance for
most operation modes, although it is too simple to model turbine stgr{17]. This method
requires founnputs:

1. Synchronous generator spegd

2. HSSated speed:

1 1 oY (2.16)
where"O'Ys the gearbox ratio and is the LSS rated speed

3. HSSated torque:
Y Y oY (2.17
where”Y is the LSS rated torque.

4. Pullout torgte the highest level of resistance that the generator can supply
Y 0°Y "Y (2.18
where0 "Ys the pullout ratp.

Using these values, a simple generator resistance torque curve can be calculated for any
conventional wind turbine, as shown kigure2-22.

-rpulluul

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

HSSrated

. . rated
Generator Speed () -

Wan

Generator Torque (T)

Figure 2-22: Simple induction generator resistance torque curveadaptedfrom [17])
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Mohit Singh[163] developeda more complexbut more accurategenerator model from an
equivalent circit. This equivalent circuit can be used to construct a@vEhin-equivalent
generator model based on the theorem jh64]. Figure2-23 shows an example Thevenin
equivalentinduction generator torque/speed curve. This model is suitable for modelling
generator resistance torque during all operating conditions, including turbine-sfgi 7].

A

Generator Speed ()

Generator Torque (T)

Figure 2-23: Thévenin-equivalentinduction-generator torque/speed curvdadapted from[17])

2.5. Summary of findings from the literature

A review of literature relating to the w& undertaken in thistudy has been presentedrhis
section will summarise key findings from the literature and introduce hypotheses that will be
investigated in this studyGenerally, the key theme from the literature is thatrrentresearch

into premature WTGHailure is fowssing on the WEC failure mode.

2.5.1. Bearing life rating

It has become clear that the current method used to predict the lifespan of a bearing is not
accurate for use in the selection of WTGRSs clear that the LundberBalmgren method
does not take into account many essential factors that affect WTGB life and will therefore be
considered to be inaccurate for the remainder of tthissis It seems that it is vitally important

to considertransient operating conditions when designing WTGBs and because of this, it has
been decided to create a full dynamic model of a wind turbine drivetrain, as described in
Chapter3.

2.5.2. The effect of inclusiors

Despite many theories being suggested for thi#iation of WEC damage in WTGBs, it seems
that the dominant theory is that the damage starts at inclusions. A varietyfaibdire
mechanismsare suggested and it seemsathdifferent researcherssuggestthat different
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inclusions are responsible for causing the damage. MnS afiAtlusions in particular have
been mentioned as damage initiatorand the importance of oxide parts within MnS inclusions
has also been highighted since they may cause tensile residual strelssing the steel
manufacturing processDespite considerable research effort, it seems clear that the various
studies have not reached much common ground in their findings so this study will seek to find
the most damaging inclusion type and suggehy that is the caseSince the best way to work

out how a component has failed is by examinanfpiled part, Chapteb examines the inner
raceway of a WTGB that has been decommissioned after failure.

2.5.3. The effect of hydrogen

It is clear that raised hydrogen levels accelerate WEC damage and butterfly formation.
Considerable research has already been completed on thisduinjel the detrimental effects

of hydrogen have been categorically proven. For this reason, the effect of hydrogen will not be
investigated in this study, although its negative effect on bearing life will be considered
throughout.

2.5.4. Summary of factors leadirg to white etching crack formation

Since there are many factors that have been cited to contribute to WEC initiation and
propagation, they have been summarisedrigure2-24. Factors affecting WEC formation in
WTGBsThe factors highlighted in red are investigated in this project.

LOADING

Transient loads
Torque reversals
Misalignment
Slip
Mounting
Stand-still

Extreme wind
conditions

Acceleration

Impact loading

HYDROGEN
Lubricant aging

Water ingress
Trapped hydrogen
Fresh surfaces
Inclusion trapping

MATERIAL

Steel cleanliness

Manufacturing
method

Inclusion type
Inclusion size

Inclusion
orientation

Voids
Carbides
Dislocations
Retained austenite

Surface roughness

STRESS

Hertzian stress
Surface traction
Hoop stress
Residual stress
To.max POSItiONn
Tmax POSItiON
0y, max POSIition

Stress concentration
due to inclusions

LUBRICATION

Viscosity
Contamination
Temperature
Surface roughness
Lubrication regime
Lubricant shear
Additives

ENVIRONMENT
Humidity

Stray currents
Temperature

BEARING LOCATION

Which raceway stationary?
Bearing type CRB/SRB/TRB
Operational speed/number of load cycles

Slip level

Contact pressure

Upwind/downwind

Figure 2-24: Factors affecting WEC formation in WTGBs
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2.5.5. WEC failure mechanism hypothesesnd influence of MnS inclusions

2.5.5.1.The effect of slip

The importance of the effect of surface traction caused bypsigpbetweenrolling elements

and bearingraceways has beendentified. It is hypothesised that slip could be a key factor in
initiating surhice spalling from WECSs at inclusions. Since surface traction shifts the Hertzian
contact stress field closer to the surface, the locations of maximum shear gtresst j

and equivalent stress occur at shallower depths. Since dtadhave to propagate a lesser
distance from shallower inclusions, thoseacksinitiated at shallower depths have a higher
chance of leading to surface damage. The potential importance of slip is illustratggure

2-25. The influence of slip on the development of WE@Isbe investigated in this study.

a) Scenario 1: Pure rolling b) Scenario 2: Rolling & sliding

—

Stress > damage threshold
= E

Stress > damage threshold

Figure 2-25: Importance of surface traction (not to scale): a) Scenario 1L pure rolling: critical stress threshold
exceeded relatively deep below surfadeWEC may never reach surface and cause failure b) Scenarioi 2
rolling and sliding: critical stress field shifted closer to surfacé WEC propagates to surface, leading to
failure.

Additional considerations arise when considering the effect of slip on stress concentrations at
material defects. The previous work in this area, as discussed earlier in this seatids tde
ignore the effect of surface traction on the position of maximum stress at material defects. A
simple twadimensional FEA simulation was set up to simulate this hypothesis. The purpose of
the simulation was not to accurately simulate stress conaittn magnitudes or their exact
positions, but to illustrate how their locations shift under the influence of surface traction. An
arbitrarily sized hole in a large elastic steel plate was exposed to: a) an arbitrary compressive
load acting on the top suate of the plate and, b) arbitrary combined compressive tractive
loads acting on and along the top surface of the plate respectively. The hole may represent a
void or an inclusion that idetached fromthe surrounding material97]. The implications of
these effects is that the angled propagation of butterfly wings, from the horizontal, may not be
due to the direction oft  , but due to the shifting under traction of the position,of;  or

t n . The effectsof surface tractionon the location ofthe maximum equivalent stress,
unidirectional shear stress and orthogonal shear stress around a hole are shbiguiie2-26,
Figure2-27 and Figure2-28 respectively. Each form of stress can be seen to be shifted around

53



LITERATURE REVIEW

the circumferenceof the hole. InFigure2-26 - Figure2-28, the images labelled) are exposed

to an arbitrary vertical compressive load atitbse labelledb), to arbitrary compressive and
surface tractive loads. It should be noted that inclusion shape, depth and load magnitudes will
change the stress fields shown in the figures and that they @rdll@strative purposes only.

The findings presented in these images are consistent [i/65].

Figure 2-26: Equivalent stress concentrations around a hole undea) arbitrary compressive loadb) arbitrary
compressive load and arbitrary surface tractionacting left to right (arrows indicate max positions)

Figure 2-27: Unidirectional shear dress conentrations around a hole under a) arbitrary compressive loadb)
arbitrary compressive load and arbitrary surface traction acting left to right (arrows indicate +max andi min
positions)

Figure 2-28: Orthogonal shear gressconcentrationsaround a hole undera) arbitrary compressive loadb)
arbitrary compressive load and arbitrary surface traction acting left to right (arrows indicate +max andi min
positions)
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Since it is not currently known whethdr , 1 5 or,  oracombined effect of the
different stresscomponentsis criticalto WEC initiationthis study will aim to find out which
correlates most strongly with the damage caused. As the position of each maxima occurs at
different depths (particularlyf  , which is the shallowest) within the material, it is possible

to see which corresponds most strongly with the damage found. This is investigated in
Chapters - 7.

2.5.5.2.Loading order effects

One of the key flaws in the LundbeR@imgren method is that it does not consider the order
of loading events. It is hypothesised that this is a vitally important factor that is investigated in
Chapter7 of this thesis Figure2-29 describesa hypothesis showing that if a high load event
happens prior to a series of lesser load events, then the damage is more siwoubat if
these events occur in the reverse order.

Scenario 1
Series of a) b)
high load Smaller
impact loads during
standard

events
RCF

~CE»-
Inclusion initiated microcracks Microcracks propagate

Scenario 2

a) Series of b)

high load

Smaller
loads during
standard
RCF

o= —aE-
No subsurface damage Inclusion initiated microcracks

Figure 2-29: Importance of the order of loading eventgnot to scale) Scenario 1 sbws a high load impact

event a)that initiates subsurface microcracking,which is then propagated by stresses induced by standard

RCF loading in b). Scenario 2 shows that when these event occur in reverse, tlienage would be far less

severe.

2.5.5.3.Summary of testing methods designed to test hypotheses
To investigate the hypotheseliscussed in this section, this study has developed the following
experimental testingnethods to recreataVTGB damage, including WECSs, in bearing steel test

specimens:

1. Hammering impact testing, using a reciprocating impact test rig designed to apply up
to one million impacts at contact pressures of over 2.5 GPa. Tests were designed to
apply impacts both perpendicularly to specimen surfaces, as well as at an angle, in
order to investigate the effects of surface traction. Varying contact pressures and
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impact numbers were applied in order to determine thresholds at which resulting
damage was observed. The test design is described in more detail in sédtion

2. Twin disc testing of specimens that had been damaged by the impact rig, as well as
specimens that had not, was carried out in order to investigate the order effects
discussed irFigure2-29. The testing also tested damage thresholds of the variables
that were altered during testing; the traction coefficient and the contact pressure.
Twin disc test design is described in more detail in seetibn
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3. DYNAMIC MODELLING OF WIND TURBINE GEARBOX
BEARING LOADING DURING TRANSIENT EVENTS

In order to understand WTGB failure modes, bearing contact pressures during operation in

transient wind conditions and different operating modes need tocbesidered The purpose
of the multibody dynamic model developed in this study is to find the maxinmontact
pressures during normal operation and manual shutdown of the wind turbine drivetrain to

determine whether recommended levels are being exceeded during typical WTGB loading. This

study first presents the development of a dynamic gearbox modehtedeusingv A O NR 2
VALDYNMoftware, of the NREL twspeed, stalregulated 750 kW test drivetrain. The model is
then validated against models of the same gearbox, created independently yRi@ound-
robin project. Simulation results of the bearidgnamic loading during normal operation and
shutdown modes are then presented and Hertzian contact loads in the bearing calculated.

1. Introduction

!

2. Literature review

3. Dynamic modelling of
wind turbine gearbox
bearing loading during

4. Procedure for

experiments and

L ]

metallurgical

transient events

investigations

5. Results from the

destructive investigation |,

of a failed wind turbine
gearbox bearing

&. Results from
hammering impact
testing of bearing steel

[y

7. Results from twin disc
testing of bearing steel

-

¥

B. Conclusions and
further work

Figure 3-1: Thesis work flow chart
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This Chapter is split into five seai®

- Section 3.1 describes the development of the gearbox model.

- Section 3.2 describes the application of the model to a 750 kW WTG.
- Section 3.3 presents the simulation results.

- Section 3.4 discusses findings from the simulation.

- Section 3.5ummariseshe chapter.

3.1. Developmentof a dynamic WTG model using VALDYN

Taking into account thdindings discussed in sectidh4, it is proposed that a modified
gearbox model will provide a more efficient way of modelling bearing loading, without a
significant loss of accuracy, and at relatively low computational cost. The proposed new model
is compared to the three model typekscussed infable3-1. The new model can be described
asmodified type 2and its main advantages over the type 2 model, are that it is able to model
variable bearing dfiness, bearing damping and that it uses a sliced gear mesh stiffness model,
important for modelling helical gear contacThis model is streamlined for efficiently
calculating baring loading

Modelled Type 1¢ 1 DOF Type 2¢ 6 DOF rigid Type 3¢ Flexible Proposed model in
stiffness torsional model multibody model multibody model this study
Gear mesh Constant Constant Variable Constant (sliced
model)
. . Variable axial, radial,| Variable axial, radial,
. - Constant axial, radial, . . . .
Bearing Rigid . . tilt (stiffness and tilt (stiffness),
tilt (no damping) ; !
damping) constant damping
Shaft Discrete torsional Dlsgrete torsmngl, FEA representation Dlsc_:rete torsmngl,
Equivalent bending Equivalent bending
Splined Torsional spline Torsional spline Dl_screte torS|0_naI, Torsional spline
. ) ) Discrete bending, )
connection connection connection . L connection
Discrete tilting
Structural Rigid Rigid FEA representation Rigid
components
Outputs
Torque time " .. " ,‘
history n n n n
Detailed
reaction 1] N i
forces
Internal
stresses and ] | (bearings only)
strains

Table 3-1: Comparison of model types 13 to proposed gearbox model (adapted from [19])

The coordinate system used in this studyshown inFigure3-2 along with the WT drivetrain
schematic. The gearbox schematic showrkigure2-3, displays the layduand components

used in the modelled gearboXll components shown in the figure were modelled, with the
exception of the bedplate, which was assumed to be rigid, and the main shaft bearings, as it
was assumed that no ofixis loads were transmitted frorthe rotor to the gearbox, an
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acceptableassumptionfor WTGB modellinfll6, 160] Gearbox components were modelled in

6 DOFs, while the hub and connected blades as well as the generator rotor were modelled as
point inertias, free to rotate in the [jlirection. The modelling of all components at each
timestep of the dynamic process usiNALDYNis expressed in 6 DOFs by equation 2.AB

image of the model in th& ALDYNiser interface is provided in Appendix Bhe method of
modelling each component in the gearbox is discussed in se@ticand the development of a

750 kW gearbox model, in secti@r.

Hub Main Main Mai"' Gearbox Brake Disc High-Speed Generator
Bearing Shaft Bearing ‘ Shaft

X z Z Bedplate

Figure 3-2: Wind turbine drivetrain schematic and coordinate system used in dynamic model

3.1.1. Massand inertias of gearbox components

The mass and inertia of each gearbox component were calculate@@Fs, described by the
mass matrixin equation 3.1 where 0 is the mass of the component an®, 'O and O
represent the inertia of the component in thélYNind ZNjirections respectively. Component
masses and inertias were taken from component data sheets if possible, or alternatively,
determined using CAD model§he rotor inertia®® , was approximated using the method
presented in[166], using equation8.2 and 3.3 where0 and 0 are the mass and
length of one blade respectivellasses and inertias of the in the gearbordeldeveloped in
section3.2are shown inrable9-1.

0 T T T T T

T 0 T T T T

] T 0 T T I

T T T O T T (3.1

T T T T O Iy

T T T T T ‘O
0 ¢ @ 8 (3.2)
O T odp & (3.3)
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3.1.2. Displacement of gearbox components

The matrices representing the displaceme@t, velocity 8 and acceleration8 of each 6

DOF component are calculated at each time step at the its centre of mass of each component
in the form shown in equation3.4, 3.5 and 3.6

O wOa—— — (3.4
O Do —— — 3.5
O wOa—— — 3.6

where @h U and U represent linear motion in the directions of their respective axis ang
and [ represent rotational motion in the directions of their respective axis.

3.1.3. Bearings

6 DOF bearing stiféss is described by ¢hstiffness matrix showin equation 3.7162]. Note

in this case, the value fo® is zero, because this is the DOF representing rotation along the
shaft axis (axial friction will be considered later). Constant values for the diagonal terms
(shown in bold) assume linearly varying stiffness with bearing displacement, whickedén
standard type 2 model$158]. The modified model in this study uses varying stiffness values,
calculated within VALDYN from the bearing geometry, which was input into bearing models for
each bearing in the gearbox. This simulatioethod takes into account the offiagonal terms,
which link the 6 degrees of freedom. VALDYN is able to modelGi®Band TRBsn this way,

using the theory presented i167].

9 2 a2 9 9 on
ko) ko) o) o] Tt
ko) Ko) Tt

YO& 6 Qo " Q n 3.7
go)

The bearing loads), "O and "0, and tilting moments) ,0 , arecomputed at each time step

as functions of the relative displacemerggpressed by the displacement compone(itsted

in equation 3.4)of the outer and inner raceways,and j respectively. Initial displacements
must be zero¢ and§¢ are the initialaxial inner and outer race offsets; i.e. the distance from
the common centre of mass of the outer race and inner race respectively in the z direction
[168]:
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g o o (3.8
U o (3.9
u a ¢ a £ (3.10
& "®Q 0 (3.1)
- "®0Q ®0 (3129

Values for acceleration and velocity are calculated over each timestep, using these
displacement results. VALDYN then calculates the fof@gand "0, in the wand wdirections
respectively andY , the radius at which the force acts. The lo&@and moments) acting on

each of the raceways arelcalatedas shown irequations 3.13.16[168]:

"0 "GORO (3.13
O O (3.19
0 0 o0& hd Oo& h (3.15
0 0 o& h 0 o& ho (3.16

The axial moment caused by bearing friction is calculéteequation 3.17 considering the
coefficient of rotatonal friction® . Assumed values 6f are 0.0011 and 0.0018 for standard
cylindricalroller bearings and taperembller bearings respectiveljd 69].

0 Y 'O O (3.19

The most difficult bearing parameter to estimate accurately is its damping coeffici€bhe
method is to consider bearing damping as a fraction of its critical damping. Critical damping
was calculated using equatidhl8where k is the bearing stiffnesand | is the inertia of the
rolling elements rather than that of the inertia of the system attached to the race{&8}s

© coQ (3.19
Introducing thefraction of the critical damping allowed the level of the dampg to be set
® ¢0Q (3.19

Bearing stiffness values at rated torque were used to calculate constant damping coefficients
in the 5 restrained DOF$hese constant bearing stiffness values were provided by NREL and
are presented iable9-2 of AppendixC. Three damping coefficients were required; axial

radial @ and tilt®. The axial damping was calculated using the axial stiffness; the radial
damping, using thenean radial stiffness in th@and wdirections; and the tilt damping, using

the mean tilt stiffness in the&weand dedirections. The axial, radial and tilt damping were
calculated as showrn equations 3.268.22, allowing adamping matrix to be forme in
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equation3.23 Calculated damping values for each bearing in the gearimdel developed in
section3.2are shown infable9-2 of AppendixC

~ —_
e,

© ¢ @ (3.20
) ¢— O (3.21
® ¢ O—— (3.22
® Tt Tt Tt Tt Tt

T ® Tt Tt Tt Tt

Tt T © Tt Tt Tt

Tt Tt Tt &) Tt Tt (3.23

T T T w T

Tt Tt Tt Tt Tt Tt
3.1.4. Gears

Meshinggears can be modelled in VALDYN, using simple, sliced and FEA model$oundas
that FEA modellingvas too computationally expensive for this investigation. The simple
model, which models gear contact as a sinusoidally varying force was trialled, but results were
found to be too noisy. The sliced model, which takes a-gpecified number of slices through

a geartooth contact, was therefore selected, and was found to provide accurate reJiies.
number of slices chosen has an effect on result accuracy, with a higher number of slices
providing more accurate results at a cost of computational effArprevous study found that

the optimum number of slices is 3862], so this number was tested and found to be a good
compromise between computational cost and accurdayoth meshstiffneseswere assumed
because the effective tooth stiffness of a pair of spur gears is relatively independent of the
tooth and gear size when standardvaiute tooth profiles are usefiL70]. For spur gearsQ =

p K 0 Y'Y @nd f6iohelical gears (helix angle, ¢ m): dNiQ =p @b k 0 Y Y dThese
values were adjustedsing linear interpolatiorfor different helix anglesTooth campingo

was approximated, using an appropriate critical damping rafid0 % of the critical damping
based on the inertid@, andG; ) of the gears and the stiffness coupling thEr68]:

6 ™ ¢ QG G (3.29

For this model, it has been assumed that gear contactidn is zero, as it is anticipated that it
will have little effect on bearing loadingjable9-3 in AppendixXCshows the gear tooth stiffness
and damping properties used ihe gearbox model developed in secti8re.

62



Analysis of the Premature Failure of Wind Turl@®arbox Bearings

3.1.5. Shafts

The VALDYN shaft elent, usedin conjunction wib two mass elements, models the three
dimensional motion of a rotating shabietween two components. To model a shaft connected

to more than two components, more than one shaft element must be used in series, back to
back Each length of shaft between gd&x components requires one shaft element as shown

in Figure9-1 in Appendix BForcesand moments at both shaft ends are calculated from the
bending, torsional andxal deformations. The user specifies mass, inertia and bending and
torsional damping values. VALDYN is capable of modelling shafts using FEA models, however, it
was found that again, thiastoo computationally expensive. It is also possible to model the
shafts as rigid components, but modelling the damping provided by the axles is vital in order to
accurately capture the system dynam|[dé€0]. The VALDYMhaftCelement provided the best
compromise. The followingalculations were required® G KS WaKIF F4Q St SYSyi

- 2"moment of inertia about the x and y axefenoted’O and"O respectively Shaftcross
sectional areasire symmetricabout the wand @waxis so their ¥ moments of inertia are
identical and found by using equatich25, whereO and 'O are the outer and inner
diameter of the shaft, respective[{t57]:

O 0 —0 © (3.29

- The polar moment of inertidO along the Z axiwasfound using equatio.26[157]:

O —0 © (3.26)

- The bending damping abouhe x andy axes were found using equation 27 [168]:

0 0 ¢ C— (3.27)

- The axiaHampingwasfound using equation 23[168]:

0 ¢ — (3.28

- The torsional dampingrasfound using equation 29[168]:

8 ¢ 06 (3.29

where k is the fraction of critical damping is the mass of the shaft an@® is the mass
moment of inertia of the shaff157], "Ois the shear moduluéwvhich is approximately 80 GPa
for steel) and 0 is the length of shaft betweethe two components thathat section of shaft
connect$162].

Aspswasunknown,a logarithmic decrement methowasused to find the axial damping values
by way of a dynamic response tessing FEAshown in equation 3.30The log&dathmic
RS ONXB Y Svgsiuised to approximate the damping of an underdamped system, which is
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defined as the natural logarithm of the fatof two successive amplitude$; 6,6 6 0 ,and
wasobtained from equation 30 [17].

1 a¢ (3.30)
whereD is the period and) is the amplitude of the oscillation. If the characteristic roots of an
underdamped system are substituted indguation3.31 and the resulting expression is solved
for i, equation 332 can be formed17]:

S — (3.31)

T — 3.2)

Sincethe results from the dynamic testere overtoo long atime step to fit to a curve which
oscillation magnitudesould easily be read from, the resultsere used to create a decaying
sine curve, of the form:

wo 6 AT ® - (3.3)

where:

0 is the amplitude of the firsbscillation

1 is the time taken to complete one oscillation

-+ isthe phase, equal to the time taken for the signal to first cross the x axis
- _ isthe decay constant, found using equatioB843.

8 (3.34)

8

where0 g is the halflife of the signal.
Equations 27-3.29 were then used to calculate the damping coefficients.

This process foshaft '1SS2 from the gearbox modelled in sectigh2is provided in Appendix

D. It has been assumed that the fraction of critical damping will be similar for each shaft, as
they are of similar dimensions and are made from the same material, so these values have
been calculated based on the prerties of thehigh speed intermediate shafit has also been
assumed that the fraction of critical damping for axial deformations is the same as the radial
value. As shaft damping is verigh in comparison to other componentis isassumed to be

a nan-critical model inputAll shaft properties used in the modééveloped in sectiol.2 are

shown inTable9-4 in AppendixC
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3.1.6. Planetary carrier

The planetary carrier was assumed to be arlgbdy as tle computational cost of usingFRERA
model was too high. This assumption is valid, provided that modelling unequal load sharing
between upwind and downwind planetary gear bearings is not required. The magnitude of the
sum of the upwind and downwd bearing forces for each planetary gearcorrect. It was
decided that an investigation into unequal load sharing was not required because previously
calculated scaling factors for unequal load sharing are later introduced to approximate
maximum load ragnitudes.

3.1.7. Splined sun shaft connection

alyed 2¢ 3ASINDb2ESE daAaS | &aLX AYSR O2yySOiGAzy i
floating sun gear centres itself within its planets, encouraging load sharing. The splined
connection has been modelledsa rigid connection in théhd andce®OFs, while the

oeand Geglegrees of freedom are unrestrained, so the sun gear is able to move freely in these
directions. As the sun gear is partially restrainie the @esand deby the three planets, &
displacements in these directions are smiilysthe unrestrainedideand ce®OF assumption is

valid. The stiffness and damping of the splined shaft is modelled by two separate shaft
elements, connected as desceithin section3.2.

3.1.8. Generator resistance torque

A simple induction generator model as described in secigh4 was used to modethe
generator resistance torque for the modelled gearbox, since it was capable of accurately
calculating generator resistance torguer the operational conditions used this model. The
resistance torque at different generator speeds used in the mdeégkloped in sectior3.2is
shown inFigure9-2 of AppendixC.

3.1.9. Gearbox casing and elastomer supports

The gearbox casing was modelled under the assumption that it is rigid, using a series of zero
YIda aO02yySOlA2y Lkididaima o a indés positiondidSat tiie cghtfoll &f 0 &
GKS OlFaAy3aed ¢KS LRarbdAaAz2ya 2F (KSasS ao02yySaoi
bearing. The casing was allowed to move in six degrees of freedom and is supported by two
rubber mounts.Testing & the rubber mouns used for this gearbox model was undertaken by
Romax[171], using a test rig at the The Tun Abdul Razak Research Centre (TARRC), a unit of
the Malaysian Rubber Board. The rig was used to measure the dynadchsatadic responses of

a rubber mount atwo temperatures(-20°C and 2iC)and stiffness values were determined.

The readings at 21C are closer to typical operating conditions, so a measured dynamic
stiffness value of 80 kN/mm was selected for the VALDYel. This is assuming linearly
varying stiffness with displacement, which is a valid assumption if displacements are small
[16]. The elastomer mounts are modelled as three linear springs representing,tieand
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@ODOFs.Rubber torsional stiffness values were not provided, however, as the gearbox is
pinned in two locations separated by a relatively large distance, rotational displacements will
be very small and are therefore assumed to be negligible. No information wéakdeeor
elastomer mount dampingo , so the same method was used as for bearing damping
calculations. The same critical damping ratio (T8t xX)uvas used, allowing equatidh35 to

be formed, whera is the gearbox mass aridis the number of rubber mounts, which in this
case is twoThe calculated stiffness used in the model developeskection3.2is presented in
AppendixC.

© THUL-=T0 (3.35)

3.1.10Disc braking

A trial and error process was utilised, by applying different contact loads (simulating the brake
pads) to a brake disc, created using a braking element in VALDYN, which applied a frictional
retarding force to the brie disc. The contact loads were altered until the time take to bring
the gearbox model to a stop from 10 rpm was the same as that taken in a real shut down event
for the gearbox to be modelled, measured in the 750 kW NREL drivetrain test facility.

3.1.11.Maximum Hertzian contact stress calculation

After simulation resultsof bearing dynamic loading were obtained, the maximum contact
stress on the inner raceway of each bearing in the gearbox was calculated. First, the maximum
load experienced by the most heavityated roller raceway contact was approximated

using equation 3.8 [172], wherew is the maximum load experienced perpendicular to the
bearing roller/raceway contact an@ is the number of rolling elements. This calculation was
completed under the following assumptions: that the internal clearance of a bearing is greater
than zero, that the elastic deformation of a rolling element is never negative and that the
bearing roler is a perfect cylinder. These assumptions will lead to conservative estimations of
bearing contact stresses as they do not take into account stress concentrations due to edge
loading and roller profile. The standard Hertzian equationife contact loaing (discussed in
section2.1.3.1 equation 3.3 was used to calculate maximum contact pressre [29, 30]

0 v— (3.%)

0 Q— (3.37)
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3.2. Application to the NREL750 kW WTG

The NREL 750 kW gearbeas modelled in this studysing the method discussed &ection

3.1 All the input values for the various properties of each component required to create the
gearbox model are summarised Tiable3-2. The values used in the model that can be shared
(with permission from NRIEkre presented in Appendix C.

Rotor Z;?rr;:: Gears Shafts Bearings Brake Casing Generator
Mass | Dimensions| No. of teeth | Dimensions| Axial damping| Peak Mass and Mass and
, . normal inertia (6 inertia of
Blade l_vlasg and Gear Young's Radl_al force DOR) generator
length inertia (6 module modulus damping rotor ()
Moment | P°® Addendum |  Shear | Tiltdamping | M" |  €asing
omer enau ea amping [ radius | dimensions Synchronous

of inertia modification | modulus - .

(Z DO Coefficient of | of disc Elastomer generator
Normal Massand | rotational | contact | ~ 7 speed
p;e:sll;re mgrotlg)(e friction area stiffness HSS rated

g Number of Outer X,vY,z speed
i i i adi DOF
ebeae | bt | cromass | ot | oy | s Raed
True abost )? contact Elastomer torque
involute Rolling area mount pullout
form Bending element stiffness torque
diameter damping diameter Mass and q
- about Y , and dampin
Tip diameter A u | Bzgrlngtbore inertia (X, S( g
Tooth face darr):lei‘n rameter of disc DOF3
width PG | Bearing outer| (6
Torsional diameter DOR)
Normal damping
backlash Rolling
allowance element
Contact ﬁgg;?ﬁt
stiffness
. I
Damping Contact angle
coefficient Radial and tilt
Mass and clearance
inertia (6 Bearing
DORK) stiffness
matrix at
rated torque
(6 DOB)

Table 3-2: Parametersof VALDYN model of NREL 750 kW wind turbine gearbox

The NREL 750 kWearbox isa conventional threestage desigr{shown inFigure2-3), with a

low speed planetary stage that has three planetary gears, followed by two parallel stages. The
gearboxoverall ratio is 1:81.49, with a planetary stage ratio of 1:5.71, and two parallel ratios of
1:3.57 and 1:4.00 respectively. The sun gear is attached to the intermediate stage gear, via a
shaft with a splined connection, which allows some movement indb®nd Geaotational
directions. The WT is able to generate power at two rated speeds, using either four or six
generator polesalthough only the higher speed, six pole mode is modelled in this study
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As previously mentioned, it has been found that WTGB failures experienced byssatal\WWTs
(500¢ 1000 kW) are also found in modern larger turbines. This confirms that findings from a
study based on the 750 kW teirbine, can be extrapolated to larg&®/TGs [7], despite their
larger size,using updated design standards and different control systems. This is highly
advantageous because working with smaller turbine test facilities reduces the cost and
increases the availability of relevant experimentaleash. Additionally field and laboratory
measurements are widely available for older turbines, whereas many modern designs are still
protected by industry and so cannot be modelled by external researchers.

The appearance of the model on the VALDYN userfate is presented id\ppendix Bwith
the various gearbox stages, the rotor, the generator and the gearbox casing laiWtheh.
viewed in the VALDYN kinematic simulatioterface that allows the motion of the model to
be viewed the gearbox appears afown inFigure3-3.

Figure 3-3: Gearbox model viewed in VALDYN kinetic simulation interface

3.2.1. Model validation

Before being used to simulate WT operation, the model was validated to evaluate the
assumptions made during its development. This process was limited to the results that were
available for comparison and is described in this secfitwe first step was teompare torque
distribution throughout the gearbox with that obtained by the anonymous GRC contributors
involved in theround-robin project[161]. The modelling method used by each of the partners
involved different software pekages, by which the studies were independently performed.
The VALDYN model was loaded at rated torque and the torque distribution throughout the
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gearbox was calculated. The results showed good agreement with the GRGobimdesults,

as shown irFigure3-4a, with torque levels that were close to all GRC partners, the maximum
error from the mean result being 1% for the ISS2 torque level. The snfifflerences were

likely to be due to the inaccuracy of one or more of the assumptions made when developing
the gearbox model. The GRC mean result is possibly skewed by result D, which is slightly
different from all other results in the case of the LSS E3®PR. This comparison validates the
models ability to calculate torque distribution, proving that gearbox ratios and component
dimensions have been setup correctly.

The second stage of validation was to examine loading levels in the sun/planet geatt,contac
order to check that the gear mesh model was valid. The VALDYN model was run at rated
torque until all vibrations, caused by initial system unbalance had dissipated. At this point, the
contact load was calculated and Bigiure3-4b shows, there was excellent agreement between

this study and GRC results. The largest percentage difference from the mean GRC result was
2.4 % for the radial contact loaahd is again, probably due to the use of different modelling
methods and assumptions made.

The final part of validation, involved examining the bending of the main shaft under rated load,
in order to check that the assumptions used for modelling shaft benadias valid and bearing
stiffness values were correct. A model was created, in which the shaft was split into four
lengths, separated by five masses, with mass matrices representing the section of shaft they
represented in EDOF. This allowed the defl@mh to be calculated in three locations along the
shaft section between its supporting bearings {#@nd the main shaft bearing approximately
446 mm along the shaft, towards the rotor). Main shaft bearing geometry was input into the
VALDYN model, allowirtihe program to calculate bearing stiffness values. Rated rotor torque
was input into the model, as was the corresponding generator resistance torque. The relative
displacements in comparison to the main shaft at zero load, compared to NREL results
displayed in Figure3-4c shows that the results from the GRC roundin were inconsistent.
Reading maximum displacement values from the figure allows thenn@RC result to be

OF £t OdzAf + GSR (2 0SS FLIWINBEAYFGSte Tdo >Yd ¢KS
around 11% higher than the mean magnitude and only the GRC result D is closer to this mean.
This suggests that assumptions made were reasienaind validates the method used to
model shafts and their support (bearing stiffness) in VALDYN.
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3.2.2. Torque loading
Input torque and rotor speed data were provided by NREL for the following operating

conditions:
1. Normal Operation 90 seconds of continuous operation at gigle rated speed.

2. Shutdown: the rotor begins at sipole rated speed, then the generator is disconnected
and aerodynamic braking is initiated, until the rotor reaches 10 rpm, at which point the

disc brake is engagebringing the rotor to a halt.

Figure3-5 shows the LSS input torque for the two operating conditions that were investigated
further by the developedlynamic model.

600

—— Shut-down
500 i »
Normal Operation
400
300

M
o
==

LSS torque (kNm)
[y
o
==

0
-100
-200
-300 T T T T T \ T T T 1
0 10 20 30 40 50 60 70 80 90 100
Time (s)

Figure 3-5: Input torque for normal operation and shutdown events
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3.3. Results from simulated model and analysis

Although the dynamic model has the capability of calculating dynamic beladdgg for any

of the bearings in the gearbox, planetary gear bearings and HSS bearings have historically been
the most problematic in wind turbines, so have been selected to be analysed in detail in this
study.

3.3.1. Normal operation

Figure3-6 displays the LSS and HSS velocities over the 96 second simulation period. Ignoring
oscillations caused by initial system unbalance in the first 5 seconds, LSSospékdion
magnitudes of approximately 0.8 rpm compare well with NREL measured data, and the
average velocity of the simulated LSS signal was%.d8ferent from NREL measured data. No
comparison data was available for the HSS velocity, which oscilstiesr side of the
generator rated speed of 1809 rpm by approximatelbpm.

30 2200
25

# 1700

20
1200

15

700
10

—LSS
200

5 ———HSS

Low speed shaft velocity (rpm)
High speed shaft velocity (rpm)

0 -300
0 10 20 30 40 50 60 70 80 90
Time (s)

Figure 3-6: LSS and HSS velocity during normal operation

Figure3-7a shows the resultant force acting on both of the planetary beariBi$, and PL-B,
supporting each planet gedr, 2and 3. Note that, the resultant force on these cylindrical roller
bearings is purely radiaThe maximum resultant force experienceds 50 kN.Figure3-7b
shows the resultant forces acting on the HSS bearings, which in the ca&S8fand HSSC
include both axial and radial elements, as they are tapered roller bearings, able to support
axialloads with maximum values of 63 kN, 79 kN and 15 kN for bedfd8&s, HSSBandHSS
Crespectively.
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3.3.2. Shut-down

The LSS and HSS velocities during thedtnwh event are shown ikigure3-8. The simulation

was stopped after 36 seconds as the rotor velocity was oscillating either side of zero and
maximum bearing loading had been experiencé@jure 3-9a shows the planetary bearing
loading in the® and & directions. The resultant load peaks after 10 seconds, when the
generator is switched offline, then a higher loading pe&lBs8 kN is experienced when the
disc brake is engaged at 26 seconBgyure 3-9b shows that the HSS bearings experience
maximum resultant force magmnides of 110 kN foHSSA, 102 kN foHSSBand 63 kN foHSS
Cunder braking.
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Figure 3-8: LSS and HSS velocity during shutdown
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3.3.3. Maximum Hertzian contact stresses

The maximum contact pressugbetween the inner race and rolling elements, experienced by
each bearing in the gearbpwere calculated. The inner raceway was investigated rather than
the outer as most WTGBs fail on the inner rgae discussed in sectidhl.?). As previously
mentioned, the developed dynamic model in this study hasysbtaken into account unequal
load sharing between the upwind and downwind plagwgt bearings. Previous stedi[162,

173, 174]have found that the upwind planetary bearings experience considerably higher load
than the downwnd bearings. It is reported {i173] that maximum upwind planet bearing load
sometimes reache$.3 times that of the downwind bearing. This factor is taken into account
for the maximum planetary bearing contact stresses listethinles 3-3 and 34 below.

Tables 3-3 and 34 show calculatedvalues formaximum Hertzian stress experiencéar
normal operation and shutlown respectivelyat each bearing locatianThis maximum stress
level is presented as a percentage of tezrommendedallowable maximum contact stress
(0 ) as listed in cuant wind turbine design standards, which is 1,500 MPa for low speed
planetary bearingand 1,300 MPa for HSS bearifitg].

PLA PLB PLC HSSA HSSB HSSC
0 (kN) 277 322 278 63 78 15
0 (MPa) 1410 1520 1410 1170 688 305
% of0 reached 94 101 74 90 83 20
Table 3-3: Maximum bearing contact stresses during normabperation
PLA PLB PLC HSSA HSSB HSSC
0 (kN) 412 408 345 110 102 63
0 (MPa) 1720 1710 1570 1540 788 618
% ofb  reached 115 114 105 118 61 48

Table 3-4: Maximum bearing contact stresses during shutiown

3.4. Discussion

A gearbox model habeen successfully created and validated in this study. Bednading
results can be assumed to be accurate, taking into account the following limitations of the

model:

- Inability todirectlymodel load sharing differences tveeen planet gear bearing pairs.
- Inability to model offaxis loads from the rotor and generatr.
- Inability to model bedplate, planetary carrier and casing deflections.

It can be seen that planetary loading is fairly evenly shared between the three planetary gears,
which have similar maximum load levels, for both shutdown and normal operation conditions.
This suggests that the splined shaft connection does, as desigreedote load sharing in the
planetary stage.
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The planetary bearings are loaded to higher magnitudes than the high speed shaft bearings
during both operating regimes and exceed the maximum recommended contact stress during
manual shutdown (by 1%6) and norral operation (by 6). BearingdiSSA on the HSSs also
loaded to a surprisingly high percentage of recommended contact stress during normal
operation (90%) and significantly exceeds recommended levels during manual shutdown (by
18%). It is anticipatedhiat extreme operating conditions, such as emergency shutdown, would
increase contact stresses even further. As a result, bearing inner raceways will accumulate
fatigue damage and will possibly suffer localised plastic deformation uswgroperational
conditions.

The tapered roller bearing paiHSSB and HSSC do not come close to exceeding maximum
allowable contact stress. This could be due to the fact that the tapered roller bearings are
designed to withstand high levels of axial loading, which wereexperienced during these
simulations. The radial loading is shared between the two tapered bearings, whereas the axial
load is only supported by one of the two, HSSB is positioned to take a positive axial load,
while HSSCis positioned to take a mgative axial load. In addition to this, it is interesting to
observe that during both events, loading &18SB is considerably higher thaHSSC This is

likely to be becaus#ISSB is supporting the shaft in the radial direction, to a greater extent
than HSSC due to the fact that it is closer to the meshing gears thus taking a greater load.

During normal operation, the input torque was fairly steady however iiitilly higher than

that during shutdown,since the turbine is operating at rated poweburing shutdown
maximum bearing loading conditions are experiendadngthe braking eventshowng that a
normal shutdown eveninduces greater transient bearing loading than that during normal
operation. The shutdown event also produces large torquersals in the gearbox, visible by

the highly fluctuating bearing loading during braking. Hammering impact between the roller
and raceway can therefore be expected during shutdown. It is expected that during emergency
stop events, this will be experiencettdgher levels.

Another consideration is that material defects in the bearing steel microstructure act as stress
raisers. At sulsurface level, these defects will multiply the stress that the material experiences
and are likely to cause plastic deformatian their close proximity during normal operation
This is investigated in detail in Chapt&fg. Additionally, thisstudyhas assumed that all rolling
elements are identically sized. In realitys is not the case and any variation in rolling element
diameter can have laggimplications on load sharifd75]. Bearing misalignment and resulting
roller edge loading has not been considered in this study. It is aatempthat a small
misalignment angle between rolling element and raceway would lead to a considerably
reduced contact area and therefore a considerably increased contact pressure. As previously
mentioned, rollers and raceways have been assumed to be ped@dmnders under ideal
Hertzian line contact, which equally distributes loading over the length of the line contact, the
small increase in contact pressure caused by roller profiling has not been considered.
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3.5. Summary

Thischapterhas shown that under nornh@perating conditions such as shutdown, the bearing
loading exceeds recommended values both on the high speed shaft and the planetary stage,
using a simulatiormodel that likely underpredicts contact stresses. During extreme events
such as emergency shuta@n or grid disconnection due to grid faults, the bearing loading is
very likely to be higher. As a result the bearings used in this gearbox are thought to be
undersized and unable to deal with operating at rated torque and during manual shutdown
events fa their design lifetimeThe results from this section show that bearings are frequently
exposed to high contact pressweluring operation and validatbe tests designed in Chapter

4, which investigate the effect of exposure to many load cycles at the high contact pressures
found in this Chapter (~1.7 GPa) as well as the higher contact pressures cited in the literature
review (up to around 3.1 GHAO]), that occur during extreme loading events.should be

noted that the confidence in the accuracy of the results presented in this chapter could be
increased by undertaking a sensitivity analysis of the various assumptions made in camgtruct
the gearbox model.
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4. PROCEDURE FOR EXPERIMENT AL AND METALLURGICAL
INVESTIGATIONS

This chapter outlines the methodology used to prepare and observe the specimens examined
in Chapterss - 7 before discussing the test procedure design and testing methods used to
recreate damage expemeed by WTGBs in bearing steel test speciméigure4-1 shows the
Thesis work flow chart.

1. Introduction

!

2. Literature review

3. Dynamic modelling of 4. Procedure for
wind turbine gearbox . N experiments and
bearing loading during A 4 metallurgical

transient events investigations

5. Results from the

destructive investigation |,

of a failed wind turbine X
gearbox bearing

&. Results from
hammering impact
testing of bearing steel

[

7. Results from twin disc
testing of bearing steel

B. Conclusions and
further work

L4

Figure 4-1: Thesis work flow chart

The chapter is split into five sections:

- Sectiond.1presents the specimen preparation methods

- Sectiond.2presents the specimen observation methods.

- Sectiond.3presents the methodised to examinghe feaures formed in a failed WTGB.

- Sectiond.4presents theexperimentaldesign of reciprocating hammering impact testing
of bearing steel.

- Sectiond.5presents theexperimentaldesign of twin disc RCF testing of bearing steel on
the Sheffield UniversityRdling Siding SUROSSpecimertest rig.
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4.1. Specimen metallurgical preparaton

A five stage process to prepare specimens for observation throughout this. Jtuidyprocess
is summarised ifrigure4-2 and described in detail below:

Wire erosion

WTGB cut into thin (~10 mm) strips sma

enough tobe sectioned further by
abrasive cutter

v

Abrasive cutting

STAGE 1: Used to cut specimens into smaller axial
SECTIONING and circumferentially sectioned
specimens (~5 x 5 x 10 mm)

v

Linear precision saw

HHH grinding discs used to cut across tf
surface to be observed to keep surface
deformation below 50 um

= '

Linear precision saw

Specimens mounted in conductive
STAGE 2: Bakelite, suitable for SEM and optical

MOUNTING microscopy as well @&nergy Dispersive-X

ray Analysis (EDAX)

. 4 stages of grinding using papers with
C?I-?rﬁ\\lc[;)IIENSG roughness 2001200 par/irf.
Summarised iMable4-1
STAGE 4 N 4 stages of polish.ing u_sing diamond
POLISHING » suspersion with particle size 90.06 um.
Summarised iMable4-1
Grinder/polisher
A\ 4
STAGE 5: »| Specimens etched in nital solution madg
ETCHING from 2% nitric acid and 98% methanol

Etched specimen

Figure 4-2: Specimen preparation summary
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The first stage of specimen preparation was to secti@gpecimens into small enough pieces

to be mounted into cylindrical moulds using the hot mounting press. Since the failed WTGB
was too large to fit into the abrasive cutting tool used to further section specimens, it was first
cut into smaller strips using wire eroder. These strips were then cut along their length to
remove material deeper than ~5 mm from the raceway surface, since most damage features
were expected to be found close to the depths of maximum stress concentratimtsigsed in
section4.3), at depths muchessthan 5 mm. The thinner stripsere small enough thatp to

three specimengouldbe mounted in one mould, as discussed in the following paragraph. This
is advantageousinceit reduces the time taken to hemnount specimens, reduces the amount

of material preparation equipment required and ensures that specimens can be efficiently
obsaved in the SEMas three can be viewed without the need to change the cylindrical
mount. Strips of the WTGB were then cut into smaller sections using the abrasive cutter.
Wedges from the hammering impact andin discspecimens could be cut directly frothe

discs using the abrasive cutter withMetPrepg" type 3Habrasive cutting discensuring that

axial cuts were made normal to the raceway surface tangent. Since these wedges tended to be
wider than the sectioned WTGB specimens, only two could fit iatheylindrical mount. Cuts
across the specimen face that was to be observed were made using the linear precision saw,
which uses a much slower cutting speed and precision blade to minimise damage to the
surface. 40 specimens were prepared for observatfoom the failed WTGB, 24 from
hammering impact tes and 48 from SUROS specimens.

After sectioning, specimens were ready for hot mounting. Since steel is not adversely affected
by the pressures and temperatures experienéed Beuller® SimpliIMET® 10@8t mounting

press they were compressiomoulded usingBeulle® Konductomet” graphite andmineral
(SiQ) thermosetting resin, whichallows electrons to escape during SEM observagioRor
WTGB specimens, three were mounted in each mould, whereas for hamgmienpact and
SUROS, only two could fit as showrrigure4-3. During mounting, specimens were heated to
a temperatureof 180°C at a pressure @50 barfor aperiod of150seconds, then cooled for a
period of240seconds, before they were ready to be ground and polished.

QAN X
Figure 4-3: Examples of prepared specimens: a) WTGB b) hammering impact ¢yvin disc
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Grinding and polishing wassedto remove any surface damage caused during the cutting
process and to produce a high quality, smooth, milike finish, in order to provide high
quality images of the steel microstructure. AutoMET" automatic grimling and polishing
machine was used to obtain this surface finish. Four grinding stages were required, using
Metprep™ silicon carbide grit papers of decreasing grit size, which introduces progressively
finer scratches, until the surface was smooth enotiglbe polished. Four polishing stages,
using progressively smaller diamond particles (up to Qu@6in diameter) inMetprep™
suspension fluid on compatible polishing discs achieved the rik@rfinish required to
obtain high quality images of the migwucture at high magnifications. In all stages, a force of
25 N was applied to the specimens to push them against the grinding/polishing discs. The
NREGFEGA2YIE AaLISSR 2F GKS aLISOAYSYy K2t RSNE 2NJ aKS
grinding/polishing di®> 2 NJ aol 85S¢ G2 wmpn NWLY 6AGK GKS SEOQOSLI
which was set to 200pm, since it was found to deliver a higher quality surface finish. The
reason that the head speed was set at 51 rpm rather thamgsf, is that if the speed athe

base divided by that of the head is a whole humber, the same part of the grinding/polishing
disc contacts the sampart of each specimen over a numberrotations, which produces a
poorer surface finish, since the full area of the disc is not u$kel direction of rotation of the

base and head was the same (anticlockwise) for all stages ttarithe final polishing stage,

in which the head direction was reversed as this was also found to improve the surface finish.
The process is described in full Table 4-2. All grinding stages were carried out for 180
seconds, with the exception of the first which was continued until the specimen was level and
all visible sulace damage from cutting had been removed. All polishing stages were carried
out for 300 seconds.

Preparation Grade Time Force | Head speed| Base speed thatm_mal
step | (parinum) | (s) (N) (rom) (rpm) direction
(basehead)
Grind 1 200 Until level | 25 51 150 Same
2 400 180 25 51 150 Same
3 800 180 25 51 150 Same
4 1200 180 25 51 150 Same
Polish 1 9 300 25 51 150 Same
2 3 300 25 51 150 Same
3 1 300 25 51 150 Same
4 0.06 300 25 51 200 Opposite

Table 4-1: Preparation process for specimen observation

Finally, the samples were etched iital made from a mixture of 2 % nitric acid and 98 %
methanol, found to be ideal to reveal white etching featsine previousstudies[12, 13, 26, 50,

52, 53, 54, 55]As well as revealing WEAs, the process higldigrdain boundaries and carbides

by selectively chemicBl attacking the polished surface. Microstructural grains orientated at
different angles are etched to different levels and grain boundaries are more susceptible to
etching. Consequentydifferent grains reflect light differently and contrast is added to the
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image[176]. The etching process took around 10 seconds per specimen with a variance of
approximately plus or minus three seconds, depending on the exact strength of the solution.
This varied slightly due to small errors in measuremaitshe nitric acid. Specimens were
visually inspected during etching until the surfaces appeared slightly clouded, at which point
they werewashed in wateryinsed with ethanol then dried. At this point they etahéo the
correct level to highlight grountioundaries, carbides and the white etching microstructure.
After etching, observation of the microstructure could take place.

4.2. Observation of specimens
A number of different methods were used to inspect the specireissial appearance as well
as their preerties. These are summarised below.

4.2.1. Optical Microscopy

Optical images were taken usingNgkon Eclipse LV150 microscope (shown ifrigure4-4a),
linked to a computercontrolled digital camera. Lenses with magnificatiemels of50-1000
times allowed detailed observation dahe specimen microstructureo be undertaken.
Measurements could be made using the computer at the differaragnification levels
including scale barslength of features and angle measurements, which were used to
determine the depth and orientation angles of the inclusions analys€tapters5-7.

4.2.2. Scanning Electron Mia oscopy

Two scanning electron microscopes were used throughout this study. JH@L 6400
microscope was used first but was found te bnable to take high quality focussed images of
small(~10um length)inclusions. Most images presented in this study were taken usingBie
Inspect Fmicroscope, which was able to takeell-focussed images abver 3,000 times
magnificationwhen used ¢ observe welprepared samplesimages were taken in secondary
electron modeusing accelerating voltages between -BD kV.Like the optical microscope,
both SEMs user interface programmes were able to measure distancexriantation angles

of features.

Energy dispersive-bay analysis (EDAX) was used to determine the composition of specimen
bulk material and contained inclusions, carbides and other features. The SEMs described above
both had EDAX capability were used to find vol% \at¥d of the elementspresent in specific

areas or at points within the specimens, allowing, for example, the type of inclusion or carbide
being observed to be identified.
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Figure 4-4: Microscopes used in this study a) NikorEclipse LV1500ptical microscopeb) JEOL 6400 SEM c)
FEI Inspect F SEM

4.2.3. Surface profile measurements

The surfaceroughness of specimensas determined using aMitutoyo Surftest S\00 2D

linear profilometer, which drags a stylus across the surface, plotting surface elevation against
distance scanned in millimetreBrom the resulting profile, surface roughness values including
'Y and’Y could be found. Each surface roughness value statelisnréport is a mean value
from at least three measurements, which were taken in specimen axial directions.
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4.2.4. Nano-hardnessmeasurements

A nangehardness indenter with a Berkovich tip was used to measure the hardness of WEAs
found in specimens from the failed/TGB. The Olivaand Pharmethod [177] was used to
process the experimental data. In order to determim@rdness 'O, the peak loadw and

depth at peak load2  were required. The contact ardés could be foundrbm'Q , which
allowed the hardness to be calculated using equation 4.1. At least nine indentations were
made at each feature tested for hardness and a mean taken, in order to increase the accuracy
of results[1].

0 — (4.1)

4.3. Destructive investigation of a failed planetary bearing

A failedupwind bearing from the low speed planetary stage of an onshore wind turbine that
was operated in the EU was destructively investigated in order to examine subsorééegal
damage.The bearing i&a CRBSKF Explorenodel; an exploded schemaitid whichis shown in
Figure4-5. The wind turbine gearbox had been operating withoudjor incident for five years.

A routine oil analysis was carried out 10 days prior to failure, the subsequent report concluding
that wear levels were satisfactory and the routine sampling interval should be maintained. The
turbine was taken out of servicdO days later when the supervisory control and data
acquisition (SCADA) control system received the low gear oil pressure alarm. After inspection,
it was found that the bearing had catastrophically fail€de information about the failure was
provided bythe wind farm operator whanustremain anonymous for confidentiality reasons.

Outer raceway

Inner raceway

Figure 4-5: Sectioned planetary bearing exploded schematic (adapted froft]).
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The operating conditions fadhe bearing are summarised ifable4-2. Approximate deths of
maximum Hertzian stressek, ¢ o Toiw o o@Nd » have been calculated using equations
2.1-2 3 followed by the approximations listed in secti®ri.3.2and are presented iffable4-2
based on the bearing dimensions (presented Figure 9-7 in Appendix B and the
recommendedmaximum contact pressure for planetary WTGBs (1,500 MPa) listed in the wind
turbine design standard IEC 6148(18] and confirmed irChapter 3 and[98]. Photographs of

the bearing and other componenfeom the same gearbox are presented for interesFigure

9-8 - Figure9-17in Appendix E

Nominally rolling contact.
Inner ring stationary with rotational motion of outeing and cylindrical rollers.
Rotational speed of outer ring: 3pm.
Sliding of rolling elements in unloaded zdikely.

Motion

Repeated loading of same inner raceway arc.
Torque reversals and impact loads known to occur.
Misalignment possible.
Bearing contact pressures expected to be approximately 1,500 MPa during no
operation[18, 98, 173]but may exceed 1,700 MPa during WT shutdown (see
chapter 3 and98]).

Loading

Depths of T o odepth: 233 pm
maximum Toiw o glepth: 150 pm
streses , depth: 209 pm

Table 4-2: Operating conditions of sectioned bearing

4.3.1. Inspection of surface damage and location girepared specimens

Wear was evident for approximately 85 of theinner raceway circumference, but within this
region the coverage and type of damage changed. Outside this region there was little to no
evidence of wearThe transition from damaged zone ton-damaged zone was immediate
and distinct, at a line that is likely to have been positioned at the entry to the loaded zone of
the bearing raceway(as discussed irsection 2.1.2). The variation in damage has been
described by three distin@onesas illustrated irFigure4-6.

- Zonel: Nondamagd zone Over the remaining 4% of the raceway circumference there
was very little evidence of damage detectable by eye.

- Zone2: There was a transition tthe area of damage coverage. Damage was mainly
evident on one side of the raceway towards the Htanged side of theaceway The wear
damage was intermittent but well defined at a width of around 20 mm for approximately
35% of the bearing circumference. Within the main 20 mm band of damage there was
severespalling There were also smaller wear scatgside of this band around the centre
of the raceway.

- Zone 3: Damage covered most of the raceway width fpproximately20 % of the
circumference. There was sevespallingwith evidence of material removal from the
surface.
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Severe spalling

20mm wide
damage band

¢ eI L 3
B ———

Figure 4-6: Photographs of raceway damage) Zone 3 b) Zone 2 ¢) Zone 1
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From the initial observation of the bearingwasclear that the failure occurred at some point
within the inner racewayas the outer raceway was relatively undamaged. The inner raceway
was thereforeselected for investigation. A total of 40 specimeranf the three zoneswere
prepared for inspection using the method described in secddh As has been previously
highlighted, it is important to consider damage both axial and circumferential sections of

the bearing, since inclusion orientation may be critical to the level of damage cafiseal.
result, it was necessary to prepare specimens sectioned both axially and circumferentially, in
order to determine wheter cracks form preferentially in either direction

Section cbtails SpecimerNos.

Section 1a Circumferential sectiornZone3 damaged region. 1-6

Sectionlb - Axial sectionZone3 damaged region. 6-12
Section 2a Circumferential sectiorZonel/Zone2 boundary. 1318
Section 2b Axialsection.Zonel/Zone2 boundary. 19-24
Section 3a Circumferential sectiorZone2 damaged region. 25-30
Section 3b Axial sectionZone2 damaged region. 31-36
Section 4a Circumferential sectiorZonel non-damaged region 37-40

Table 4-3: WTGB specimens prepared for metallographic observation

4.3.2. Observation of WTGB microstructure

Asdiscussed in sectioR.2.2 typical bearing steel is produced by rapid quenching from above
the eutectoid temperature before tempering at around 160C [26]. The general
microstructure ofthe steel is shown iTable 4-4 which was found using EDAX analysis as
described irsection4.2.2and confirmed to béhe 100CrMo*#3 grade(see sectior?.2) due to

the increased levels of Molybdeu(vio) compared to the 100Cr6 steel graddote that the
value for carbon in the table @pproximatesince EDAX cannot be assumed to be accurate
when measuring elementsith small atomic numbers, such as carb&nom analysing several
SEM images such &igure4-7 it has been observed that the microstructuoé the sectioned
bearingis interspersed with spheroidal irechromium (MC) carbidesidentified as such by
their high levels of carbon (C) and chromium (Cr) EDes¥s. The average chemical
compositiors from a sample of five cementite }@ carbides with similar appearance to those
in Figure4-7 were: C 18.1 wt%, Cr 5.3 wt%, Fe 73.3 wiamage inducind/nS inclusions
were present throughout the microstructure and their chemicamposition was confirmed
with EDAX as shown kFigure4-8.

Steel grade C% Si% Mn% Cr% Mo% Fe%
100CrMo*#3 ~1* 0.21 0.37 171 0.20 Balance

Table 4-4: Elements present in WTGB from EDAX analysis. *Carbon value approximate
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AN
' X \ MaC cm‘bide\

SEI 15.0kV X8,500 Tum WD 19.2mm

Figure 4-7: Bearing steelmicrostucture highlighting spheroidal iron-chromium (M 3C) carbides

kV:20.0 Tilt:0.0 Take-off:35.1 Det Type:SUTW+ Res:127 Amp.T:102.4
FS : 3382 Lsec : 55 30-Jan-2015 09:53:34

Counts
3.2k

Position of EDAX -
- Spectrum

20 um

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 keV

Figure 4-8: EDAX spectrum showing chemical composition of MnS inclusion
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4.3.3. lllustration of undamaged inclusions

Ten MnS inclusions at depths of greater than 5 mm from the contact surface (assumed to be
deep enough to be unaffected by the Hertzian stress field) were identified tistnigispect F

SEM These inclusions were found at random wit@ione 3damaged regiorof the bearing
raceway being the first 10 that were encountered. It was important to do this in order to
make distinctions between the damaged inclusions and undamaged inclusions and to ensure
that none of the damage was caused by the sectioning prooessuring manufacturing
Observing the inclusions Figure4-9 confirms that almost no damage was caused to these
deep inclusions, although some bladlarks are present at the boundary between steel matrix
and inclusion. These marks could be small voids caused by separation of the MnS inclusion
from the steel matrix during quenching.

Figure 4-9: Examplesof undamaged inclusions at depths of greater than 5 mm (specimen 31)

4.3.4. Damage initiating MnS inclusion database

During observation of the specimens, it became apparent that the vast majority of subsurface
cracking and WECs were connected to MnS incluslomngas decided therefore, to create a
database of all inclusions found to have initiated some form of dam&fe following data

was recorded, with the aim of finding trends between the damage types found:

Inclusion length

Total length 8 WEC initiated frm inclusion

Total length otrack initiated from inclusion

Inclusion deptHrom surface

Angle of inclusion from horizontal (parallel to surface)

Whether the inclusionvasinternally cracked

Whether the inclusionwvasseparated from the surrounding steel mnix

N o gk wdhdR

As discussed in sectiof.2, it was possible tause the control sofvare for the optical
microscopeto measure distances and angl@he measurements made feach inclusion in
the database are summarised fiigure4-10. The result§rom analysing the data collected are
discussed itChapters.
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' .
2 A &.-,,. \c. 4 . N A g o
Measurements taken o “" SMeasurements o
Length of inclusion ' - [, continuesfto *
d b ; ¥ s
Length of left WEA | b surface
Length of right WEA YA ‘ s
Length of left crack
Length of right crack
Distance from surface to left tip of inclusion
Distance from surface to right tip of inclusion |
Angle of inclusion orientation

A
B
c
D
3 E
F
G
1 6
o ol

Total WEC length=B + C
Total crack length =D + E >
Inclusiondepth= (F+ G)/2

Figure 4-10: Measurements made for each damage initiating inclusion in the database

4.4. Hammering impact testing of 100CrMo*%3 bearing steel

Hammering impact testing was designed in order to investigate the effeeiused by
repeatedly exposing bearing steel to high contact stresses in a controlled environment. Testing
to investigate the following was undertaken:

1. Whether repetitive impacts alan cause WEA and butterfly crack formation in bearing
steel.

2. The effect on the extent of damage caused by varying the number of impacts (loading
cycles).

3. The effect on the extent of damage caused by varyinddtiel ofcontact stress.

4. The importance of th impacting object sliding along the surfa&ring impact.

4.4.1. Apparatus

In order tocarry outthe testing, a test rig that was developed by Slatter and used extensively
for previous work of material surface weHr78, 179, 180] at the University of Sheffieldras
modified for use in this studyllhe simple rig used in this study sgemotor-driven cam to lift

an oscillating lever arm, which is kept in contact with the cam surface by a spring. At the end of
the armis a striker that holds a steel ball, which makes contact with the speciiies.rig
provided a repeatable way to apply a set impact force to a specimen, at a set impact angle, at
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set time intervals for a set number of impact cycles. The modified rigosrsin Figure4-11,
the main modificationgrom that described i180] being:

1. The development of a new specimen holder that operates like a vice, to clamp cylindrical
test specimens (45 mm diameter, by 10 mm width) in position under the striker
component as shown ifrigure4-11. Note that the position of the specimen is such that
the ball bearing hits the specimen in a radial direction.
2. ¢KS ddGFrOKYSyild 2F GKS aYlaa Kz2fRSNE LGS 2y
counterweightsi 2 0SS G dF OKSR G2 GKS IN¥YZ Fft4iSNARAYy3a GKS S
Surface sliding was introduced by using an angled striker component, allowing the impacting
ball to hit the specimen at an angle of 4 the surface tangent. As a result, the bgips
along the specimen surface during impaxst described irFigure4-12, introducing surface
traction.

M hol . . " Main Bearing "
ass holder Pivot block Arm Sprlrﬁgg}f Spring Follower Block Striker
- Ball

a)
Striker

b)

. Specimen
Bearing Baseplate  Spacer Cam Camshaft Specimen Sﬁe?‘ljmen Specimen aolder
older
rd ~
< rd

380 mm

Figure 4-11: Modified impact test rig a) standard setup b) angled striker setup for compound impact testing

Impacting ball

Surface
sliding

Figure 4-12: lllustration of surface sliding induced by angled contact
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4.4.2. Technical analysis of rig

A full technical analysis of the test rig was undertak®an Slatter[180]. The velocityat the

point of impact™y, measured to be 0.45 m/at an impact frequency of 10 Hzsing high speed
video footage. With various spring stiffnesses and counterweights, the rig was found to
operate well at a frequency range ofld Hz. The impact velocity at 10 Ean belinearly
scaled(as shown irFigure4-13) to give the impact velocityt different impact frequencies
under the following assumptions:

1. The components used to make the rig are perfectly stiff (excluding the spring), so
deflections and vdrations can be neglected. In reality, multiple impacts per rotation will
take place, as the arm vibrates. Analysis of high speed video footage allowed the actual
rig performance to be determined, showing that four impacts took place per cycle for
typical conditions usedSince the firsimpact was of significantly greater energy than the
subsequent, it was assumed that the other impacts had no effect on the test specimen.

2. The cam and arm are always in contact (i.e. the inertia of the arm and strikemared.

In reality the arm will leave the cam for a moment, when the cam lift is at a maximum.

3. The cam was assumed to be identical to that in the desigte and it had not worn. In

reality, the cam profile will be slightly altered.

0.6

\

Impact velocity {m/fs)
=] [¥X] =Y

\

L]

Impact frequency (Hz)

Figure 4-13: Impact velocity () at different impact frequencies (011 Hz) for the impact test rig

The effective mass of the striker could be altered in order to change the impact energy, by
changing the spring stiffness, the mass of the striker, or by bolting counterweights onto the
back of the rigMoments were taken around the pivot, to work out tleéfective mass of the
striker, taking into account the force applied by the springs wsedhown irFigure4-14. The
weight ofthe counterweightis denotedw ; and dher componentsw ,5 as shown irFigure

4-14. The force applied by each of the two springs at the point of impé&ytand "Q,
respectivelywere multiplied by thai respective distances in the-dfrection from the pivot.
Distances of each force from the pivot are deno@gd as shown inFigure4-14. The spring
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force was calculated by multiplying the stiffness of each spring by the extension at the point of
impact. Theaddition of momentdivided by the distance of the point of impa&) gave the
effective weight of the strikefor each test

Figure 4-14: Moments taken about impact rig pivot

Equation 4.2 was used to find the effective mass () in kg of each striker, wherg is the
acceleration due to gravity, equal 081 mg:

b (4.2)

Using a combination of different springs and counterweights, a wide range of effective striker
masses were available for testinbhe different spring stiffnesses that were available for use
are shown inTable4-5. An initial feasibility study found that the rig operated best with the two
stiffer springs (part numbers 2270 and 2323) at the frequency rangk massesequired;
hence these gjings were used in the tests presented in this report. Using the calculated values
for effective mas® , and impact velocityy, for each test condition used, allowed the contact
pressure during the test to be estimated using FEAli@=1ssed in sectivd.4.4).

Part Outside diameter| Free length Solid length | Wire diameter | Stiffness
Number (mm) (mm) (mm) (mm) (N/mm)
2230 17.25 40.5 6.90 1.25 1.44
2250 17.60 34.00 11.00 1.60 3.87
2270 18.00 30.00 12.50 2.00 9.26
2323 20.00 27.20 16.40 2.80 29.25

Table 4-5: Spring stiffnesses used in hammering impact testing. Springs 2230 and 2250 (shown in italic) were
tested for use but rejected. Spring2270 and 2323 were used in to damage specimens that are presented in this
study (Chapter 6).

4.4.3. Specimers

Throughhardened 10CrMo#3 bearing steel specimenwere tested using the hammering
impact rig. Before testing, the specimens were qcleed then tempered at 260C, to achieve
a hardness of around 60 HRC. The surface was ground to give a maximum rougrafss
less thanl pum (measured usingnethod describedin section4.2.3. The specimens were
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chosen for their yield strength and hardness properties, which were suited to the capabilities
of the test rig so that subsurface damage could be caused, without significant surface damage
Additionally,the steel was of the same typesthe sectioned WTGB (as described in section
4.3), with MnS inclusions of similar size and axial orientagéisshown irFigure4-15. The steel
ballsused to impact the specimens were slightly harder than the specimens, so that damage
was filst experienced on the specimen$he steel balls werehanged between testsThe
approximatechemical composition othe specimes is shown inTable4-6, provided by the
manufacturer[66] and the mechanical properties of both the specim¢®6] and the impact

steel ball, inTable4-7.

Ni %
0.13

Fe
Balance

C%
0.9

Si%
0.30

Mn%
0.70

S%
0.015

Cr%
1.80

Mo%
0.25

Table 4-6: Chemical composition 0ofL00CrMo7-3 specimens useéh testing

100CrMo7 (specimen) 100Cr6 (ball)
. 2dzy3Q4& (GP& Rd 210 210
HardnesgHRC) 59-61 60-67[180]
Yield strengtiGPa) 1.7 ~2
Tensile strengt{GPa) 2.4 ~2.3
t2AaazyQa 0.3 0.3
Density(kg/m°) 7800 ~7800
Diameter(mm) 45 15
Surface roughness (ma@ Y 1 0.125[180]

Table 4-7: Mechanical properties of specimenf26] and impact steel ballsusedin testing (Approximate
100Cr6 properties from [26])

As previously discussetthe orientation of MnS inclusions in bearing racewagsild be critical

for the formation of WEE Inclusions were orientated with their longiedimension paallel to

the specimen centrabxis, as shown ifigure4-15, as was the case in theectioned WTGB
shown inFigure4-6. Since through hardened WTGBs are frequefdlund to fail due to axial
cracking[13], it wasdecided that specimens would be sectioned in the axial direction. Any
MnS inclusions lying on the observed plane would be sectionined along the xy plane shown in
Figure4-15. All inclusions within the section made through the impact zone were observed
and photographs were taken of those that had initiated damagema&hsurement of inclusion
lengths and their depths from the contact surface were made using the measurement tool
built into the control software of the microscopes used. Six examples of MnS inclusions in an
undamaged specimen are displayed Rigure 4-16 for comparison to damaged inclusions
discussed itChapter6. The inclusions in the undamaged speemdisplay no damage from the
heat treatment or sectioning processes. Although other inclusion types were found within the
specimens, only Mnfype inclusions were found to have initiated damage.
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Segment removed /7
for observation /A~ /
[
Point of impact \

Observed face

Figure 4-15: Orientation of MnS inclusions in specimens

10pm | 10 um
Figure 4-16: Typical MnS inclusions in undamaged specimen

The chemical composition 40 MnS inclusions from the specimens was tested to verify their
composition.Figure4-17 shows an example MnS inclusion frarspecimen, with the area

scanned in the EDAX analyses highlighted. These inclusions sometimaimed oxide parts,

(typicallyaluminas) as shown in théigure, which are analysed in detail in ChapberAverage

element weight and atomic percentages thie 10 MnS inclusionare shown inFigure4-17b,

which clearly shows that the inclusions are of Mye. Since WECs are only visible as white

when viewed in optical light, inclusions had to be identified by tepjpearance. This analysis

ARSY (A TASHS INSIRLISRY daayrOf dzaizya a ay{ Ay (GKS KI YY!

B Weight %

| Atomic %

C S Cr Mn Fe
Element

Figure 4-17: Identification of MnS-type inclusions: a) example area scanned meanweight and atomic
percentages ofLO MnS inclusions from hammering impact specimers
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4.4.4. Test design using FEA

Since WEC damage is known to initiate at subsurface inclusicseemedlogical to design
experimentsthat caused the subsurface stress to exdtdbe material yield strengthbut
remaining below theyield strength on the surfaceAbaquswas usedio create aFEAmodel
simulatng the impact between the ball and specimeks with any FEA model, results should
not be assumed to be completely accuratéthout validation Since it was not possible to
measure specimen surface deformation during impact, there was no way of theoretically
calculating the contact pressures, taking into account the energy transferred during impact. An
FEA model was thereforeedmed to be the best way to approximate contact pressures.

Explicit analysis was used to model the contact stresses caused by the impact of a correctly
dimensioned steel ball, with the effective mass of the striker, upon a specimen. The
material propeties listed inTable4-7 along with itsplastic strain behaviourin Figure4-18,

were used to define the materiatressstraincurve Elastic behaviour modelled material strain

up to its yield strength and plastic strairsing an isotropic hardening model beyond this
Plastic strain data was obtainddbm the results oftensile test[181] of through hadened
100Cr6 bearing steel (also tempered at 280), which has very similar strain behaviour to
100CrMo7 bearing ste¢l82]. Compressive stresdrain data was not available and although
tensile behaviour cannot accurately RSt O2 YLINBAaABS o0SKI JA 2 dzNJ
ultimate strength, it has been assumed that the results are accurate enough to approximate
the surfacestress(the key result from the simulationsyvhich is below the yield strength of

the material for altests. Maximum stress levels on the surface and subsurface were recorded
from the equivalent stress distribution calculated using FEA.

3000
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Plastic strain amplitude (%)

Figure 4-18: Plastic strain amplitude vs. stress for 100Cr6 ste¢hdapted from[181])

Contact was modelled using K I NR ¢ wal géfault @anstraint enforcementnormal
behaviour and tangential behaviour was assumedrictionless a fair assumption since the
impact was perpendicular to & surface and there was no surface slidiGgirfaces were
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assumed to be smoothSince contact between the two bodies is symmetrical around the
centre of contact when sectioned axially (along the specimen axis)candmferentially
(through the circumferece of the specimen), modelling a quarter of tleever half of the
impacting ball andupper half of thespecimen provided a more efficient way of obtaining
results. Consequently, the effective mass of the ball was divided by four, since only a quarter
of the contact area was available to absorb the impact energy. Each plane that intersected the
centre of contact was restrained from moving perpendicularly, or rotating in anyplaffe
direction as shown irFigure4-19, where @, & and & refer to linear displacements along, and
eeceand Geaefer to rotational displacements around, thig cyand & axis respectivelfaxis
convention is indicated on the figureJheball component vas given an initial velocity e
negative directioron they axis, equal to that of the test it was representing (Bégure4-13).

Since the modewas designed to simulate symmetric contact about the centre of impact, it
could not be used to accurate simulate sliding contact, which effectively has a moving point of
impact. For this reason the simple assumption was made that the contact pressures we
equal to that of a normal impactvith an impact velocity equal tdhe radial velocity
component of the sliding impact, found using equati. From this, the contact pressure
could be found using the normal impact FEA model.

Y _ 4.3

A course mesh with elements ~30 mm in width was used for the majority of the model, but

a finermesh with elements of width 0.1 mmvas used in volume of 1.5 mm radius around the
point of impact as shown ifigure4-20. The 1.5 mm radius volumes in both the specimen
(cylindrical shape) and bakpherical shape) were found to contain the point of maximum
contact stress and the majority of treurrounding stress field caused by impact loading. The
fine mesh was controlled by edge seeds along the y axis and the contact surface intersected by
the xy and yz planes that are definedrigure4-19. Refinement of the mesh was trailed using
mesh element widths of 0.05 mm, which had very littffgect on results, so the mesh size was
assumed to be fine enough for stress fields to be accurately calculated.
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Figure 4-19: Boundary conditions restraining model

Figure 4-20: Mesh around the point of impact

Figure4-21a shows the iitial stress distribution under impact loadiramnd Figure4-21b, the
stress distibrution at the point of maximum equivalent stre@shen the surface displacement
caused by impact is maximumyhich is directly beneath the centre of the impacine The
maximum surface stress however, was found to be at syammetriczoneseither side of the
centre of impacias shown irFigure4-21b. This shows thathe area around the point of impact

is of interest and any features found in the microstructure away from its direct vicinity may
also be linked to the hammering impact loadifgr consistency between specimeihavas
decided tostudy stress distributiorroundthe sphericalvolumewith a 1 mm radius around

the point ofimpact Ths "impact zoné& was observed in detail for all sectioned specimens
Table4-8 shows the calculated maximum surface contact stresses and subsurface equivalent
stresses for all investigated impact conditioAthough surface roughness will have a localised
effect on the stress field, it is assumed that as it is relatively(tfvthe order of 1um), it will

have little effect on the stress distribution around relatively large MnS inclusions (of the order
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of 10um) that are some distance away from the surface (of the order of(i@) Thisseems

like a fair assumption sinceurface contact investigations have shown that the subsurface
stress field was almost unchanged below 100 pum in awiadlel application, with surface
roughness, R of 0.4 um under a contact stress of around 1 GPa. In this example, subsurface
principal skear stress variation was minimal below 50 |ib83]. Although this is not a direct
comparison, it is clear that at sufficient depths, the subsurface stress field is unaffected by
surface roughness. As a result, it has been assuthat the effects of surface roughness are
low enough in these tests, that the overall mechanisms leading to cracking and separation
damage at subsurface inclusions are not affected.

Figure 4-21: Equivalent stress distribution for 0.4 m/s impact velocity at (a) initial contact (b) max loading
showing the approximate positions of maximum surface equivalent stress (A) and subsurface equivalent stress (B)

4.4.5. Testing procedure

A combination of the test rig dynamanalysis and FEA modelling described above allowed the
following testing schedule to be designed. It should be noted that due toa#simptions
discussed in the previousection,the listed stress values are approximations only. It is clear
from the resilts presented inChapter6 however, that damage was caused in the subsurface
region, while the surface appeared to be relatively undamagedthe test design can be
assumed to be accuratelhe full test schedule is dgthed inTable4-8. Theresults from
testing are described i@hapter6.
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. Impact | Impact Sl Subsurface| Striker | Test No. of
Specimen . stress .
number freq. velocity max stress max| angle tlme cycles
(Hz) (m/s) (GPa) (GPa) © (min) [ (1000s)
=2 1 10 0.45 1.67 2.58 90 166.7 100
= "é 2 10 0.45 1.67 2.58 90 166.7 100
— = 3 10 0.45 1.67 2.58 90 166.7 100
o 4 11 0.50 1.69 2.60 90 18.9 12.5
>5 4 5 11 0.50 1.69 2.60 90 37.9 25
g g 2 6 11 0.50 1.69 2.60 90 75.8 50
H E o 7 11 0.50 1.69 2.60 90 151.5 100
ﬂ € E 8 11 0.50 1.69 2.60 90 227.3 150
= 9 11 0.50 1.69 2.60 90 303.0 200
; 5 10 3 0.14 1.54 2.15 90 277.8 50
5 2 11 5 0.23 1.58 2.36 90 166.7 50
= «g 12 7 0.32 1.65 2.48 90 199.0 50
% s 13 9 0.41 1.68 2.56 90 92.6 50
= 14 11 0.50 1.69 2.60 90 75.8 50
=2 15 7 0.32 1.65 248 90 29.8 12.5
>5 16 7 0.32 1.65 248 90 59.5 25
§ g 2 17 7 0.32 1.65 248 90 119.0 50
fd § s 18 7 0.32 1.65 248 90 238.1 100
= 19 7 0.32 1.65 248 90 357.2 150
= 20 7 0.32 1.65 248 90 476.2 200
f_‘ o< 0 21-22 11 0.50 1.69 2.60 90 1515.2 | 1,000
G 5 g 23-24 11 0.35* | 1.66 251 45 | 1515.2| 1,000
= 2526 11 0.35* 1.66¢ 2.51* 45 1515.2 | 1,000

Table 4-8: Procedurefor normal hammering impact testing (*for sliding 45 degree impact tests, the radial
components of thampact velocities are displayed for comparisorand the stresses calculated for an equivalent
radial velocity used to estimate stress levels
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4.5. Twin disc testing of 100Cr6 bearing steel

Twin disc testing was undertaken to investigate the effedrRoflingContact FatigueRClron
bearing steel test specimens. Since the equipnerdilable was unable to rotate at the high
speedsthat more modern test rigs are capable afid needed to be supervised at all times,
test lengths were limited in comparison to that of some other stud® 56, 109}that are
discussed in sectio?.3.6 Consequentlyit was decided that the effects of early stage damage
after comparatively few load cyclegjould be investigated in detail, which has not, to the
author's knowledge, been done beforall twin dsc tests were carried out using line contact
geometry, since most REBs in WTGBs are GR8sesting was designed to fulfill a number of
objectives:

1. To determine whether WE@s subsurface crackingpuld be initiated by RGHone
To determine whether m@-seeding specimens with impact damage accelerated the time
taken for subsurfacdamageto initiate.

3. Todetermine thresholds of contact pressure and slip ratios at which different forms of
damage occurred.

4. To investigate the effect of different inclusioypes on subsurface crack initiation.

5. To investigate the depths at which damage initiated and compare that to the theoretical
depthsoft ,ty and, .

4.5.1. Equipment

TheSheffield UniversityRdling Siding SUROSwin disc machinés based around a Colchester
Mascot 1600 lathe, which was originally modified by Garnham and Beji8#j and then
further by Fletcher and Beyndi85]. The machine is used to drive two discs theg eolled
against one another, the upper of which is driven by the lathe and the lower, by an additional
AC motor; the main modification. A normal load of up to 29 kN can be applied to the lower
disc by a hydraulic piston, which lifts the pivoted drivefstizat is driven by the AC motor.

The two discs central axes are parallel, ensuring a line contact between the two discs. A
schematic of the SUROS test rig is showrFigure 4-22. The machine has been used
extensively for rail wheel testingncluding[131, 156, 186, 187, 188]
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Pentium 100
computer | Motor
| ' controller _
Torque AC motor ]
P . transducer
Lathe Test discs mounted on arbors < b1
headstock [‘\’\
/D: and motor o T—— .
Shaft ) Solid drive ii. :
encoder <haft 3 — P%voted drive shaft
I
B \
earings Shaft
Hydraulic piston Lathe bed encoder
and load cell Gearbox

Figure 4-22: SUROS test rig schematic (modified fron{185])

National Instruments® Labview® version 4 run on a Pentium 100 computer is used to control
the machine and to data log the speed, number of revolutions, shaft torque and appéidd |
Thelower disc can beontrolledto spin faster than theipperin order to introduce slipSip is
controlled by the computer and instantaneous sliyy is calculated as a percentage using
equation4.4.

Yb CMA— 4.9

where'Y and'Y are the disc radii in millimetres arit and™Y are the rotational velocities
of the discs in revolutions per minute.

The hydraulically applied load is controlled manually during testing based on a load cell read
out of the measured load applied to the test specimens by the hydraulic piEt86]. The
maximum Hertzian contact pressube  between the two discs is given by the following
equation; relevant for two elastically identical steglinders in line contacfl85, 189] where

0 is the load per unit length of the contactai@t & (G KS | 2dzy3Qa Y2 RdzZ dza

0 ™ pyh O— — (4.5)

For two identically sized cylindeesquations4.4 and4.5respectivelybecome:

Yb ¢ MHR—— (4.9

0 ™ W p— (4.7)
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4.5.2. Operation of SUROS rig

The standard procedure for SUROS aperation was followed. First, tesspecimens were
cleaned in an ultrasonic batof acetone for a period of five minutes immediately before
testing. After cleaningnd being left for a period of time for the acetone residue to evapqrate
specimens were weighed, so that the mass before amer @ésting could be compared and
any mass loss recorded. Specimens were then mounted and bolted onto the arbors as shown
in Figure4-22. This configuration is shown in more detailFigure4-23a. The position of the
lower disc could be moved along the pivoted drive shadhtral axisby usinga telescopic
connection, allowing the position of the discs to be staggered while keeping thesirpaxallel.
The specimen position was locked by securing the bearing housing ttatthe bed via a
mounting bolt. This allowed theontact pressurdo be variedas shown irFigure4-23b and ¢
since the same contact load was distrilad over different line contact lengths Three
specimen positions were implemented for the tests designed; their nominal comtaiths
were 10, 5.5 and 3.5 mm respectiveBithough the setup irFigure4-23c introduced edge
loading stress concentrations in coanson to the setup shown ifrigure 4-23b, it was
interesting to investigate suctonditions, as edge loadiragcuss to some extentn real wind
turbine bearingsas discussed in Chapter

(a) l U;

Aﬂ B

Figure 4-23: Twin disc testing specimen position(a) standard test (b) 20mm line contact (c) 3.5 mm line
contact (d) 10 mm SUROS testry= top disc velodty, 5| = bottom disc velocity ==~ hydraulic load pushing up
bottom disc.

b (c)

10 mm

After specimens were mountedest conditions were input into theontrol system namely:
lathe shaft speedY (rpm), requiredmaximumcontact pressure) (MPa), requiredslip Y
(%) specimerradii 'Y (mm) and line contact width(mm). At this point, the rigwas calibrated

for testing. The lathe shaft speedas manually set and the AC motor shaft automatically
acceleratel to the correct speed, calculated by the computer usieguation @.4). A
restraining boltwas used to stop the discs contacting, allowing the hydraulic piston to be
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actuated and the hydraulic load to be set to the required level by the operator. Theiresju
load was calculated by the computer and the hydraulic pressure manually adjusted until the
load cell readout matchithe required load. The torque readowtasalso calibrated to zero at
this point. The loadvasthen released, allowing the restrainiraplt to be removed and the
measured slip level and shaft speed readmeltecked. If everythingiasin order, the loadvas
re-appliedwithout the restraining boland the test stared.

During the tess, the computerrecorded shaft torque, contact load, spéeand slip levetlata

and automatically contrééd the shaft speed and slip levelBypically 75 % of the total number

of cycleswere within +0.08 of the nominal percentage value, but over a test, these are
cancelled out, which results in difference within arange of +0.02 for the cumulative slip
[156]. All slip values during testing were negative, indicated a driving AC shafAdisadout

of the hydraulic loadvasprovided on the user interface screen allowing manual control of the
contact pressure, which is typically maintained to within an error of £2% of the required value
[185], which was the case for the testing described in thislg. Oil lubricant (discussed in
section4.5.5 was manuallgripped onto the rotating discs during testing. Fresh lubricant was
regularly appliedat leastonce every five minutesand live shaft torque readout on the user
interface was monitored to ensure lubrication remained consistent. fasgtanalysis of the
coefficient of traction history during testing confirmed that tests were consistentlyidated
throughout, with the exception of some very short time periods when the lubricant dried up
before the five minute period and had to be-kgbricated early This is discussdd section
4.5.5 Once the required number of cycles had taken place, the test was stopped and the discs
removed, cleaned for five minutes in the acetone ultrasonic bath, andeighed before
observation of the surfacand subsurface took place.

4.5.3. Specimens

Fifteen identical discs made frof®0Cr6bearing steel were used for testintyvelve of which
represented bearing racewayand were sectioned for metallographic investigation. The other
three represented rollers and were used to roll against the raceway specimens, allowing
twelve tests (tests 412) at different operating conditions to be undertakd®oller specimens

1, 2 and3 were each used for four tests-fl 48 and 912 respectivelyjsee sectiord.5.4for

details of each test operating conditions) in order to reduce the costesfirtg and were
visually examined between tests in order to confirm that no serious surface damage had taken
place, although the surface roughness will likely have changed slightly during tests. Specimens
representing raceways were positioned on the laghaft that rotates at speedy and those
representing the rollers, on the AC motor shaft that rotates at speredwhere™ Y. The

reason for this orientation is explained Kgure2-10, which showghat the slower moving
surface is more susceptible to surface damage since surface linked cracked are pulled open by
the traction force. This meant that damage to the raceway specimens would be accelerated
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comparedto that of the rollers which was beneficial for both observing damage caused and for
prolonging roller specimen life over the four tests that they weaehused for.

Discs were sawn into blanks from a 50 mm diamatamealedrolled bar, before being grow
down to a diameter of 47 mnwith a central bore of 22 mm and a keyway cut into one face to
allow for mounting on the twin disc machine arboffie discs underwent a through hardening
heat treatment processwhich involved a stress relieving annealingage, martensitic
hardening, quenching in a salt bath, before temperinguatund 240 °C to achieve a hardness
value of 61 HRGconfirmed by the manufacturerfollowing heat treatment,he surface was
ground to a maximunarithmetic meansurface roughnesy of 0.39 um and a maximum root
mean squared surface roughne®s of 0.50 um which was determined using thmethod
discussed i.2.3 Surface profile measurements wenmgade across the 16nm width of the
test discs, perpendicular to the direction of travBlisc dimensions are shown kigure4-24
andtypical physicapropertiesof 100Cr6 steeh Table 2-5. The chemical composition
was checked using EDAX using the method discussed2i@ and the steel grade was
confirmedto be 100Cr6 as shown ifable4-9. As previously discussed the carbon value is
approximate since EDAX analysis is not accurate for elemathitsmall atomic numbers

O 4 e/0:]
o 4 A _D_4A
oz A24

-
\
\
S L —

Figure 4-24: Twin disc testing specimen dimensions

Steel grade C% Si% Mn% Cr% Mo% Fe%
100Cr6 ~1%* 0.20 0.43 1.59 0.03 Balance

Table 4-9: Chemical composition of twin disc specimens*Carbon value approximate.

The hammering impact test rig describedsaction4.4wasused to seed damage in the SUROS
test specimens at twaopposite locations on the circumfence of each of the 12 discs
representing bearing raceways. 50,000 sliding impact sangaesing amaximum Hertzian
stress value of approximateB.51 GPaat an impact angle of 48egreeswere applied to the
impact locations. This level of impatdading was found to be a condition that created
subsurface cracking 8nSinclusionsn the specimens described in sectibd. Each of thel2
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discs representing racewa in the twindisc testing were damaged in this manner before
SUROS testing commenced in ordemitiate subsurface microcracks, which were expected to
propagate under RCF. The locations of impact were investigated by destructive sectioning after
SUROSesting, one of which was sectioned axially and one, circumferentially. Any location
further than a few millimetres from the point of impact was assumed to be unaffected by
hammering impact loading and so the effects of R@Rout pre-seeded impact damageould

be investigated and compared to the pdamaged impact zone.

Examination of the impact zones dhe surface ofeach of the specimens after twin disc
testing showed no sign of the wear scar, which was obscured entirely by the wear tracks
caused by RF. The position of the impact zonessaknown before twin disc testing
commenced so that they would not be lost during the test. The position of the impact zone
was measured with Vernier diglers( 0.01 mm accuracyefore each impact tedb ensure it
wasin the middle of the specimen line contact, which were 5.00 mm, 2.75 mm and 1.75 mm
from the specimen edges of specimeng,158 and 912 respectively.The centre of each
impact zone s alignedas closely as possible with the leading arbor keywayhasvn in
Figure4-25. Once mounted in théammering impactig, the position of the I&aschecked by
applying ink from a marker peto the impacting ball angnanually making contact with the
specimen. This left amall ink mark on the specimen surface at the point of impact, the
position of which could then be measured and adjusted if necessary.

When sectioninghe tested specimenscuts were made approximate@/5 mm away from the
arbor keywayfor axial sections and from the centre of the line contact documferential

After cuts were made, the exact distance betwebe keyway edgdaxial) or the specimen
surface edge (circumferentiaBnd the surface of th cut were measured and the specimen
width was reduced by the required amount for the exposed surface to be as close to the
impact zone centre as possible. All measurements were made with a Vernier callihod

mm accuracy)

1.75 mm

&: / - e 10 mm =] F-3.5mm
/f—%—h\ T - = =
Figure 4-25: Positions of preseeded impact damagéndicated by blue arrows): a) viewed along shaft axial

direction b) viewed from in front of rig for 10 mm contact width tests (14) c) viewed from in front of rig for
3.5 mm contactwidth tests (312).
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4.5.4. Testing procedure

Since the tests were operd on the limit of the SUROS rig capabilities in terms of contact
load applied, testycleswere limited to2 x 1® cycles tominimise damage to the test rignd

to limit the test length to reasonable operation time&lthough these tests are shorter than
many that have taken place in previous stud23, 56, 190]2 x 105 stress cycles is above the
threshold bund to be required for butterfly initiation as shownkigure2-18. Logically, it is by
examining very early stage damage that the best insight into the locatitredhitiation point

of that damage can be achieved. As a result, the limited test length did not adversely affect
experiment designFrom previous experienc¢l85], the maximum contact pressure that the

rig could safely be sl with lubricated conditions was 1,800 MB\er a line contact of 10 mm
width. Thiscorresponded to a hydraulic load of 10.28 khlculated using Hertzian contact
theory as described in sectidh1.3.]), which is the limit of the machinéApplyingthe same

load over shorter line contacts allowed the pressure to be increased to a maximum value of
3.03 GPa, over a 3.5 mm contact widtAll contact pessures and the depths of the
corresponding maximum stress concentratios, ,z andz j; were calculated as per

the method presented in sectic2.1.3.1

This contact pressure was deemed to be great enough to investigate the initial stages of
butterfly formation, since higher contact pressures are not expected to occur frequently in
wind turbine gearbox bearings. An intermediate contact pressure of 2.41 GPa, was also tested,
in order to compare results to a value in the middle of thadingrange.Slip ratios were also
changed, in order to investigatthe effect of changing the levebf surfece traction on
subsurface damage. The maximum allowable slip level wa$olCagain from previous
experience of using the SUROS rig under lubricated cond[ti@8$ Arange of slip levels from
0.2-10 % was selected to investitg the effects of changing the slip from low to high levels,
which provided similar slip levels to those in previous twin BsaringRCF experiment23,

56] (see sectior?2.3.6). All other variables were held constant, including the-peededimpact
damage, as shown ifable4-10. Details of the changed slip and contact pressure levels in each
of the 12tests are shown inTable4-11. These cordct pressures are presented for illustrative
purposes and are approximate since the effect of surface traction empdtisition of maximum
shear ancequivalentstress(as discussed in secti@1.3.3 is not consideredn the calculation

to determine these values

Fixed variable Condition
Number ofpre-seededimpacts 50,000
Angle of impact 45°
0  during impact 2.58 GPa
Impact test time 83 minutes
Number ofcycleson SUROS 200,000
SUROS test speed 400 rpm
SUROS test time 500 minutes
Hydraulic load applied 10.28 kN

Table 4-10: Fixed test conditions
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Discno. 1 2 3 4 5 6 7 8 9 | 10 | 11| 12
Slip
o) 02 | 2 5 | 10 | 02| 2 5 | 10 | 02| 2 5 10
contact | 641 160 100| 100| 55 | 55 | 55 | 55 | 35 | 35 | 35 | 35
width (mm)
E)gPa) 179 | 1.79 | 1.79 | 1.79 | 2.41 | 2.41 | 2.41 | 2.41 | 3.03 | 3.03 | 3.03 | 3.03
[?eptr('por;) 258 | 258 | 258 | 258 | 347 | 347 | 347 | 347 | 435 | 435 | 435 | 435
»n h
(Twpa) 538 | 538 | 538 | 538 | 726 | 726 | 726 | 726 | 910 | 910 | 910 | 910
TDept('Lr‘]’:) 287 | 287 | 287 | 287 | 387 | 387 | 387 | 387 | 485 | 485 | 485 | 485
Z\;l"Pa) 448 | 448 | 448 | 448 | 603 | 603 | 603 | 603 | 758 | 758 | 758 | 758
Depthof | 1a/ | 184 | 184 | 184 | 248 | 248 | 248 | 248 | 311 | 311 | 311 | 311
Tt (um)
Table 4-11: Variable test conditions showing positions of maximum sheat + Mﬁ 4. and equivalent stress

Qo o

4.5.5. Lubrication of specimens
The HamrockDowsenvisouselastic methodfor calculating the thickness of a lubricant film
separating two bodies wassed in this section as follof&91]:

8 8
— PX P T— 60 % — (4.9
Where:
Y is the entrainingsurface velocity (m/s)
YUY Y I (4.9)
where the subscripts T and B refer to velocities of the top and bottom discs
respectively;

- Dynamic iscosity of the lubcant at atmospheric pressur@d.s)
0 Ad (GKS NBRddzOSR , 2dzy3Qa Y2Rdz dzay

- - — — (4.10

which for two bodies of the same material becomes:

_ (4.12)
Y is the reduced radius of curvature

L 4.12

which for two identically sized discs becomes:

L 4.13
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0 is the pressureviscosity coefficient (AiN), which can be approximated by the
following equation, derived by Wooster and quoted19] as:
® M Tebl G-opTm  pm (4.19

®wQ is the contact loagber unit length(N)

Texaco Meropa20 oil was used for all tests, whiblaskinematic viscosity valuesf 304 cSt

and 23.2 c¢Sat 40 C and 100 Crespectivelyand a density of 856 kg/fr(specified at 15C)

[192]. The lubricantcontained a sulphuphosphorus additive, designed to increase wear
resistance including micropitting in heavily loaded situations. This helped protect the specimen
surface, which was important sincesurface damage can spread downwards and mas
subsurface initiated damagelhe pressureviscosity coefficienf , was approximated using
equation4.14. Using the method presented in ASTM D3443], the viscosity valuat room
temperature (21°C) was calculated to l&9% Pa.sand the pressur&iscosity coefficient was
approximated as ~3% 10° Pa® using equation3.14.¢ KS  2dzy 3 Q& Y2 Rdz dza
assumedtobe 200 GPay R (1 KS t 2 A Fpiopeyfi€sare présénfe@ iiable2-®)o

Initial lambda ratiosat the very beginning of each test wetalculatedusing equatior4.8 and
2.12 with the properties of lubricant at rootemperature Since he lubricant filmthickness is
dependent onw Qand Y, lubrication conditions for testsvere varied caused by altering the
level of slipand the width of the linecontact Lambda ratios at room temperature were
calculated to range frond.8 ¢ 5.6, depending on test conditits, so all testsbegan in the
hydrodynamic lubrication regime. Sinttee lubricantwasheated up during testingits viscosity
dropped, which corresporeti to a decrease in the lambda ratand a shift to thdeft on the
Stribeck curveas shown irFigure4-26, and consequently into the mixed lubrication regime.
As described isection2.1.6 when the lambda ratio is less to 1 (itke fluid film thickness and
equivalent surface roughness are equal), lubrication enters the boundary regideat
lambdaratio of 1¢ 1.5 lubrication is in the mixed regiméking equationgt.8 ¢ 4.14 and the
method in ASTM D34[1193], it was calculated that a lambda ratio abbccurredat lubricant
temperatures of approximately3 ¢ 46 °C depending on the test conditions. Similarly, a
lambda ratio of 1 occurred at approximately §468 °C. Fresh lubricant at room temperature
was applied regularly throughout the testingvhich altered the lubricant temperature.
Additionally tests took at last two days to complete, meaning that there were periods
throughout a single test where the specimens and test rig cooled. There was ndoway
measure the temperature of the lubricaahd since the specimen surface roughness will have
reduced during testig due to surface wear it is not possible to accurately determine the
lubricant regime It is estimated that typical tests were mainly in the mixed regime, with
periods of boundary lubrication and short periods after siapt of EHLiydrodynamic
conditiors. Since the temperature of WTGB lubricant alters significantly durireyabing
these conditions were deemed to laa appropriate simulation of planetary bearing operating
conditions.
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Traction coefficients* , calculated using equatioB.9, were measuredduring testing and
typically changed similarly to the examjillestrated inFigure4-27, which displays the traction
coefficient data collected from one ohe tests.Initially the‘ was high, but over time it
decreased, presumably as surface wear increas®l surface roughness decreasdthe test
was undertakerovertwo days indicated by the drop in traction coefficient at 100,000 cycles,
when the contat load was removed and the subsequent increase after the resumed the
following day. A number afhort termincreases in (indicated on the figure) occurred when
the contact started to become dry, which was instantly rectified by dripping lubricanhen t
rotating discsand as a result, assumed to not have caused any noticeable darivbgn
valuesof* were found for each testas shown imable4-12, which allowel the approximate
lubrication conditions to be estimated. Comparing thesdues to a Stribeck curve with values
of friction (traction) coefficient indicated on the y axis, shows that the all tests were
theoretically in the mixed regime. This may not nexdy be the case because this does not
take into account lubricant additives, which reduce traction in bounthaixed lubrication
conditions, but it does confirm that tests were in either the mixed or the boundary regime, as
is the case for planetary WTGHBsoperation as discussed 1.6 © range (0.02 ¢ 0.082) is
similar to that used in other twin disc testing that had been usedréate inclusion initiated
WEA451, 56]

Boundary
- 0.1=-
c
2
= .
e Mixed
[+1]
9 0.01+
[ =
L
<
< 0.001-
-
el
log (1)

Figure 4-26: Stribeck curve showing approximate friction (traction) coefficient during boundary and mixed
lubrication regimes (adapted from[194]) where: t is dynamic viscosity = is sliding speedsr is normal force.
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Figure 4-27: Example traction coefficient(Hy) readout from SUROS rig (data from 2% slip, 2.48 GPa contact

pressure)
Contact Mean traction coefficient at slip % levels
pressure(GPa 0.2% 2% 5% 10%
1.79 0.029 0.064 0.078 0.079
2.48 0.021 0.067 0.080 0.083
3.03 0.029 0.0 0.0M 0.082

Table 4-12: Mean traction coefficients during each test

4.6. Summary

This chapter first presented the methods used to prepagaring steel specimerend observe
the microstructure and the damage causedthem. The method of sectioning a failed WTGB
is presented before thelevelopment of experimentaksts using hammering impact and twin
disc test rig is presentedThe following Chapter§, 6 and 7, present the results of the
experimental methods presented in this chapter.
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5. RESULTS FROM THE DESTRUCTIVE INVESTIGATION OF A
FAILED WIN D TURBINE GEARBOX BEARING

This section presents the results from the metallurgical investigations of the fadedtary
WTGBnner racewaydescribed in sectiod.3. Figure5-1 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 B > metallurgical

transient events investigations

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

8. Conclusions and

¥

further work

Figure 5-1: Thesis work flow chart

This chapter is split intthree sections:

- Section 5.Yecaps the surface damage features discussed in Settdon

- Section 5.2 desibes the damage features found in the failed inner raceway
subsurface.

- Section 5.3resents the results of the database of damage initiating MnS inclusions

- Section 5.4ummariseshe finding of this chapter.
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BEARING

5.1. Observed surface damage
As previously discussk and shownin Figure 4-6, approximately 5% of the raceway
circumference was worrthree zones of damage were identified in Sectidhl, namely:

- Zone 1: Nordamaged zone. Over the remaining 45 % of the raceway circumference there
was very little evidence of damage detectable by eye.

- Zone 2: Wear damage was intermittent but well defined at a width of ara®Manm for
approximately 35% of the bearing circumference. Within the main 20 mm band of damage
there was severe spalling.

- Zone 3: Severe spalling covered most of the raceway width for approximately 20 % of the
circumference.

An example of the spalling dege within the Zone 2 damage band is presentdeidres-2.

Figure 5-2: Spalling on the racewaysurface in Zone 2

5.2. Observed subsurface damage

A summary of the specimens investigated and the damage found at each location is provided
in Table 5-1. As discussed in sectiod.3, MnS inclusions were quickly identified to have
initiated the majority of the damage features found in the racewa&y.previously menticed,

the processes used during the manufacture of bearing raceways, determine the orientation of
the MnS inclusions in the steel. In this bearing, inclusions wknegated andrientated with

their major axis close to parallel with the bearing surface w¥iewed in an axial cross section

as shown inFigure 5-3a. They were also elongated to a lesser extent when observed in
circumferential sections and eve generally angled at approximately 30 degrees from the
surface tangent as shown Figure5-3b. MnS inclusions were consistentlyientated in this
manner, regardless of their location in the bearing racewaur main types of damage were
found at MnS inclusions, which can tlassified as(1) separation from the matrix(2) internal
cracking of the inclusior§3) crack initiation and4) WEGnitiation.
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Section cktails Sﬁlrgsle Observations/Features
Section 1a Circumferential 16 WEA interacting inclusions
section. Phas8 damaged region. Crack initiating inclusions
Sectionlb - Axial section. Phasg 6-12 Separation of matrix from inclusions
damaged region. Butterfly cracks in near surfagene.
Section 2a Circumferential WEA interacting inclusions
section. Phase 1/Phase 2 13-18 Crack initiating inclusions
boundary. Separation of matrix from inclusions
Butterfly cracks in neasurface zone.
. . . Significant subsurface crack parallel to the racewa
Section 2b Axialsection. Phase 19-24 Substantial WEC orientated normal to the racewa
1/Phase 2 boundary. surface
Surface initiated RCF cracks
WEA interacting inclusions
Section 3a Circumferential Crack initiating inclusions
) : 2530 : h . .
section. Pase 2 damaged regior] Separation of matrix from inclusions
Small butterflyinitiated WEC
. . . Large butterfly crack with WEC propagating to surfg
Sectlon(?:m?ézlds;eecs:gg: Phase 31-36 Surfa_ce initiated RCF c_racks
Plastically deformedegion
Section 4a Circumferential
section. Phasé non-damaged 37-40 No evidence of damage
region

Table 5-1: Summary of sectioned specimens andamage found

S o . may:
20 | : a me & form " EEEERIC
Figure 5-3: Inclusion orientation in inner raceway a) Typically MnS inclusion viewed axially b) Typical MnS
inclusion viewed circumferentially c) Specimen orientation (not to scale)

| Y AT

A

521.Di stinction of Abutterflyd and WEC i
It has become apparent that there has been some confusion over the definition of the term
Godzi GSNFte&é Ay GKS f AGSNI G dzedEebto descidbe lioth Nos K| &
and four wingedeatures with cracks propagating 39-50° and 130150° (close to the angle of
maximum unidirectional shear stress) from a central initiating paifiich isusually a void or
defect[12, 26] It has also been used to describe short WECs initiated at much shallower or
even horizontal angles, which, in the opinion of gnghor, are not the same feature. For the
remainder of thighesis the term butterfly crack will be used to identify afebls ¢ A G K & g Ay
LINPLJ I dAy3 G GKS Fy3aftSa YSyliAaAzySR |02@S
describe an inclusion with WECs propagating at shallower angles.
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Figure5-4a presents an example of a series of large buttesfand connected WECs that
propagate to the raceway surface. Highly magnified SEM images of the main butterfly feature
are presented showing the severe elongation ofOVtarbidesear to the bouwdary between

WEA and the normal steel microstructur8ince there was no obvious inclusion initiating any
of the WEC features observed kigure5-4a, approximately @ um material layerwas ground

from the specimen surfacéhe exact amount removed was not critical and the thickness of
the specimen wasneasured witha Verniercalliper to an accuracy of 10 um) before it was
polished and etched for observation agahigure5-4b shows two MnS inclusions that interact
with this WEC network, confirming that damage may spread between MnS inclusions and
offering evidence that the cr&metwork may have been initiated by MnS inclusidtigure5-4

is believed to show a latstage WEC network that may have contributed to tagure of the
bearing This section will now look in detail at earlier stages of damage, specifibatiyvhich
initiated atMnS inclusioa

To confirm reportg12, 109, 53that WEAs are harder than the surrounding steel matrix, nano
hardness indentation was used to compare hardness valudsssibed in sectiod.2.4 Nine
values were used to find the average hardness of the steel matrix antb Tdid that of the
WEC WEA hardness measurements were takem areas ofthe butterfly wingsshownin
Figureb-4. Table5-2 shows the results from the tests, confirming that the MfRicrostructure
was considerably harder (3094 average) than thsteelmatrix[1, 195]

116



Analysis of the Premature Failure of Wind Turl@®arbox Bearings

Figure 5-4: Series of butterflies and connected WECSs in circumferential section a) first section observed b)
second section observed approximately 20 um below first section.
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