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Analysis of the Premature Failure of Wind Turbine Gearbox Bearings 

ABSTRACT 

Wind turbine gearbox bearings are the component that leads to the most downtime of 

operating wind turbines due 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 that the bearing 

subsurface is weakened by what have been termed as white etching cracks that 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 operating conditions, 

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 inclusions were 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 hammering 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 to 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 of bearing raceways 

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 this 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 

hypothesis 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 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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‌   Angle of bearing taper, pressure-viscosity coefficient  
‍   Gear helix angle 
 Logarithmic decrement   ‏
‒    Fraction of critical damping 
‗    Decay constant 
•    Phase of decay 
‗     Lambda ratio 
–    Dynamic viscosity 
–    Dynamic viscosity of lubricant at atmospheric pressure 
‫    High speed shaft rotational velocity 
‫    Low speed shaft rotational velocity 
‫    Generator synchronous speed 

„ , „  , „   Orthogonal normal stresses 

„, „, „    Principal stresses 
„   von Mises equivalent stress 
„ȟ    Maximum von Mises equivalent stress 
„    Yield strength 
†   Unidirectional shear stress 
†    Maximum ÕÎÉÄÉÒÅÃÔÉÏÎÁÌ ÓÈÅÁÒ ÓÔÒÅÓÓ 
†ὸ   Time dependent torque 
†    Orthogonal shear stress 
‘    Dynamic viscosity 
‘    Coefficient of friction 
‘     Coefficient of traction 
‡    Poisson' s ratio 
ὃ   Area 
ὦ   Line contact geometry area halfwidth    
ὄ    Amplitude of vibration oscillation 
Ca    Axial dynamic load rating 
ὧ   Damping coefficient 
ὅ    Damping matrix 
ὧ   Rotational damping coefficient 
Cr    Radial dynamic load rating 
ὅȟὅȟὅȟ   Bending damping about x, y and z axis 

ὅ    Torsional damping 
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Ὠ   Distance from point of impact  
Ὠ    Depth at peak load 
Ὁ   Young' s modulus 
Ὁ   Reduced Young' s modulus 
Ὂ   Force 
Ὢὸ   Time dependent force loading 
Ὂ    Traction force 
Ὣ   Acceleration due to gravity 
ὋὙ   Gearbox Ratio 
Ὤ   Lubricant film thickness 



 

xv 

 

Analysis of the Premature Failure of Wind Turbine Gearbox Bearings 

Ὄ   Hardness 
Ὤ     Minimum lubricant film thickness 
Ὤ    Central lubricant film thickness 
Ὅ   Inertia of body 
Ὅ   Polar moment of inertia 
Ὅ     Rotor inertia 
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ὍȟὍ    Second moment of inertia in x and y directions 
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ὑ   Stiffness matrix 
Ὧ   Rotational Stiffness 
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ὒ     Life after which 50 % of bearings are be expected to fail 
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ὓ    Mass matrix 
ὓ   Moment acting on body 
ὓ    Effective mass of impact rig striker 
ὲ    Load life exponent 
ὔ   Number of cycles to failure 
έȟέ     Initial axial inner and outer race offsets respectively 

ὖ   Period of oscillation vibration, Load per unit length 
ὴ   Hydraulic load 
Pr    Equivalent axial dynamic load  
ὖ    Maximum contact pressure 
Pr    Equivalent radial dynamic load  
ὖὙ   Generator pullout ratio 
Prec    Recommended maximum contact pressure  
ὗ     Force on most heavily loaded roller 
Ὑ   Radius 
Ὑ   Reduced radius of curvature 
Ὑ    Mean surface roughness 
Ὑ    Root mean squared surface roughness 

Ὓ   Stress, Slip 
Ὓ   Instantaneous slip 
ὸ   Time 
Ὕ    High speed shaft torque 
Ὕ    Low speed shaft torque 
Ὕ    Generator pullout torque 

Ὗ    Surface velocity, Velocity of impact 
ὼȟώȟᾀȟ—ȟ—ȟ—  Displacement of body in each of the 6 DOFs 

ὼȟώȟᾀȟ—ȟ—ȟ—  Velocity of body in each of the 6 DOFs 

ὼȟώȟᾀȟ—ȟ—ȟ—  Acceleration of body 

ὢȟὢȟὢ  Displacement, velocity and acceleration matrices 
ὡ   Contact load 
ὡ    Maximum contact load 
ὡ    Weight of component, where n is component number 
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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 will 

continue throughout this decade. The European Wind Energy Agency (EWEA) has a planned 

target of 230 GW of installed wind power capacity by 2020, representing 20 % of total 

European Union (EU) electricity consumption [2]. This expansion 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 of 20 years [3, 4, 5, 6, 7]. A typical onshore WTG failure takes around 250 

hours to repair and 20 % of the overall lifetime downtime of a wind turbine (WT) can be 

expected to be caused by gearbox failure [4], with this percentage greatly increased for 

offshore applications.  It is estimated that operation and maintenance (O&M) account for 20 % 

of the cost of offshore wind energy in the EU [8, 9].  

Theoretical WT availability is being significantly reduced by downtime caused by WTG failures 

[3, 10]. Approximately two-thirds of these failures initiate in the bearings [10], despite best 

practice manufacturing being followed [11]. As average WT size increases, failure rates also 

increase since larger turbine size leads to more flexible supporting structures resulting in 

complex loading conditions on turbine components [10]. Additionally, larger bearings have a 

higher probability of material defects being located in a critical position, which increases the 

probability of failure. Two modes of premature failure have been observed in wind turbine 

gearbox bearings (WTGBs), namely; white structure flaking (WSF), also known as irregular 

white etching area (IrWEA) formation; and axial cracking of bearing raceways [12, 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 at so-called 

butterfly cracks, an established damage feature found in rolling element bearing (REBs) [12].  

Currently, the method by which WECs lead to WTGB failure is not fully understood, despite 

intensive research effort, and hence there is no useful method of calculating remaining useful 

bearing life in WTG applications [12, 13, 14, 15]. 

1.2. Aims and objectives of this study 

The overall aim of this study is to gain insight into the premature failure of WTGBs using a 

combination of modelling techniques and benchtop testing to investigate how extreme loading 

conditions experienced by WTGBs may contribute to their premature failure. More specifically, 

the main objectives of the project are as follows: 

1. To complete a review of the current 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 to later 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 thorough 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; namely the contact pressure, level of surface slip and 

number of load cycles as well as the effects of impact loading. 

5. To investigate any features relating to WECs using metallographic analysis to gain insight 

into the formation mechanisms of WECs and the potential 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 shown in Figure 1-1 and the contents of 

each chapter are summarised below: 

 

Figure 1-1: Thesis work flow chart  
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Chapter 2: Literature review. Chapter 2 first summarises the bearings used in wind turbine 

gearboxes, before discussing 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 investigations 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 chapter is concluded with a number of key findings. 

Chapter 3: Dynamic modelling of a wind turbine gearbox bearing loading during transient 

events. Chapter 3 first presents the development of a multibody dynamic model using Ricardo 

PLC's "VALDYN" software. The model is designed to calculate bearing loading during transient 

operating conditions acting on a 750 kW gearbox. The model is validated using models of the 

same gearbox created by external partners, using other modelling tools. Finally, bearing 

loading results are compared to levels recommended in the international standards. 

Chapter 4: Procedure for experimental and metallurgical investigations. Chapter 4 first 

presents the method used to prepare and observe bearing steel specimens for metallurgical 

investigations. The method used to examine the subsurface of a failed WTGB is then 

presented. Finally the design of experiments using both a hammering impact 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. Chapter 5 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 through 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 of 100CrMo7-3 bearing steel. Chapter 6 

reports the results of testing using a reciprocating hammer type impact rig. Tests were 

designed to induce subsurface damage at stress concentrating MnS inclusions. The effects of 

increasing surface contact stress and number 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 100Cr6 bearing steel. 

Chapter 7 reports the results of rolling 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 pre-seeding 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: Conclusions and further work. Chapter 8 presents conclusions from the study and 

highlights the main novelty contributions. Further work on the subject is also suggested. 

Appendices: The appendices present supporting information and figures from 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 different types 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 steel creating 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. A hypothesis 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 also developed 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 a review of the literature relating to work completed in this study. It 

begins by examining WTGBs and the extreme conditions that they operate in, before looking in 

detail at the steel that bearing raceways are made from and how manufacturing processes and 

the presence of defects, in particular MnS inclusions, can adversely affect operational 

performance. The various driving factors leading to the development of WECs are presented 

and the different types of white etching features, discussed. Methods used to model WTG 

drivetrains are then investigated before the chapter is concluded with key findings from the 

literature review and the introduction of hypotheses to be investigated throughout this study. 

Figure 2-1 shows the thesis work flow chart. 

 
Figure 2-1: Thesis work flow chart  

This chapter is split into the following sections: 

- Section 2.1 describes WTGBs and their operating conditions. 

- Section 2.2 describes bearing steel. 

- Section 2.3 described WECs and related features. 

- Section 2.4 discusses dynamic modelling of WT drivetrains. 

- Section 2.5 summarises findings from the literature review.  
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2.1. Wind turbine gearbox bearings and their operating conditions 

The main difference between wind turbine gearboxes (WTGs), and gearboxes used in many 

other applications, is that WTGs step up shaft rotation from low speed, high input torque to 

high speed, low output torque; whereas most other gearboxes operate in the reverse 

direction. The result of this is that WTGs operate against high referred inertia from the 

generator that is attached to the high speed end of the gearbox. High transient loads from the 

rotor are therefore absorbed by the gearbox, and consequently the bearings are loaded in an 

extreme manner that is relatively unique to WTGs. Additionally, wind turbines operate in 

extremely harsh environments. Transient wind conditions lead to short time scale extreme 

loading on gearbox components that need to be considered when designing gearboxes and 

selecting bearing components. This section discusses: the components within a wind turbine 

drivetrain; the various bearings that are used in WTGs; stresses experienced during bearing 

operation; bearing design life calculation methods; bearing failure modes; and the tribology 

behind bearing operation. 

2.1.1. Wind turbine gearboxes 

A typical horizontal axis wind turbine drivetrain is shown in Figure 2-2 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 from around 20 rpm to around 1,800 rpm 

output; a braking system on the high speed shaft; an alternating current (AC) generator; and a 

bedplate that supports the drivetrain[5, 16, 17]. 

 
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 a three stage gearbox, which provides a total gearbox ratio of 

around of 90:1 [17]. The most common configuration is for a planetary first stage, with three 

planetary gears, followed by two parallel gear stages, as shown in Figure 2-3 [7, 18], which also 

presents the abbreviations used to describe each gearbox component. Rotating components 

are supported by a total of around 17 bearings [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 contact pressures, as discussed in 
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more detail in section 2.1.6. Approximate rotational speeds for bearings in a conventional 

WTG operating at rated power are given in Table 2-1 [17]. This table is presented as an 

approximate guideline and bearing speeds will vary dependent on WT rated speed and 

gearbox ratios.  

 

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

WTGB location Approximate operating speed at rated power (rpm) 

Low Speed Shaft 20 

Planetary Gear 35 

Low Speed Intermediate Shaft 120 

High Speed Intermediate Shaft 450 

High Speed Shaft 1,800 

Table 2-1: Approximate operating speeds for bearings in a typical WTG [17] 

2.1.2. Wind turbine gearbox bearings 

The general method of operation of the bearings in the gearbox, broadly speaking, fall into two 

categories [16, 17]: 

1. Those with fixed inner races and rotating outer races. These are the planetary gear 

bearings PG-A and PG-B in Figure 2-3, of which there are usually three pairs per 

planetary stage. The inner raceway is connected to the planetary carrier and the outer 

to the rotating planetary gears by interference fits. 

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 shown in Figure 2-3. In these 

cases the inner raceway is connected to the shaft and the outer to the gearbox 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 zone, which means that one circumferential 

section of the bearing will experience higher contact pressures [19]. 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 the highest contact stress levels. For outer races this is 

less critical than for inner races, because the inner race experiences higher contact pressures 

due to its lower radius of curvature. The method for calculating Hertzian contact stresses is 

presented in section 2.1.3.1, which demonstrates this. As a result, a small section of a WT 

planetary bearing inner raceway is constantly exposed to the highest loading and the failure of 

such bearings almost always initiates within this loaded zone [20, 21]. Figure 2-4 presents 

photographs of a pair of failed planetary bearings from a 600 kW wind turbine. A destructive 

sectioning investigation of the upwind bearing is presented in Chapter 5. Figure 2-5 shows the 

direction of the maximum loading on each of the planetary bearing inner raceway (PG1-3) due 

to the WT rotor input torque ὝὭὲὴόὸ, which is possibly the most load critical location of any 

bearing in the WT gearbox. 

 

 
Figure 2-4: Failed planetary bearing inner raceways from a 600 kW turbine: a) upwind bearing, b) downwind 

bearing 

a)  

b) 

Failure initiates 
at entry into 
loaded zone 

Failure initiates 
at entry into 
loaded zone 
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Figure 2-5: Direction of maximum force (╕╟╖ acting on planetary gears 1-3 from WT input torque  ╣░▪▬◊◄ 

In addition to the different operating methods of the bearings, bearing selection in WTGs 

involves a compromise between many other design requirements [18]. Mechanically, the 

bearing must be suited to operating at a certain 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 higher static capacity, but will more prone to skidding [22]. Other factors to consider 

include: method of assembly; low-load conditions; vibration; lubrication requirements; 

lubrication oil flow design; load sharing; operating temperature; operating temperature 

gradient between inner and outer raceways; thermal expansion of materials; debris resistance; 

and the suitability of the bearing for its location [18].  

In conventional WTGs, such as the one shown in Figure 2-3, cylindrical rolling element bearings 

(CRBs) are generally used in high radial load carrying locations [18]. Full complement CRBs 

(which do not have cages separating large rolling elements) may be used in locations with 

extremely high load carrying requirements, but roller on roller contact may limit the bearing 

life. When helical gears are used, it is necessary to use bearings that have the capability of 

supporting axial loading, in which case, tapered rolling element bearings (TRBs) are positioned 

back to back or double row spherical rolling element bearings (SRBs) are used [18]. For shaft 

bearings, the outer raceway is generally interference 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 the outer raceway 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 part 4 [18]. 
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Each bearing in the gearbox operates at a different speed; therefore each will experience a 

different number of rotations during a set operation time. Estimated revolution numbers for 

WTGBs during one year of operation are listed in Table 2-2 (based on the shaft speeds 

presented in Table 2-1 and the estimated revolution numbers in [23], assuming 60 % WT 

operational availability due to standstills, maintenance, low wind speed conditions and other 

factors. The approximate number of rolling elements for typical WTGBs at each location [24], 

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 raceway. The recommended maximum 

contact stress valid for a bearing design life of 20 years from the international wind turbine 

design standards (IEC 61400-4:2012) is displayed to indicate the approximate level of contact 

stress to be expected at each location [18]. The nature of the stresses experienced by 

operating WTGBs is discussed in the following section. 

WTGB 
location 

Approximate 
number of 

revolutions per 
year 

No. of rolling 
elements in different 

bearings at each 
location* 

Approximate 
number of stress 
cycles per year 

Recommended 
max. contact 

stress (MPa) [18] 

LSS 6.4 x 10
6
 50, 60 3.2 x 10

8
,  3.8 x 10

8
 1,650 

PG 1.1 x 10
7
 20 2.2 x 10

8
 1,500 

LS-IS 3.8 x 10
7 

40, 50 1.5 x 10
9
,  1.9 x 10

9
 1,650 

HS-IS 1.4 x 10
8
 15, 30 2.2 x 10

9
,  4.3 x 10

9
 1,650 

HSS 5.8 x 10
8
 15, 20 8.6 x 10

9
, 1.2 x 10

10
 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 confidential design data [24]. 

2.1.3. Stresses induced during rolling contact fatigue 

Fatigue is a progressive, localised, permanent structural change that occurs in materials 

subjected to fluctuating stresses [25]. High cycle fatigue failure occurs over many cycles and 

results from cyclic stresses well below the yield strength of the material, whereas in low-cycle 

fatigue, the stresses may be above the yield strength and the failure occurs over fewer cycle 

numbers. The simultaneous action of cyclic stress, tensile stress and plastic strain must occur 

to initiate fatigue cracking (note that tensile stress concentrations can occur under 

compressive load) [25]. S-N curves are used to describe the number of cycles to failure at 

different stress levels and are acquired from fatigue tests; where S is the stress; expressed as 

the maximum stress, the minimum stress, or the cyclic stress amplitude (equal to half of the 

difference between maximum and minimum stress); and N is the number of cycles to failure, 

plotted on a logarithmic axis. N increases with decreasing S for all materials; however, for steel 

(and some other engineering materials) the S-N curve becomes horizontal at a certain limiting 

stress, known as the fatigue limit. Theoretically, below this limiting stress, the material can 

experience an unlimited number of load cycles [25, 26]. A typical S-N curve for steel is shown 

in Figure 2-6. 
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Figure 2-6: Typical S-N curve for steel, where S is the applied stress and N is the number of cycles to failure 

(adapted from [26]) 

REB raceways experience a fatigue cycle each time a ball or roller passes over a point on its 

surface. It is a cyclic dependent phenomenon, which results from repeated stresses under 

rolling contact and is dependent on: material, speed, surface sliding, lubricant type, contact 

geometry and the contact pressure [27]. The process eventually leads to bearing failure caused 

by material loss from the surface, or spalling. Cracks usually initiate below the raceway surface 

at depths close to the location of resolved maximum shear stress, before propagating 

upwards, but may initiate at the surface in applications where there are large tangential shear 

stresses involved [27, 28]. IŜǊǘȊΩ ǘƘŜƻǊȅ ƻŦ ƴƻƴ-adhesive elastic contact, developed in 1882 

[29, 30], is widely used to approximate the magnitude and position of contact stresses in 

rolling contact applications [19]. Ideally, contact between a rolling element and a bearing 

raceway is defined to be either at a point, in the case of SRBs, or along a line, in the case of 

CRBs. Hertzian static 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 realised that if the contact load was truly supported by a line or a point, as was 

thought at the time, this would 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 area [29, 30]. In the case of a point contact between a sphere and a 

cylinder, the point contact area becomes elliptical, whereas for two contacting cylinders, the 

line contact becomes rectangular; the shape of the roller/raceway contact areas for SRBs and 

CRBs respectively. Within this study, Hertzian line contact theory is used to calculate contact 

pressures between rolling elements and inner raceways in CRBs and for twin disc testing in 

Chapter 7. Both situations are non-conformal line contacts, where contact occurs between two 

convex surfaces with parallel axes. The contact geometry for such conditions is shown in Figure 

2-7a and the method of calculated the maximum contact pressure ὖ  in Pascals, in the 

equations below [19]: 
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ὖ
ᶻ

          (2.1) 

where 

ᶻ          (2.2) 

          (2.3) 

and ὡ is the contact load, ὒ is the length of the line contact, Ὑ is the radius of the contacting 

body, and ‡ and Ὁ are the PoissƻƴΩǎ Ǌŀǘƛƻ ŀƴŘ ¸ƻǳƴƎΩǎ aƻŘǳƭǳǎ of the steel respectively. 

Please note that unless otherwise specified, all quantities used throughout this thesis are 

expressed in terms of the International Standard (SI) system of units. Subscripts 1 and 2 

indicate the different contacting bodies and in cases when the bodies have the same elastic 

properties, equation 2.1 becomes: 

ὖ  πȢτρψ          (2.4) 

The width of the contact rectangle ςὦ in metres, is calculated from the contact half width ὦ, 

using equation 2.5.  

ὦ           (2.5) 

    
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, orthogonal normal stresses are compressive in nature and are 

defined by three components, with differing values; „ , „  and „ , acting along the three 

a) b) 
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major axis ὼ, ώ and ᾀ, , which are defined in Figure 2-7a. These can be calculated for any 

infinitesimal element in the contact area, illustrated in Figure 2-7b, along with the orthogonal 

shear stress † (also commonly written † , † , †  to define the plane it is acting on) [19]. 

The second form of shear stress experienced is termed the unidirectional shear stress † (also 

commonly written † ), which occurs at an angle of 45o to the principal stresses „, „ and „ 

in the stress field, as shown in Figure 2-7b on the ὼᾀ plane. Principal stress act along principal 

planes, on which orthogonal shear stress is zero [19]. In static Hertzian contact, no movement 

occurs between the bodies and as a result, for a point at the centre of the contact width, ςὦ, 

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

perpendicular to the contact load, ὡ). At any point underneath the centre of the contact 

width, the direction of shear stress will be at ±45o to the surface tangent. The point of 

maximum unidirectional shear stress †  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 Poisson's ratio of 0.3, this depth is around πȢχψὦ. The magnitude of †  is 

approximately equal to πȢσὖ . The maximum value of orthogonal shear stress †ȟ , is 

around πȢςυὖ ȟ found at coordinates πȢψχὼὦϳ , πȢυώὦϳ . These positions are shown in 

Figure 2-8, along with contours of the orthogonal stress field (left side of ᾀ axis) and 

unidirectional stress field (right side of ᾀ axis). CƻǊ IŜǊǘȊΩǎ ǘƘŜƻǊȅ ǘƻ ōŜ accurate, the materials 

in contact must be homogeneous, the contact area small compared to dimensions of the 

bodies in contact and the effects of surface roughness negligible [19].  
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Figure 2-8: Subsurface Hertzian stress field for static line contact of two steel cylinders as a proportion of Pmax 

showing contours of orthogonal shear stress (Ⱳ▫  and unidirectional shear stress (Ű). Positions of maximum 

orthogonal (Ⱳ▫ȟ□╪● Ȣ ╟□╪●) and unidirectional shear stress (Ⱳ□╪● Ȣ╟□╪●) 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 approximation is likely to be conservative. If the lubricant film is thin in comparison to 

surface roughness, asperity contact will occur, leading to significantly increased pressures [19]. 

In less extreme situations, when asperity contact does not take place, increased contact 

pressure is still experienced at raised asperities [19], corresponding to a peak in the subsurface 

stress field below [23]. 

The von Mises stress, or equivalent stress, „, 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 components on other 

planes. It can be calculated from the principal stresses using equation 2.6 or from the normal 

stress in ὼ, ώ and ᾀ and the orthogonal shear stresses, using equation 2.7 [31]. Yielding occurs 

if „ „, where „ is the yield strength of the material.  For line contacts, the von Mises 

equivalent stress reaches a maximum „ȟ , at a depth of approximately 0.7ὦ beneath the 

centre of the contact on the ὼ axis [32]. 
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„ „ „ „ „ „ „       (2.6) 

„ „ „ „ „ „ „  φ† † †   (2.7) 

It should be noted that in reality, there are beneficial residual stresses in existence, introduced 

during manufacture and during shakedown of bearing steels (see section 2.1.5.1).  Subsurface 

compressive residual stresses are beneficial in retarding crack growth since they effectively 

decrease the applied stress [33]. 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.  

2.1.3.2. Hertzôs theory use in rolling contacts 

So far, only static contact has been considered, which is never the case for moving bearings. 

This section discusses applying static Hertzian contact theory to rolling contacts. It is generally 

ŀŎŎŜǇǘŜŘ ǘƘŀǘ IŜǊǘȊΩǎ ǘƘŜƻǊȅ ƻŦ ǎǘŀǘƛŎ Ŏƻƴǘact can be used to a level of reasonable accuracy to 

model contact stresses in certain cases of lubricated rolling contact [34]. In such cases, the oil 

film thickness must be large compared to surface roughness and the contacting bodies must 

be in 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 

elastohydrodynamic lubrication (EHL) (see section 2.1.6) [19]. 

Any point at or close to the material surface of a rotating body under Hertzian loading will 

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 steel. As this point moves from left 

to right through the stress field illustrated in Figure 2-8, it will first experience the peak value 

of negative orthogonal shear stress, then 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 in Figure 2-9. 

Loading extremities of points at key depths in the shear stress field are shown in Table 2-3, 

which highlights that the range of orthogonal shear stress is twice its magnitude since it 

experiences both a positive and negative maximum.  
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Figure 2-9: Stresses experienced by a point moving through a Hertzian stress field during rolling contact 

fatigue (note that the distances -0.87 and 0.87 are true for a point at depth z = 0.5b) 

Depth (z) Type of max stress 
intersected 

Stress values Stress range 
experienced 

0.5b Ⱳ▫ȟ□╪●    

Ⱳ▫ȟ□╪● 

Ȣ ╟ □╪●    

 Ȣ ╟ □╪● 
Ȣ ╟□╪● 

0.78b Ⱳ□╪● Ȣ ╟□╪● Ȣ ╟□╪● 

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

2.1.3.3. The influence of traction 

Up to this point, only pure rolling of the two bodies in contact has been considered. In reality, 

relative movement of the contacting surfaces along the x axis, known as sliding, is experienced 

to varying extents by every WTGB. REBs use traction in order to transfer mechanical forces 

between the raceways, via the rolling elements. Under such conditions, there is always a speed 

difference between rolling bodies (i.e., between inner raceway and rolling element and 

between outer raceway and rolling element), leading to slip occurring at the contacting 

surfaces. RCF is very sensitive to sliding and is accelerated by even very small slip levels [26]. 

The level of slip is usually described by the percentage difference of the two contacting surface 

velocities in the direction of rolling. The instantaneous slip percentage (sometimes presented 

as the slide to roll ratio in the literature) can be found using equation 2.8, where Ὗand Ὗ  

refer to the surface velocities of the two bodies experiencing sliding, rolling contact conditions. 
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ὛϷ ςππ          (2.8) 

During WT operation, WTGBs experience varying levels of slip from moderate to extreme. A 

study on a spherical REB supporting an intermediate shaft in a WTG found that continuous slip 

levels of 3-10 % [35] were present due to the geometry of the contacting ball and raceway 

[36]. During transient events, extreme slip levels between 20-110 % [35] 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 higher on high speed, 

low load supporting bearings, such as the high speed shaft (HSS) bearings, than on lower 

speed, high load supporting bearings, such as the low speed shaft (LSS) bearings [37]. 

Under high surface traction, cracks may form at surface irregularities, including asperities, 

cracks and dents. Local stress concentrations at these defects initiate the cracks, which 

propagate at shallow angles (around 15-30o from the surface). After the cracks reach a critical 

length, they branch back to the surface, isolating a piece of material, which spalls away from 

the surface, leaving a pit [23]. If the contact stress during shakedown is above the fatigue limit 

(see Figure 2-6) surface material accumulates deformation by the process of ratcheting, which 

gradually exhausts the ductility of the material, leading to rolling contact fatigue [38]. 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 in Figure 2-10. Since these cracks are driven towards the oil film, 

pressurized lubricant is forced into the cracks [38]. 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 loading [39]. 

Figure 2-10 also illustrates why the direction of the resulting traction force, Ὂ, between the 

contacting bodies is vital. Ὂ acts in the opposite direction to surface motion on the surface of 

the faster body and in the same direction as surface motion in the slower. The result is that Ὂ 

tends to pull open RCF cracks on the slower body and push them closed on the faster body. 

The tensile force is more damaging to the cracks than the compressive force, meaning that RCF 

life is reduced on the slower rotating body, despite the fact that it will experience a slightly 

lower number of stress cycles [19].  Figure 2-10 is true for two rotating bodies of equal radius, 

if the bodies have different radii, the surface velocities must be considered, where the faster 

surface represents Ὗ , and the slower Ὗ. 
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Figure 2-10: Effect of traction force (FT) on cracks, where ╤  = top body velocity and ╤ = bottom body 

velocity. 

The traction force, calculated using equation 2.9 is dependent on the product of the contact 

area ὃ (m2), the dynamic viscosity – (Pa.s), and velocity difference between the surfaces ЎὟ 

(m/s2), divided by the lubricant film thickness Ὤ (discussed in 2.1.6) [19]: 

Ὂ
Ў

          (2.9) 

When sliding occurs, traction between the roller and raceway surface causes the shape of the 

subsurface stress field to change and the locations of  †  and „ȟ , to move towards the 

surface, an arbitrary example of which is shown in Figure 2-11. The extent to which this occurs 

depends on the traction coefficient, ‘ , defined by equation 2.10, where Ὂ is the traction 

force acting between the two surfaces and ὡ is the contact load, acting perpendicular to the 

traction force. This shifting effect is displayed on †  is shown in Figure 2-11a and on „ in 

Figure 2-11b. When the traction coefficient reaches a critical level, „ȟ  reaches the surface 

and a condition of pure sliding is reached [23].  

‘           (2.10)  

    
Figure 2-11: The effects of surface traction (acting left to right) on the subsurface stress field: a) contours of 

arbitrary unidirectional stress b) effect of surface traction on von Mises stress 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 levels of slip, 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 reduces [19]. This peak occurs at a value of approximately 

Ὓ ρπϷ [19] as shown in Figure 2-12. A friction coefficient is also referred to in the literature 

ŀƴŘ ǘƘǊƻǳƎƘƻǳǘ ǘƘƛǎ ǘƘŜǎƛǎΦ CǊƛŎǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘǎ ŀǊŜ ŜƛǘƘŜǊ άǎǘŀǘƛŎέΣ ŘŜŦƛƴŜŘ ŦƻǊ ƛƴƛǘƛŀƭƭȅ 

stationary surfaces, with no relative 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 surfaces [19]. A situation known as stick-slip 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 (slip). Stick-slip 

is dependent upon the dynamic characteristics of the system and how the friction coefficient 

changes at low speeds [19].  

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

2.1.4. Bearing life rating 

Eventually, if not by a different cause of failure, all bearings in operation will fail by spalling 

[40]. However, current failure-by-fatigue models do not explain why WTGB are failing well 

before their design lifetime. The ὒ  rating life, which was developed by Lundberg and 

Palmgren [41, 42] and is used in current rolling element bearing design standards [40], is 

defined as: ΨǘƘŜ ƭƛŦŜ όƛƴ ǘŜǊƳǎ ƻŦ Ƴƛƭƭƛƻƴǎ ƻŦ ǊŜǾƻƭǳǘƛƻƴǎύ ŀǘ ǿƘƛŎƘ мл % of the sample would be 

ŜȄǇŜŎǘŜŘ ǘƻ ŦŀƛƭΩ. In other words, after a batch of bearings have been running for a period equal 

to the ὒ  rating life, 90 % could be expected to show no signs of surface spalling and 10 % 

would have failed; where failure is defined as the first sign of surface spall. The method is 

based on the theory that the maximum orthogonal shear stress †, is representative of the 

failure causing stress, since parallel-to-surface subsurface cracks were found, which means 

Ὓ ͯ ρπϷ 
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they propagated in the direction that † acts [43]. The failure-by-fatigue ὒ  rating life 

equations for radial bearings (2.10) and for axial bearings (2.11) are displayed below:  

ὒ ρπ          (2.10) 

ὒ ρπ          (2.11) 

Where the ὒ  life is measured in revolutions; ὅ and ὅ are the basic dynamic load ratings in 

Newtons for radial and axial loads respectively and represent an applicable constant load 

where the bearing will achieve an ὒ  rating life of 106 revolutions; ὖ and ὖ are the 

equivalent dynamic loads in Newtons for radial and axial loads respectively and is a 

hypothetical constant magnitude load that takes into account off-axis loading; the factor ὲ is 

the load life exponent, which is ὲ ρπȾσ for roller bearings and ὲ σ for ball bearings [40]. 

Modifications to the basic rating life are listed in standards ISO 281:2007 [40] and ISO 

16281:2008 [44], which take into account the inner geometry of the bearing, misalignment 

and/or tilting, internal clearance, edge stresses, lubrication conditions and 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, it has become clear that the life 

rating method is not appropriate for use with WTGBs, since they commonly fail within 20 % of 

their ὒ  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 GPa [48]. Under such conditions, near-surface strain induced microstructural changes 

known as dark etching bands and white etching bands (described in section 2.3.3) take place 

[49]. WTGBs are much larger than those used by Lundberg and Palmgren and are designed to 

operate at much lower contact pressures as shown in Table 2-2. Under such conditions, these 

microstructural changes are not observed [48] and hence the applicability of the use of the 

ὒ  life rating for predicting the lifetime of WTGBs is put into question. At these lower contact 

stresses, it is now widely accepted that sub-surface failure-by-fatigue is initiated at internal 

flaws in the bearing steel; principally non-metallic inclusions [48, 50, 51, 52, 53, 54, 55, 56], 

which are discussed in detail in sections 2.2.4 and 2.2.5. Neither material cleanliness nor 

material structure is modelled by the ὒ  approach [48]. 

Another problem with the ὒ  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 REBs [56], 

particularly in the transient conditions experienced by WTGBs. Furthermore, these transient 

events are not properly modelled by the ὒ  method, since the dynamic equivalent load does 

not take into account short term impact events that have been cited to occur in WTGBs [10, 

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 requires a higher stress than crack 

propagation [48]. For example, if a bearing was exposed to high enough contact stresses to 

cause subsurface microcrack initiation and then exposed to a period 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 discussed in Section 

2.5.5.2. Finally, since the theory is based on the assumption that the failure is associated with a 

single stress †, it neglects to consider the wider effects of the subsurface stress distribution 

(discussed in Sections 2.1.3.1 and 2.1.3.2) [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 bearings. This section does 

not discuss failure modes relating to a white etching microstructural change that is thought to 

be the main cause of premature failure in WTGBs [12], which is discussed in detail in section 

2.3. Although the following failure modes are discussed independently, it is important to 

consider that they may all contribute in some way to the white etching microstructural change 

so may have cumulative effects. The failure modes covered in this section have been found to 

occur in a wide range of bearings, and there is a great deal of field experience from observing 

the resulting failures. A detailed analysis of bearing failure modes from Svenska 

Kullagerfabriken AB (SKF) field experience is provided in Appendix A, which was compiled from 

information in [58]. 

2.1.5.1. Fatigue 

Failure by fatigue is visible by flaking of material particles from the surface of bearing raceways 

or rollers. The fatigue process has been described in section 2.1.3 and can occur both on the 

surface or within the subsurface of a bearing component. Subsurface failure due to rolling 

contact fatigue is thought to be the main cause of premature failure and results from the 

initiation of microcracks, often at inclusions or other material defects, and at features known 

as butterflies (which are described in detail in Section 2.3.1). These microcracks may propagate 

to the surface leading to the flaking away of material [57].  

Surface initiated fatigue most commonly occurs when the combined surface roughness of the 

rolling elements and the raceway is greater than the lubricant film thickness, meaning that 

boundary lubrication conditions prevail (discussed further in 2.1.6). This may lead to 

microcrack initiation at surface asperities and/or micropitting, which appears as grey spots, 

giving the material a matte appearance [59]. This failure mode is typically associated with 

tangential shear stress caused by rolling-sliding contact [9]. Micropitting causes problems in 

bearings because it changes the geometry of the rollers and raceways. The altered geometry 

increases internal clearance and results in edge stresses that ultimately propagate the damage 
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to the macro level, before bearing failure eventually occurs. Possible contributions to this 

failure mode are: widely varying loads, rapid accelerations and high levels of vibration [59]. 

Contamination by water may also be a contributing factor [60]. Micropitting, reduces 

tolerances, creates noise and may lead to other issues such as gear tooth bending fatigue and 

macropitting [61]. Indentations in the raceway surface may lead to surface initiated fatigue 

and can be caused by contaminant particles or handling [57]. 

2.1.5.2. Wear 

Wear occurs in REBs due to contacting asperities, resulting in the removal of material from the 

roller and raceway surfaces and occurs due to both adhesive and abrasive processes. Abrasive 

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, resulting in eventual failure. Adhesive 

wear or smearing of the roller and raceway surfaces is caused by slipping or skidding of the 

rolling elements on the raceways. Slip occurs frequently during WTGB operation [9] due to 

torque reversals [10], acceleration and deceleration of the drivetrain, misalignment, roller 

profiling [56], entry and exit of rolling elements in and out of the loaded zone [20] and 

transient loading conditions [12]. As previously mentioned, the problem is more likely to occur 

in high speed, and comparatively low load supporting bearings [59], for example 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 raceway, leading to a breakdown of the 

lubricant layer and bouncing and skidding of the rollers on both raceways [59]. Skidding causes 

localised frictional heating at the surface, where the lubricant film thickness is inadequate [9]. 

Under such conditions, the roller is dragged across the surface of the raceway, leading to 

adhesive wear (smearing) [59]. 

This failure mode is commonly observed in the field [9] and arises because rolling 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 lubricant.  As the rollers move in and out of the loaded zone of the 

bearing, friction levels between them and the raceways change, leading to unbalance at the 

boundary between the unloaded and loaded zone [15]. Across this boundary, the rollers may 

not obtain their correct speed and slipping will occur [59]. Maximum damage occurs just after 

entry into the loaded zone when the levels of sliding increase roller sliding [15]. Conflicting 

design needs provide a significant design challenge [10] since large roller size increases sliding 

risk, but large rollers have a higher load carrying capacity. 

2.1.5.3. Corrosion 

Defined as a chemical reaction on metal surfaces, corrosion may occur in bearings due 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 surface [57]. Another form is tribocorrosion, which is 

frictional corrosion 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 surfaces [57]. This cause of bearing damage begins with an 

incubation period, known as false brinelling, during which the wear mechanism is mild 

adhesion and wear debris is magnetite (iron oxide Fe3O4) [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 corrosion [15]. 

Tribocorrosion can occur when bearings are stationary and are exposed to structure-borne 

vibrations caused by wind loading or the control system. Under these conditions, lubricant is 

squeezed out from the contact between 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 surface is penetrated, 

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 exposed to the atmosphere. 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 contact points [58]. 

2.1.5.4. Electrical erosion 

Electrical erosion causes the removal of material from the roller and raceway surfaces due to 

the passage of electrical current. Excessive voltage may cause sparking between rolling 

elements and raceway surfaces due to inadequate insulation, leading to melting and welding 

of the contact areas [57]. 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 discussed in Section 2.3.5.4. 

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 layer [57] or due to asperity 

contact if the surface roughness exceeds the thickness of the lubricant layer [12]. Sources of 

high contact loading during WT operation have been previously discussed. Additionally, 

inappropriate handling during transport or assembly may also lead to plastic deformation [57], 

damaging the bearing before it has been used. 

2.1.5.6. Cracking 

Cracking may occur if the bearing steel is exposed to stresses during surface contact, higher 

that its ultimate tensile strength (UTS). When a crack propagates to the point that the 
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component entirely separates, fracture occurs [57]. The UTS may be exceeded at relatively low 

contact loads due to stress raisers such as inclusions or voids in the material (discussed further 

in section 2.2.4). Cracking may also be opened due to surface traction during sliding motion. 

Crack initiation and propagation is discussed further in section 2.3. 

2.1.6. Bearing lubrication 

The thickness of the lubricant film that separates two surfaces 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 lubrication regimes, which are 

identified ōȅ ǘƘŜ άƭŀƳōŘŀ Ǌŀǘƛƻέ ‗, a ratio of the film thickness divided by the composite 

surface roughness of the two surfaces that are separated by the fluid film [19] where Ὤ is the 

minimum film thickness (m), Ὑ  is the root mean squared (RMS) roughness of the first body in 

contact (m) and Ὑ  is the RMS roughness of the second body in contact (m): 

‗           (2.12) 

The thickness of the film is dependent on the relative speed of the separated surfaces, the 

contact pressure and the viscosity of the lubricating fluid [19]. Once film thickness and surface 

roughness is known, the lambda ratio can be used to determine the lubrication regime, 

summarised by the Stribeck curve shown in Figure 2-13 and classified as follows: 

- Boundary lubrication ‗ ρ occurs when the fluid film is a similar thickness, or less than, 

the value of the composite surface roughness. There are a large number 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 lubricant [19].  

- Mixed (or partial) lubrication ρͯ ‗ ρȢυ 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 there are fewer asperity contacts 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 asperities [19].  

- Elastohydrodynamic lubrication ρͯȢυ ‗ σ is a special form of hydrodynamic 

lubrication that occurs in highly loaded non-conformal contacts. Full separation of the 

surfaces is possible due to a combination of three effects: hydrodynamics, elastic 

deformation of the metal surfaces and the increase in viscosity of the oil under extreme 

pressures. An extremely thin lubricant film is formed (0.1 to 1 µm), which separates the 

surfaces and leads to very low levels of friction and wear [19]. As shown in Figure 2-13, 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 EHL is the desired lubrication regime for non-

conformal contact in bearing operation. 

- Hydrodynamic lubrication ‗ σ 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 drag [19]. 

 

 
Figure 2-13: Stribeck curve illustrating lubrication regimes (not to scale). ◊ indicates the direction of the 

movement. 

Since lubrication is provided to all WTGBs by the same oil and consequently the same viscosity 

lubricant, it is not possible to obtain optimum EHL conditions for all bearings in the gearbox at 

all times. Bearings operate at different speeds depending on: their location in the gearbox (see 

Table 2-1); the operating condition (start-up, normal operation etc.); and the speed of the 

wind. As a result, during start-up and shut-down, all bearings in the gearbox will experience 

boundary and mixed lubrication, leading to asperity contact and relatively 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 speed shaft bearings and planetary bearings, will 

remain in boundary or mixed lubrication [23]. 

The mechanism of EHL is displayed in Figure 2-14. Relative motion between the surfaces 

modifies the ellipsoidal Hertzian pressure distribution, with lower hydrodynamic pressure at 

the entry and exit regions caused by a slight increase in the size of the contact area. The 

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 at this constriction that the minimum 

film thickness Ὤ is found [19].  

 

Figure 2-14: Elastohydrodynamic pressure distribution showing contact geometry with comparison to 

Hertzian and Grubin pressure distributions; ▐╬ is the central film thickness and ▐  is the minimum film 

thickness. Adapted from [19]. 

An earlier model developed by Grubin [62], which is also shown in Figure 2-14 approximates 

the pressure distribution as Hertzian, but with pressure drops at the inlet and outlet. This 

theory has been superseded by the EHL 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 simplification is to ignore the EHL end constriction. Since the contact 

pressures at entry and exit are low in comparison to ὖ , Hertzian theory can be used as an 

approximation of EHL contacts where traction is present instead of complex alternative models 

[19]. This simplification is used throughout this study. 

It is important to be aware of the influence of slip since it is often cited as being essential for 

the creation of WECs [23]. This may be related primarily to the shifting of the subsurface stress 

field as depicted in Figure 2-11, however the direct effects of slip on the lubricant film may also 

be relevant. Slip causes the lubricant layer to shear and consequently heats the lubricant, 

reducing its viscosity and consequently the film thickness [63, 64]. It should be noted that this 

does not necessarily mean that high slip means a high shearing effect on the roller and 
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raceway surfaces, since it is the coefficient of traction ‘  that determines the level of the force 

due to surface traction Ὂ [23]. 

2.2. Bearing steel 

Most wind turbine bearings are made from through-hardened steel with carbon 

concentrations in the range 0.8-1.1 weight percentage (wt%) [26] and with less than 5 wt% 

total alloying elements [23]. The most commonly used grade of steel used to manufacture 

WTGBs is DIN 100Cr6 (usually written 100Cr6), which has equivalent grades: AISI 52100 (also 

written 52100), EN31 and JIS-SUJ2. Other grades that are used to manufacture WTGBs include 

100CrMn6 and 100CrMo7 [23]. Through-hardened 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 100Cr6 [65] and 100CrMo7-3 [66] bearing steels, which were 

used for testing in the work described in Chapters 6 and 7 respectively, are given in Table 2-4, 

and their physical properties, in  Table 2-5. These steels are generally provided by 

manufacturers in a hot rolled condition [26], with a pearlitic microstructure as shown in Figure 

2-15a. 

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

100Cr6 
0.93-
1.05 

0.15-
0.35 

0.25-
0.45 

0.025 
max 

0.015 
max 

1.35-
1.60 

0.10 
max 

Balance 

100CrMo7-3 
0.93-
1.05 

0.15-
0.35 

0.25-
0.45 

0.025 
max 

0.015 
max 

1.65-
1.95 

0.15-
0.30 

Balance 

Table 2-4: Chemical composition (wt%)  of commonly used bearing steels [8, 67] 

Steel grade Ultimate tensile 
strength  
(MPa) 

Yield strength 
(MPa) 

Elastic 
modulus* 

(GPa) 

Poisson's 
ratio*  

100Cr6 2150 - 2450 1400 - 2200 190-210 0.3 

100CrMo7-3 2300 1700 210 0.3 

 Table 2-5: Physical properties of commonly used bearing steels, *typical values [22, 26, 66] 

2.2.1. Shaping into bearing rings 

There are a number of methods used to shape the steel into ring shaped bearing raceways and 

the method used influences inclusion orientation, which affects stress concentration under 

loading and residual stress fields developed during manufacture. The effects of inclusion 

orientation are investigated in detail in Chapter 5. Bearing raceways are shaped into rings 

before heat treatment, after which the surface is precision ground to a surface roughness, Ὑ  

of around 0.1 µm (value measured from an unused planetary WTGB raceway using the 

profilometer discussed in Section 4.2.3). The shaping process of the raw material, that is 

supplied as a bar or tube, is either by deformation of the material by forging (compressive 

blows used to shape material) or rolling (material is squeezed between two rollers), or by 

removal of the material by turning [68].  
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2.2.2. Heat treatment and resulting microstructure 

The though-hardening heat treatment of bearing steel takes place over three stages: 

austenitisation, quenching, and then tempering. The steel is held at austenitisation 

temperature for around 30 minutes, which is typically at around 840 oC. During austenitisation, 

the steel structure changes from a body-centred-cubic (BCC) ferrite structure to face-centred-

cubic (FCC) austenite. Cementite is dissolved, with small percentages remaining, depending on 

the austenitisation temperature and time [26]. It is desirable for cementite levels to be low, 

since its presence has been shown to reduce RCF life [69]. Quenching is the rapid cooling of 

the steel from the austenitisation temperature and results in a hard, crystalline martenisitic 

structure, with typically around 6-15 volume percentage (vol%) retained austenite [70, 71, 72, 

73, 74] and 3-5 vol% uniformly distributed M3C carbides around 0.4-0.6 µm in size, that 

remained after austenitisation [22, 26], although these percentages can vary depending on the 

austenitisation and quenching processes [26]. The "M" in M3C 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 (Fe,Cr)3C [23, 75, 76, 77]. After quenching, 

the steel is held at around 160 °C in a process called tempering, which causes the 

decomposition of some of the retained austenite and the precipitation of a variety of temper 

carbides (also called Ů-carbides) [26]. Figure 2-15b shows the steel microstructure after heat 

treatment, using an image taken of the microstructure of the WTGB described in Chapter 5, 

prepared for metallurgical observation using the process discussed in section 4.1. The 

resulting, rather complex microstructure, contains martensite, retained austenite, ferrite, 

temper carbides and undissolved M3C carbides left over from austenitisation [23, 26]. This 

microstructure is examined in more detail in section 4.3.2. It has been claimed that if at least 

20% austenite remains after heat treatment, the bearing may be immune to the WEC failure 

mode [13]. However, a low level of retained austenite is desirable as it helps to keep the 

bearing raceway dimensionally stable [27]. 
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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 250-500 °C and holding the steel at this 

temperature using a molten salt bath [23]. After bainitic transformation has taken place, the 

steel may be cooled at a slower rate [78]. This process is called austempering and leads to a 

steel with a higher fracture strength, but a lower hardness [79]. 
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