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ABSTRACT 

  One reason behind the low rate of expansion of power production driven by wind is the 

premature failure of the Wind Turbine Gearbox Bearings (WTGBs). Unfortunately, the bearings 

fail within the first quarter of their designed life due to the unusual impacts they are subjected to 

in the production and operation processes. Despite the massive studies on fatigue damage in wind 

turbine gearbox bearings, their leading causes of failure remain unclear. The damage initiates as 

subsurface microcracks, then propagates to a macro scale and reaches the contact surface causing 

premature failure. Accordingly, by applying a set of experimental and simulation investigations, 

this research studies the microcracks in the early initiation stage (of lengths up to 15 µm) that 

significantly affect the bearing damage trigger. 

The experimental investigations were performed on damaged samples referring to a failed inner 

race of a Double Roller Cylindrical Bearing (DRCB) taken from a planetary gearbox of a 2 MW 

wind turbine. The overall detected cracks (1,447) were classified based on their lengths, depths, 

inclinations, and whether or not they were associated with non-metallic inclusions (NMIs). To 

study the effect of the NMI’s size on the occurrence of bearing damage, the aspect ratios of the 

cracked NMIs’ were categorized into three levels: (1-2), (2-3), and greater than 3. 

The behavior of NMIs regarding crack initiation has been studied in terms of the following 

indicators: subsurface stress distribution, the percentage of cracks associated with them, and the 

frequency of their aspect ratio.  A Finite Element Analysis (FEA) was also conducted in this study 

to determine the stress concentration at the inclusion tips, which was found to be around 250 MPa, 

confirming that NMIs have a role in the bearings' damage. The statistical results showed that only 

about 15% of the overall investigated cracks were not associated with inclusions. As well, the most 

cracked inclusions were observed with low aspect ratios (1-2). The two later results underestimate 

the role of the NMIs and their sizes in crack initiation. The microscopic investigations showed that 

the bearing steel matrix was saturated with hard carbide particles, which may compress voids (as 

they are soft objects), especially the contiguous ones and lead to initiating microcracks. The 

absence of WEAs and WECs has been reported, which may suggest that the carbide dissolution 

follows crack initiation rather than precedes it. The following parameters: maximum shear stress 
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(τmax), Von-Mises stress (σVM), and traction force were evaluated using the profiles of cracks' 

inclinations and cracks' densities with increasing the depth below the contact surface. It has been 

observed that the subsurface small microcracks (1-15 µm) tend to have an inclination angle of 45° 

with the tangent to the contact surface. This indicates the impact of maximum shear stress in the 

crack initiation. In contrast, the observation of crack inclinations exceeding 90° may indicate the 

probability of torque reversal due to harsh operating conditions in their initiation. The Hertzian 

contact model was introduced to simulate the increase in the traction force caused by the effect of 

the operating conditions. The simulated coefficient of friction (µ) is assumed to be (0.15) instead 

of the standard value (0.05). The results demonstrate that the maximum shear stress becomes 

shallower ahead of the rolling direction (RD) with increasing the traction force. The similarity 

between presenting the two profiles (σVM vs. depths) and (number of cracks vs. depths) also 

confirms the effect of Von-Mises stresses on the cracks’ initiation.  

The premature bearing failure may be caused by the inappropriate bearing type selection used in 

the wind turbine gearbox (WTG). As a result, the multiple criteria decision-making approach was 

applied using the Analytical Hierarchy Process (AHP) tool - Expert Choice software (EC). The 

main differentiation criteria are cost, durability, reliability, feature design, and availability. It has 

been concluded that single-row tapered roller bearing is the superior option compared to single-

row and double-row cylindrical bearings in wind turbine gearboxes. 

In general, the obtained results provided several specific recommendations for improving the 

following processes associated with WTGBs: designing, manufacturing, operation, monitoring, 

and maintenance. 
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1 
1. CHAPTER ONE: INTRODUCTION 

  Wind turbine energy is one of the essential renewable energies in terms of cost, cleanliness, 

reliability, security, and affordability. The Life Cycle Assessment (LCA) study of overall green 

energy generation confirms that CO2 emissions are the lowest in wind turbines compared to other 

power generation technologies [1]. At the same time, the increasing growth of the global economy 

has led to an increase in demand for energy and more emissions of greenhouse gases, causing 

many climate changes [2]. On the other hand, wind turbine units produce almost 20 times the 

energy used to build them, which is the highest range among the different renewable energy 

systems [3][4]. This advantage puts wind turbine technology in a favorable energy source position  

and indicates that it can bring significant economic and environmental benefits relative to other 

power generation systems [3]. In recent years, the growth rate of wind turbine (WT) units has 

decreased because of its high maintenance cost [5]. The cost of installing a WT unit is about 1.3–

2.2 million $/MW for onshore and 4.0–4.5 million $/MW for offshore [6]. The National 

Renewable Energy Laboratory (NREL) reported that 76% of the wind turbine gearboxes 

breakdowns refer to their bearings, as can be seen in section 1.1.2. For more details, see (S. Sheng) 

Ref. No. [7]. Wind Turbine Gearbox Bearings (WTGBs) fail within 1–5 years instead of  20 years 

(according to the bearing rating life L10)[8][9][10]. There is no decisive theory that explains the 

reason/s behind the bearing premature failure by cracking and flaking (removing material from the 

contact surface). Various evidence supports the claim that the cracks initiate at the tips of non-
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metallic inclusions in the subsurface of the bearing contact region[5][11][12][13]. Some failure 

modes also appear on the contact surface, such as pitting and indentations. However, other failure 

modes can be observed in the subsurface region, such as cracks and white etching areas. Bearing 

subsurface damage initiates as small microcracks, which propagate to a macro level, reaching the 

contact surface and causing flaking. During the crack propagation stage, the cracks change their 

direction. Consequently, studying the straight and small microcracks will give the crack initiation 

a clearer view. This study discussed the investigation results of simulation and experimental work 

of subsurface microcracks to indicate the most influential formations of the cracks and the effect 

of stresses that have the high probability of causing the premature failures in WTGBs. 

1.1 Justification of the research 

1.1.1 Importance of renewable energy 
  Since the first Arab oil embargo in 1973, there has been a significant focus on renewable 

energy. In 1997, the corporate world signed the Climate Agreement in Japan, according to which 

the major industrialized countries agreed to reduce greenhouse gas emissions and encourage 

various developments in the production of renewable energy. The gas crisis in Europe and the rise 

in energy prices worldwide resulting from the Russian war on Ukraine in 2022 could be an urgent 

motive for reviewing global policies supporting clean energy technology. For that, renewable 

energy could finally begin to gain ground in the electric power generation sector [14]. In addition 

to being nonrenewable, the prices of fossil fuels are highly volatile that press towards the expansion 

of renewable energy sources. Research priorities have shifted from conventional power sources to 

renewable ones considering rising modern concerns about the environment and climate. Many 

renewable technologies have been used in place of polluting fossil fuels for producing electricity, 

such as wind turbines, solar, geothermal, hydro, tidal, and biomass. The primary benefits of wind 

energy are its abundant supply and negligible impact on the environment [15]. Wind energy is less 

expensive and easier to build on a big scale than tidal and solar energy, which are both significantly 

more expensive [2]. According to the findings of a study conducted by the International Atomic 

Energy Agency (IAEA), the life cycle emissions of a wind turbine can range anywhere from 7 to 

22 tons of CO2 equivalent per gigawatt-hour (GWh) of electricity produced [1], as can be seen in 

Figure 1-1. Based on Energy Return on Investment (EROI) tool, each wind turbine unit generates 
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roughly twenty times the amount of energy that was required to build it [3]. In 2010, researchers 

at the University of Vermont compiled data from 119 wind farms. They found that, on average, 

each farm generates about 20 times as much energy as was expended to construct it, making it 

twice as efficient as coal, as can be seen in Figure 1-2. This gives wind technology an advantage 

over other energy sources and indicates that switching to wind energy could have significant 

financial and social benefits. Consistent improvements in wind energy technology will surely bring 

about additional decreases in the cost of producing energy [3]. The global wind power capacity 

reached 742.7 GW in 2020, with an additional 93 GW of newly installed units, as can be seen in 

Figures (1-3) & 1-4). 

 

 

Figure 1-1: CO2 emissions from renewable and nuclear electricity production systems  [1] 
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Figure 1-2: Energy Return on Investment (EROI) for various energy production technologies  [3] 

 

 

Figure 1-3: Total installed wind turbine units (%) up to 2020  (a) for  onshore, and (b)  for offshore [16] 
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Figure 1-4: New installed wind turbine units(%)  in 2020   (a) for onshore, and (b) for offshore [16] 

 

The European Union Commission has announced the publication of the "Renewable Energy Road 

Map." It suggested "the Energy Roadmap 2050," which proposed that wind energy might provide 

(31.6- 48.7) % of Europe's electrical needs [17][18][19]. Wind energy capacity around the world 

has been growing steadily over the past few years and is anticipating to continue its expansion. It 

has been planned that the annual wind installations should  increase dramatically to reach net zero 

by 2050 [16]. The Compound Annual Growth Rate (CAGR) is the Rate of Return (RoR) required 

to increase investment from its initial balance to its final balance, assuming profits are reinvested 

at the end of each period over the investment's lifetime, as can be seen in Figure 1-5. 
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Figure 1-5: New global wind power installations (GW) [16] 

1.1.2 Problem genesis 
  Wind turbines are subjected to severe surroundings conditions and operated under 

extreme variable loadings. Numerous wind turbine components are prone to breakdown and are 

both difficult and expensive to repair or replace. Turbines' tower heights, rotor diameters, and 

overall weights have nearly quadrupled in size and capacity. Newer, more powerful turbines with 

capacities of 8-12 MW are currently in the energy market [20][21]. Unfortunately, larger WTs are 

more prone to failures and need higher maintenance than smaller ones [22]. Larger turbines’ costs 

can be reduced if condition monitoring is implemented and increase turbine reliability [23][24]. 

On the other hand, the constructional complexity of the overall farm site are substantially 

decreased when fewer and larger turbines are utilized [24].  Offshore wind farms prefer giant wind 

turbines because of the high costs associated with building the turbines and transferring their 

generating power. These farms also benefit from the view of higher efficiency of more consistent 

and substantial wind speeds. Moreover, installing a few large WT units requires fewer towers and 

ground anchoring systems, making the entire process simpler than constructing many small ones 

[24]. The yearly revenue of WT power generation is directly related to how much power the wind 

turbines generate as demonstrated in Table 1-1. However, this is accompanied by an increase in 
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maintenance expenses, which raises the challenge of conducting the requisite research and 

technical work to reduce maintenance costs and boost returns. 

Table 1-1: Yearly revenue of wind turbine power generation [382] 

(A)Turbine 
size 

(MW) 

(1)(B) Revenue 
($/hour) 

(2)(C) Yearly revenue 
For 100% capacity ($) 

For 65% 
Capacity ($) 

For 50% 
Capacity ($) 

For 35% 
Capacity 

($) 

1 20 175,200 113,880 87,600 61,320 

2.5 50 438,000 284,700 219,000 153,300 

4 80 700,800 455,520 350,400 245,280 
(1) (B)=The average price of electricity is 0.02 $/kWh × (A) × 1000 (in Watt)  
(2)(C) Yearly revenue= (B)× (24) hour× (365) days × % capacity 

 

Bearings are crucial components of tribomachinery because they support loads and allow for 

rotation. They could need to keep running reliably under extreme conditions and massive static 

and cyclic loads. Bearings in large industrial gearboxes or drive train applications are often 

subjected to a wide range of operating conditions, such as those found in paper mill gearboxes, 

crusher mill gearboxes, lifting gear drives, and wind turbine gearboxes [8][25][26][27]. In WTs, 

the high cost of replacement, maintenance, and downtime makes caring for bearing reliability a 

higher priority than other parts.  It means that more research on bearings failure is still required to 

reach a satisfactory operational life level. 

Bearing failures in wind turbine gearboxes may occur earlier than expected. The failure starts on 

the contact surface of the bearing inner raceway. The surface initiation hypothesis states that cracks 

at the inner race surface might set in motion cracking that is later increased by external loading 

towards the subsurface. In comparison, the subsurface theory suggests that the damage may be 

caused by cracks introduced in the subsurface region from the weak locations, such as non-metallic 

inclusions and voids. There is not enough evidence to offer a definitive explanation for each 

hypothesis. When estimating the life of gearbox bearings, the manufacturers of WTGBs use the 

recommendations provided by Germanischer Lloyd (GL). The GL method estimates the bearing's 

remaining useful life based on the Rolling Contact Fatigue (RCF) analysis, which looked at the 

bearing's operation for 130,000 hours with a 10% chance of failure. Theoretically, the GL method 

postulated that WTGB will remain in operation for 20 years, however, it fails sooner (2–5) years 

during operating [28]. The premature failure of gearbox bearings results in a rise of the overall 
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energy costs due to the following indicators: turbine downtime, unscheduled maintenance, the 

replacement of the failed components, and the increase in warranty reserves. The average cost per 

failure in an offshore wind turbine gearbox as a significant replacement is about €230,000 (for 

materials only) [29]. The costs of operation and maintenance for wind turbines are expected to be 

more than twice as high as those for generating power using natural gas [30]. Even though the 

equipment's operation and maintenance costs are to some extent high, they are all considered long-

term investments that should continue to generate a profit over time [24]. Many scientific 

collaborations have been established to assess the reasons behind WTGBs’ failures such as the 

National Renewable Energy Laboratory (NREL). The latter reported that the most recent analysis 

of the distribution of damage reveals that WT bearings are responsible for 76% of the gearbox 

damage, gears are responsible for 17%, and the other systems are responsible for 7%, as can be 

seen in Figure 1-6 [7][31]. Kotzalas and Doll [32] postulated that over 60% of gearbox failures 

might be traced to bearings. On the same conceptualization note, Feng et al. [33] demonstrated 

that WT gearbox breakdowns begin in the bearings rather than in the gears themselves.  

The wind turbine gearbox (WTG) is a critical and expensive part of the drivetrain, accounting for 

13% of the overall WT cost [34]. The inner race of the planetary roller bearing is a stationary (non-

rotating) part. Hence, the applied radial load will concentrate only on one specific location and 

increase the damage occurrence likelihood [5]. As a result, the contact stress experienced by the 

inner ring increases for a given load. Inner rings are also typically installed on smaller shafts. The 

rings are heated to their expansion temperature during the construction and then slid onto the 

shafts. The rings' interference fit with the shaft is tightened as they cool, ensuring they will not 

come loose. A typical operation results in tensile hoop stress being superimposed on the contact 

stress in the bearing ring. When stress is applied, it works with the residual stress to accelerate 

fatigue damage [35]. WTGBs fail during one-fifth of their lifespan, however, the problem of 

WTGBs’ premature failure remains unsolved in the literature review. From what has been 

mentioned, it is clear that new analytical studies are still required to mitigate the real emerging 

threats against the growth of green energy technology. 
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Figure 1-6: Damage percentage of wind turbine gearbox components, according to NREL 2016 [7] 

1.2 Aims and objectives of work 

  This study aims to investigate the cracks’ initiation in the subsurface region of the WTGBs 

in the context of studying their premature failure. Several factors are to be investigated regarding 

bearing damage, such as maximum shear stress, Von-Mises stress, and traction force. Furthermore, 

non-metallic inclusions, voids, and carbides are nonhomogeneous objects in the bearing steel 

matrix that need to reveal their roles in crack initiation. On the other hand, using the optimum 

bearing type in the Planetary Wind Turbine Gearbox (PWTG) may be a likely solution to mitigate 

the problem impact. Figure 1-7 shows the thesis objectives and the experimental and simulation 

actions taken to meet them. The main objectives of this thesis can be summarized as follows: - 

1- To determine the threshold of crack’s length at which it starts to change direction using the 

experimental observations and the statistical work.  Microcracks (less than the threshold) with 

fixed directions help to study the initiation cracking stage, while large ones (more than the 

threshold) with variable directions are concerning to the propagation stage.  

2- To evaluate the role of non-metallic inclusions (NMIs) on crack initiation, the following 

indicators have been applied: 
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a. Subsurface stress distribution using the Finite Element Analysis (FEA) model to detect 

the stress concentration of NMIs. 

b. The percentage of cracks associated with inclusions to the total observed cracks of the 

investigated samples to evaluate the role of NMIs in the bearing premature failure. 

c. The effect of NMI's Aspect Ratio (AR = length/width) on inducing cracks to evaluate 

the NMIs’ sizes on the damage initiation. 

3- To study the varying roles of maximum shear stress (τmax), traction force, and Von-Mises stress 

(σvM) on crack initiation and propagation, as follows: - 

3.1 Maximum shear stress (τmax), using two indicators: - 

a. The convergence degree of cracks’ inclinations to τmax angle (±45°), 

b. The distribution of shear stress vs. depth, based on Hertzian contact analysis. 

c. Cracks’ density (number of cracks) distributed for each 100 µm of depth (starting from 

the contact surface up to 1000 µm). 

3.2 Traction force, using four indicators: - 

a. The convergence degree of the cracks’ inclinations to the contact surface angle (0°) 

close to the contact surface with traction, 

b. The distribution of shear stress vs. depth (based on Hertzian contact analysis), 

c. The distribution of Von-Mises stress (σvM) vs. depth (with changing the traction force 

magnitudes), 

d. Cracks’ distribution (mentioned in the item 2.1 c)   

3.3 Von-Mises stress (σvM), using two indicators: - 

a. The distribution of Von-Mises stress (σvM) vs. depth - with changing the traction force 

magnitudes (mentioned in the item 2.2 c), 

b. Cracks’ density vs. depth (mentioned in the item 2.2 d). 

4- To clear up WEAs, WECs, voids, and carbides’ roles in the crack initiation by analyzing the 

results of the microscopic investigation using optical and Scanning Electron Microscope 

(SEM).  

5- To verify the effect of WT operating events on damage initiation by analyzing the microcracks’ 

inclinations. 
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6- To select the most efficient WTGBs type by applying the Multiple Criteria Decision-Making 

(MCDM) approaches / (Analytical Hierarchy Process AHP) method / Expert Choice (EC) 

software tool. 

 

Figure 1-7: Theoretical and experimental works attaining the thesis objectives [the researcher] 

1.3 Scope of work 

  The following subtitles describe the most important features regarding the scope of this 

study: - 

Scientific Field of study: mechanical engineering, renewable energy, materials engineering, and 

production engineering.  
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Physical Part of Study:  

• System: 2MW onshore WT, 

• Main part: inner race of a planetary gearbox bearing (PGB), 

• Test samples: The specimens were taken from the more severe damage region of the inner 

race of a Double Row Cylindrical Bearing (DRCB), 

• Investigated zone – subsurface (mostly) and surface (rarely), as far as the subsurface layer 

analysis is concerned. 

Investigation modes: simulation and experimental works, as follows: 

1- Simulation Works: Several software applications have been used to make the required 

simulation and find the comparison results, as follows: - 

• Finite Element Analysis (FEA) with (ABAQUS) to investigate the influence of stress 

distribution for the subsurface contact region and the stress concentration around NMIs. 

• MATLAB programming to study the relationship of Von-Mises stress with depths, and 

maximum shear stress with the depth in case of exceeding the standard value of the 

coefficient of friction and contact stress. 

• Multiple Criteria Decision-Making MCDM approach, using Analytical Hierarchy Process 

AHP- Expert Choice software to select the most efficient bearing type.   

2- Experimental Works: 

• Apparatuses: wire erosion, linear saw, and grinding - polishing machines were used to 

prepare samples. The microscopic investigation used a Light-Reflection Microscope 

(LRM) and a scanning electron microscope (SEM). An X-Ray Diffraction (XRD) analyzer 

has been applied to reveal the material components of the mysterious regions. 

• Interrelationships data: The registered results were categorized statistically based on the 

following correlations: cracks’ numbers vs. depths, cracks’ inclinations vs. depths, cracks’ 

lengths, and whether or not the investigated cracks were associated with the NMIs. The 

inclusions were classified into three levels based on their aspect ratio (AR). The other 

observations indicate the start point of cracks, the damage behavior of voids and carbides, 

and the presence or absence of WEAs with WECs. 
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Limitations: 

1- Tapered type of WTGBs has been used recently in WT systems. Hence, the researcher could 

not provide a failed sample of that type to apply the study procedure and to compare the results 

due to confidentiality concerns. 

2- Large cracks (with lengths ˃15 µm) are multidirectional at the propagation stage, so their 

inclinations were neglected.  

1.4 Thesis outline and layout  

The thesis chapters are structured in a flow chart, as can be seen in Figure 1-8. Regardless 

of the introduction chapter that deals with the conceptual headlines of the research aims, its 

justification, problem genesis, aims, and objectives, the other chapters deal with many related 

theoretical, experimental, and deductive aspects of the research framework, as follows:   

Chapter 2 presents three research axes related to the literature review of the thesis topic. The first 

one gives an overview of knowledge about WT (as an energy source, components, operations, and 

monitoring system). In addition, it highlights the types and designs of bearings utilized in the Wind 

Turbine Gearbox (WTG) with a recapitulation of the load distribution. The metallurgical and 

manufacturing requirements of WTGBs steel materials, the impact of incorporating different 

chemical compositions, their heat treatment process, and grinding with the turning process make 

up the second research axis. The last headline one describes the fundamental and analytical 

theories concerned with bearing damage, such as rolling contact fatigue, Hertzian contact theory, 

and rating life prediction methods.  

Chapter 3 sheds light on the more specific topics regarding the microstructural alterations and 

failure modes of WTGBs. The most common surface and subsurface failure modes have been 

covered in the form of a (conditions-causes-solutions) triple review. Moreover, five patterns of 

damage features have been illustrated in this chapter as follows: White Etching Areas (WEAs), 

butterflies, White Etching Cracks (WECs), White Structural Flaking (WSF), and Dark Etching 

Regions (DERs). Nonmetallic inclusions and their surroundings in the bearing steel matrix were 

highlighted in terms of stress concentration, types, properties, and the related subject of steel 

cleanliness. 
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Chapter 4 displays the investigation work of this study. The simulation part reveals the stress 

distribution around non-metallic inclusions particles using ABAQUS and FEA. Samples of 

severely damaged bearings related to a 2MW wind turbine gearbox were investigated. The total 

observed (1,447) cracks were categorized based on lengths, numbers with depths, inclinations of 

the crack with the contact surface, and whether or not they were associated with NMIs. Another 

statistical work related to categorizing NMIs based on their Aspect Ratios (ARs). All experimental 

and simulation results have been analyzed and compared to each other to conclude several 

findings. The chapter focuses on the role of NMIs on crack damage initiation, voids, carbides, 

WEAs, WECs, Von-Mises stress, maximum shear stress, and traction force. Moreover, the 

presence of the cracks' inclinations has been discussed in correlation with the WT operating events. 

Chapter 5 sets out the structure of selecting the most efficient WTGBs type using the Multiple 

Criteria Decision-Making (MCDM) approach. The combined specific outputs obtained from both 

chapter 1 (the specific information of WTGBs types) and chapter 4 (the sudden transient loading 

in WT) formulate the input parameters of MCDM. In other words, this chapter applies theoretical 

information and investigation results to produce a partial proposal for choosing the best bearing 

type for planetary stage in the WTG. It demonstrates the effectiveness of using “Expert Choice” 

EC software to implement the Analytical Hierarchy Process (AHP) to select the most compromised 

solution among several alternatives based on many criteria and sub-criteria. However, three types 

of bearings are compared with each other considering many criteria, especially durability and 

reliability that match the diagnosis of the premature failure of WTGBs.  

Chapter 6 highlights the conclusions of the overall results and suggests several recommendations 

for future work. The propositions center on minimizing damage to WTGBs in the following 

bearings’ phases: design, manufacturing, operation, and maintenance. 
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Figure 1-8: Thesis structure of the main chapters [the researcher] 
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1.5 Key novelty and contributions to knowledge 

   The key novelty items of this thesis are listed below: - 

1- This is the first study to determine the threshold of crack length as 15 µm, after which the 

crack tends to change its orientation. Based on that, cracks can be categorized as small 

(microcracks) of lengths ˂15 µm to study the initiation stage and large cracks of lengths ≥ 

15 µm to study the propagation stage. 

2- Contrary to many hypotheses, this study provided evidence that underestimated the 

consideration of non-metallic inclusions and their sizes as priority causes of crack 

initiation.  

3- Highlighting other crack initiation triggers such as the soft area created by the contiguous 

voids and the hard carbides that compress these voids and non-metallic inclusions. 

4- Conducting a combined investigation of (Von-Mises stress, maximum shear stress) and 

traction force to find their differential roles in crack initiation, in terms of the indication of 

both cracks' distribution and inclinations vs. depth. 

5- Determining the single-row tapered roller bearing type as the most efficient compatible 

alternative for use in WTG in terms of several criteria, such as durability, reliability, cost, 

design features, and accessibility. 
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2 
2. CHAPTER TWO: LITERATURE REVIEW 

  This chapter presents the knowledge base of this thesis. It outlines an overview of wind 

power energy history and identifies the main parts of the WT unit. More elaboration has been 

included regarding the gearbox system and the most common bearings types used in it. The severe 

operating events imposed additional challenges to the fatigue resistance of the WTGBs, which 

have been presented in this chapter as (torque–time) operating profile and (loading-no loading) 

bearing zones. As the monitoring process of WT operation is effective in failure predicting, this 

chapter highlights two monitoring systems: Condition Monitoring System (CMS) and Supervisory 

Control and Data Acquisition (SCADA). WTGBs’ material varies in their chemical composition, 

which affects fatigue endurance. For that, this part introduces the most common steel grades of 

WTGBs and their related requirements in the casting and heat treatment process. The plastic 

deformation at the bearing contact surface is an entrance to the occurrence of the failure stage. It 

has a correlation with stress distribution. Accordingly, Rolling Contact Fatigue (RCF) and 

Hertzian Contact Theory with other related subtitles (such as lubrication, slipping, and bearing 

life) are presented in this chapter.  
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2.1 History of wind energy 

In 1887, the first significant power generation wind turbine of 12 kW was built in 

Cleveland, Ohio, and then by the end of World War I, Denmark had extensively used wind turbines 

of 25 kW. The creation of aircraft propellers and monoplane wings spurred American wind turbine 

development. Works in Denmark, France, Germany, and the United Kingdom (between 1935 and 

1970) showed that large-scale WTs could be used. Europe recovered from the destruction of World 

War II and continued to thrive. The Danish Gedser mill's 200 kW three-bladed upwind rotor WT 

(the rotor in front of the tower) operated as early as the 1960s. In the 1970s, Germany was home 

to a proliferation of cutting-edge horizontal-axis designs, including variations on the helix and the 

ring. An important turning point in wind energy development occurred during the 1973 oil crisis 

when the US government began investing extensively in wind energy research and development. 

As a result, between 1973 and 1986, the commercial WT industry changed from small-scale 

applications in homes and farms (1-25 kW) to large-scale, utility-connected wind farms (50-600 

kW). Incentives (such as federal investment and energy credits) granted by the United States 

government between 1981 and 1990 led to the construction of nearly 16,000 machines in 

California with outputs ranging from 20 to 350 kW (a total of 1.7 GW). Rising power prices and 

improved wind resource availability in the 1980s and 1990s created a small but constant market 

for wind farm developments in northern Europe. The first offshore wind farm with eleven 450 kW 

turbines was built off the coast of Denmark in 1991, launching the offshore wind industry. Europe 

is now the world's leader in offshore wind power since the industry has continued to develop this 

technology. Offshore wind farms may now use much larger turbines, ranging in size from 3.6 MW 

to 9.5 MW, with a 12 GW turbine just announced by General Electric. Initially, the cost of offshore 

wind production was prohibitive [36]. Nowadays, wind energy has shot to the forefront of 

international attention, attracting significant worldwide corporations [37]. Wind energy project 

success depends on the reliability of wind turbine systems. The low reliability reduces project 

income through increasing Operation and Maintenance (O&M) expenses and turbine downtime 

[38]. The Cost of Energy (CoE) is an essential indicator for evaluating energy projects. The O&M 

cost can make up 10–20 % of the total CoE related to a wind project [39]. 
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2.2 Main parts of wind turbine 

A wind turbine unit consists of four major parts: foundation or base, tower, rotor, and 

nacelle, as can be seen in Figure 2-2. The nacelle is mounted on a tower anchored to the ocean 

floor for offshore WT or to the earth for onshore WT by a (base) foundation. The typical WT has 

a rotor of three blades fixed onto a horizontal hub and connected to a planetary gearbox (GB) via 

a Low-Speed Shaft (LSS). The gearbox (GB) increases the rotational speed to be harmonic with 

the required frequency (50 or 60 Hz). A High-Speed Shaft (HSS) transmits the mechanical power 

from the gearbox to a generator that converts it into electrical energy. 

 

Figure 2-1: Main parts of a wind turbine unit- adapted from [40] 
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2.2.1 Foundation (base) 
The onshore turbines' base is hidden by soil and cannot be seen from the air. It's a massive, 

concrete block that should support the entire turbine and all the forces acting on it. Offshore wind 

turbines have a base submerged in the sea and are invisible. The base of offshore turbines that 

extend far into the ocean is free-floating, but it has a substantial enough mass to support the 

turbine's weight and all the forces acting on it, keeping the turbine in a vertical position. 

2.2.2 Tower 
Most modern turbines have a steel tower ranging in height from 75–110 m, depending on 

the turbine's size and location. The tower's diameter is typically 3 to 4 m. In recent years, a large 

WT has rotor diameters of 129 m [24]. The general criterion regarding the height of a turbine's 

tower is to match the diameter of the circle the blades create when rotating. Most of the time, the 

taller a turbine is, the stronger and more frequent the winds it should withstand. It is because wind 

speeds increase at higher altitudes since the wind does not blow at the same rate at various 

distances from the ground. 

2.2.3 Rotor 
The rotor is the part of the turbine that starts rotating. It consists of two main parts: blades 

and a hub. The rotor typically has three blades and is made of lightweight glass fiber-reinforced 

plastic [41]. The blades have a hub in the middle that holds them together. A turbine can have two, 

four, or even number more than three blades. However, the three-blade rotor offers the highest 

efficiency. The blades aren't solid; they're constructed of a composite material that allows them to 

be both lightweight and robust. The current tendency is toward making them bigger (to 

accommodate more power), lighter (to save weight), and stronger. The blades take the shape of an 

airfoil to maximize airflow, just like the wings of a plane. They are not flat but feature a twist from 

base to tip. The blades can spin up to 90° on their axes. The term "blade pitch" describes this 

rotation. The hub holds the blades in place, allowing them to rotate independently of the rest of 

the turbine body. Increasing the blade diameter increases the output power, considering the 

influence of other vital WT parts on power output, such as the gearbox and generator, as illustrated 

in Table 2-1 [42]. 
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Table 2-1: The rotor size of the largest commercial wind turbines nowadays [37] 

Company WT MW Rotor (m) 

Gamesa G128 4.5 128 

Enercon E-126 7.5 127 

Repower 6M 6.15 126 

Acciona AW-119/3000 3 119 

Sinovel SL3000/113 3 113 

Vestas V112 3 112 

Siemens SWT-3.6-107 3.6 107 

Nordex N100 2.5 100 

GE 2.5xl 2.5 100 

Suzlon S88 2.1 88 

 

The rate at which the wind blows can fluctuate at any time, even from one second to the next. 

Therefore, the output power of a turbine should be constantly changed to match the changing in 

wind conditions. Due to wind dying down and changing the wind directions, typical conversion 

rates are much lower, ranging from 30–40% for onshore wind turbines to 65–90% (or more 

significant in exceptional circumstances) for offshore wind turbines [24]. Pitch control involves 

changing the angle at which the blades spin, whereas yaw regulates the nacelle direction of the 

turbine to face the wind and getting more efficiency, as can be seen in Figure 2-2.  

 

Figure 2-2: Pitch & yaw adjustment in WT unit [43] 

Pitch control can keep WT blades at suitable angle for given maximum output power. The angle 

of attack (α) is determined by the blade's chord line and the wind's direction at which the blade is 
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set. While the critical angle of attack (αcritical), at which the air can no longer pass smoothly over 

the upper blade surface, as can be seen in Figure 2-3. A wind turbine's angle of attack can be 

increased by stalling it, exposing more of the blade's flat side to the wind. In contrast, furling 

reduces the angle of attack by turning the blade's edge in the direction of the wind to produce what 

has been called an "aerodynamic brake," i.e., reduces the torque on the turbine blades. Because the 

aerodynamic force on the blade is altered by adjusting the pitch angle, the output power can be 

controlled [43]. 

 

Figure 2-3: The angle of attack (α) and the critical angle of attack (αcritical) in WT blade [the researcher] 

 

Yaw is the horizontal rotation of the whole wind turbine. It keeps the turbine pointed directly 

towards the wind to increase the area of the rotor rotating and, hence, the turbine's output. Because 

wind direction can change rapidly, the turbine's blades may not always face the wind direction, 

resulting in reduction of the produced power. The nacelle is supported by bearings, that permits it 

to rotate freely by a feature known as "Yaw Drive". These bearings can take on wind stresses in 

addition to those caused by the nacelle and the rotor weights. To turn the nacelle, a power should 

be supplied via a yaw drive mechanism. It has an electric motor and a gearbox to reduce the yawing 

speed [44]. The bearings in the yawing gearbox should be designed with a reduced profile and a 

higher degree of stiffness to handle the moment loads generated by the pinion. The yaw drive's 

main shaft rides on a specially designed angular contact ball bearing. Deeper grooves on the 

raceway surfaces of the inner and outer rings enable the bearing to support a higher axial load. A 

sectional illustration of this specific angular contact ball bearing can be seen in Figure 2-4. This 

design can take on more axial load than standard angular contact ball bearings. 
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Figure 2-4: Schematic of angular contact ball bearing [44] 

2.2.4 Nacelle 
The nacelle is a housing located at the tower's top that holds all the necessary equipment 

for the turbine. It is a complex electromechanical system requiring a great deal of maintenance and 

care. In addition to the Low and High-Speed Shafts (LSS&HSS), the nacelle has two main parts: 

planetary gearbox, and generator. 

2.2.4.1 Gearbox 

The Wind Turbine Gearbox (WTGB) is an essential part of wind turbines since it is 

responsible for increasing the speed of the main shaft from its typical range of (15–35) rpm to 

(1500-1800) rpm with a total gear ratio of about 1:100, which is suitable for the generator [45]. The 

WTG works to increase the rotational speed at the tradeoff of torque. In contrast to many other 

applications, the WTG purpose is to reduce speed while increasing torque [46]. It has three stages: 

Low-Speed Stage (LSS), Intermediate-Speed Stage (ISS), and High-Speed Stage (HSS). The 

conventional WT gearbox has a planetary (epicyclical) gear in the input stage, as this type of gear 

can transmit high torques, large gear ratios can be achieved, and maintain a compact nacelle size 

[41]. In the planetary gearbox (PGB) type, the friction in the gear teeth and the roller bearings that 

normally used in this stage causes a portion of the transmitted power to be lost [47]. Three planets 

are typically used in the WTG planetary stage, but two planetary stages could be used in WT 

having capacities of greater than 3 MW [48]. The rotor's high input torque is split into three torques 

in the planetary stage, which builds up on the sun gear as the rotational speed increases [49]. Each 

planet gear is typically held in place by two planetary bearings. One of these bearings is known as 

the Up Wind (UW) bearing, and it is located on the side of the turbine hub. The other bearing, 

known as the Down Wind (DW) bearing locates next to the UW bearing and faces away from the 
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hub [49]. One planetary stage and two parallel stages make up the conventional gearbox 

configuration for a 2 MW unit. There are three shafts, each with one cylindrical roller bearing and 

two tapered roller bearings for shaft axial loads and guiding. Twenty bearings and nine gear wheels 

make up the gearbox, as can be seen in            (Appendices A 1&A 2) [50]. The main low-speed 

rotor shaft connects to the planet carrier that holds all the planet gears. The mesh of these planetary 

gears with the fixed annulus (non-rotating ring gear) forces them to revolve, as can be seen in 

Figure 2-5 [41]. The turbine's gearbox has proven to be a problematic part of the WT unit. The 

wind's energy fluctuates over time, making it impractical to rely on for any appreciable period. 

Accordingly, overloading and underloading conditions in WT would be present during the 

oscillating operating loads. Premature failure of planet bearings can be caused by overloading and 

underloading [51].  Because of the unpredictable nature of wind, it is constantly changing. This 

results in fatigue and failure of the gear teeth due to overload and hammering stress. As well the 

planet bearings can become misaligned multiple times over the course of a single rotation [8]. 

 

Figure 2-5: Schematic of  a Planetary gearbox of 2MW wind turbine – adapted from [50][52] 
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Factors affecting Torque and load of WTGs 

Even though WTGs use state-of-the-art design methods, they operate under more stress 

than expected. A steady start to WTG operation affects the torque and load by several variables, 

as follows: 

1- Wind speed and direction (wind gust) [53][54], 

2- Gearbox design (rotational speed and number of stages) [53][54], 

3- Number of bearing rows [55], 

4- Bearing tolerances [55],  

5- Load differences between UW and DW [56][57], 

6- The gearbox mounting system (two, three, or four points) [53][54]. 

In the case of a shutdown, the maximum torque exceeded the recommended threshold, although 

the torque was within the acceptable range in regular operation [53][58]. Wind gusts and other 

operating events, including start-up, shutdown, grid loss, generator engagement/disengagement, 

and braking subject the WTG to various loading conditions while the turbine is running, as can be 

seen in Figure 2-6. After several braking cycles, it is possible to observe torque variations and 

torque reversal, which cause transient and impact loadings on the gearbox shafts and transmit to 

the gearbox bearings [59]. As torque and the rotating speed change, the bearing loading zone shifts, 

resulting in increasing the sliding during the over-loading cycle [8]. Accordingly, misalignment 

and impact loading can lead to excessive stress in gears and bearings contact areas [60]. Transient 

operating conditions and loading levels in WTGBs are unpredictable since the wind speed at which 

an event can take place considerably affects these loading levels. As a result, these loads are not 

considered by the designers during the bearing design and the bearing selection stage [60][61]. 
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Figure 2-6: Transient loading of operating events in a 750 kW - WT system [62] 

 

When a WT begins to rotate, the turbine generator is disconnected and remains so until the turbine 

reaches its steady state speed. This scenario is called a "no-loading" procedure [63]. The gravity 

of the drivetrain components, the rotational speed at start-up, and the gearbox's supporting 

structure are significantly impact the dynamic loadings that are applied to the wind turbines 

components [54]. An abrupt increase in loading occurs as the turbine generator is connected to the 

power grid. Because of this, a severe loading state can be produced for several transient loading 

cycles (impact). Eventually, the WT will resume its previous state of constant operation. The time 

is unknown for which the abrupt shift in the drivetrain loading level because it depends on the 

turbine's rotation and the wind speed [64]. On the bearing inner race, two distinct zones can be 

recognized depending on the direction of the loading bearing: loading and no loading zones, as 

can be seen in Figure 2-7. When a roller enters the bearing loading zone, it is immediately 

subjected to a high-stress level due to the misalignment (skewing of the roller rotation axis). For 

example, misalignment in a 1.5 MW gearbox can result in a bearing contact pressure of more than 

3 GPa which exceeds the yield stress of the bearing material [65]. 
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Figure 2-7: Loading and no loading zones in bearing [66] 

 

2.2.4.2 Generator 

The generator is responsible for transforming the mechanical energy of the rotor that has 

been harvested from the wind into electrical power. All power generation uses a three-phase 

alternate current at the commercial production level. Unlike the turbine rotor, the generator rotor 

should rotate at a higher speed to match the electrical network's frequency, often 50 or 60 Hz. The 

standard rotational speed for most generators is 1500 rpm (for 50 Hz) or 1800 rpm (for 60 Hz). 

The generator capacity is measured by the apparent power unit KVA, while the real power unit is 

kW. The ratio of real to apparent power is the so-called “Power Factor” (PF). Generators with 

higher power factors transfer more energy to the connected load. In contrast, the opposite is true 

for generators with lower power factors, which has higher power costs. The typical power factor 

of a three-phase generator is ~ 0.8. The most common types of generators that have been used in 

WTs are as follows [65]: - 

1. Squirrel-Cage Induction Generator (SCIG), 

2. Permanent Magnet Synchronous Generator (PMSG), 

3. Doubly Fed Induction Generator (DFIG),  

4. Electrically Excited Synchronous Generator (EESG), and 

5. Wound Rotor Induction Generator (WRIG). 
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The generator associated with wind turbines, thus far, is the induction generator because a 

synchronous generator should turn at a tightly controlled constant speed (to maintain a constant 

frequency). Each generator has a specific operating function, as how it is connected/disconnected 

will likely affect the gearbox load and its bearings. 

2.3 Wind turbine’s power curve 

The wind turbine's power curve is displayed by its computer control system to adjust the 

produced power in terms of all the turbine unit components. The lift generated by the wind is 

sufficient to rotate the turbine blades once the wind speed reaches the cut-in wind speed (the 

minimum speed to produce power from the wind turbine, which is about 4.0 m/s). The turbine 

begins generating power, which grows in proportion to the wind's velocity. The turbine can reliably 

generate power (rated power) by maintaining a constant rotor speed. Hydraulic and aerodynamic 

brakes can prevent high winds from damaging WT components due to the cut-out wind speed (the 

maximum wind speed used to produce power, which is about 25 m/s), as seen in Figure 2-8. The 

rated wind speed at which the designed power of the WT can be achieved is called the "cut-off 

speed," which is about 16 m/s. Between the cut-off speed and the rated speed, the output power 

should be adjusted to the output power in a sufficient way. 

 

Figure 2-8: The power curve of Vestas V42 WT (600 kW) [67] 
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2.4 Wind turbine gearbox bearings WTGBs 

  Bearing is a mechanical component allows one component to rotate with another with 

minimal resistance. In other words, the bearing transmits the load while reducing friction between 

the moving parts of the loading machine [68]. Roller bearings have a higher loading capacity than 

ball bearings because of the greater contact area between the rolling element and the rings so it is 

utilized in WTGs. In general, two specific types of roller bearings are used WTs, as follows: - 

1- Cylindrical Roller Bearings (CRBs): They are used when a large radial load should be 

supported. High carbon alloy steel (EN31) is used for the inner and outer raceways and the 

rolling components. It is usually heat treated to have a hardness of ~700 HV, However, it 

is expected that the rollers should be harder than the other bearing parts due to concentrated 

loading on them. According to the number of rows of the rolling elements; CRBs also 

classified into a single row and double row bearings. The single row is the most common 

arrangement for a CRB, multiple-row arrangements are also possible and can significantly 

boost the bearing's capacity to support radial loads. Each bearing row consists of rollers 

spread around the bearing's circumference regularly by what called a cage. The cage, often 

made of brass or bronze, keeps the rollers from moving towards each other. In operation, 

one raceway is fixed, and the other is free to rotate (connected to the shaft) [41]. Four 

primary parts make up a roller bearing: the outer race, inner race, rolling elements (rollers), 

and cage, as can be seen in Figure 2-9. The inner raceway is the driven part, typically 

connected to the shaft by an interference fit. All the elements and the inner and outer ring's 

contact surfaces have been precision polished to a relatively low grade of roughness. 

 

Figure 2-9: A double spherical roller bearing of a wind turbine gearbox [69] 
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With a little contact area at the bearing race, edge loading can significantly decrease the bearing's 

lifespan. Crowning the rollers is a standard procedure to avoid damage due to stress concentration 

at the roller edge and minimize the misalignment, as can be seen in Figure 2-10 [70].  

 

Figure 2-10: (a) fully crowned roller bearing, (b) partially crowned roller bearing  [70] 

 

2- Tapered Roller Bearings (TRBs): They can handle heavy loads in both directions (thrust 

and radial), in contrast to CRBs, which can only support moderate thrust loading, as can 

be seen in Figure 2-11 [19]. The inner track is called the cone, and the outer track is called 

the cup. Because there is an angular gap between the cone and the cup, a force component 

is generated that compresses the tapered rollers [66]. In terms of clearance and play design, 

TRBs are entirely deficient. The maximum angle at which the cone or the cup can be 

positioned is based on the required thrust load support. It is possible to alter the degree of 

this angle. TRBs are often installed in pairs, with either the bearings facing away from each 

other (known as back-to-back) or toward each other (known as face-to-face). The TRB 

bearing cage is typically made of a single piece that cannot be disassembled. 
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Figure 2-11: The acting forces generated by a tapered roller bearing [66]  

The bearings are subjected to challenging conditions because of the many stresses imposed during 

operation, such as friction, surface deformation, and wear. High loads and debris entrainment can 

cause excessive clearances in the bearings [71]. One of the most significant problems with roller 

bearings is stress concentration, which can be caused by a misalignment, debris, roller profile, 

bending of the shafts carried by the bearings, or skewing of the rollers. This type of stress can be 

introduced into the contact surfaces of the inner race quite frequently (misalignment of the roller 

rotating axis from the bearing rotation axis) [46]. The maximum damage usually observed in the 

loaded zone of the raceway because of slipping occurrence [30][46]. Moreover, the hardness of 

the inner race is relatively lower than the other parts. This is an essential factor in the raceway 

surface's severe wear when subjected to abrasive wear on three bodies (roller, inner race, and 

metallic debris) [72]. As the roller element enters the bearing loading zone, it is subjected to 

skewing load (deviation of roller centerline from the bearing centerline). This causes a severe 

loading condition affecting the contact surface and subsurface stresses. Furthermore, inclusions, 

voids, and defects, which are disadvantages of the material casting process, can also generate a 

subsurface stress concentration below the contact surface zone [71]. A significant issue for wind 

turbines is that bearings often fail within 5–20% of their expected lifespans [25]. A more 

significant price tag for wind energy results from unexpected repairs and premature gearbox 

bearing replacements. Several factors have been related to bearing degradation, such as corrosion, 

hydrogen, tensile stress, lack of lubrication, excessive load, and stray currents [25]. 
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2.5 WT monitoring systems  

2.5.1 Condition Monitoring Systems (CMS) 
Condition Monitoring Systems (CMS) have been introduced by many WT manufacturers. 

CMS analyzes many operational parameters of WT, such as wind speed, output power, the turbine 

rotational speed, vibration levels in the drive train, lubricant quality, and temperature [54]. The 

"add-ons," systems are optionally integrated into the basic WT installation [73]. However, this was 

done to protect the WT's drivetrain components from being severely damaged. WT monitoring is 

costly because of the high price of the necessary sensors and the large amount of data that should  

be acquired and processed [60][74][75]. Accordingly, CMS has not been widely implemented in 

wind turbines, despite the substantial losses caused by gearbox failures and the many works of 

literature showing bearing failure as the primary cause [41]. The feature information can be 

retrieved and uploaded to a cloud storage facility. When the feature data reaches the data center, it 

can be used to calculate and evaluate the dynamic reliability of wind turbines components in real-

time. However, it can use engineering models, hardware, and software equipment, which will 

drastically cut down the maintenance costs and boost the efficiency of the wind turbine’s functions.  

2.5.2 SCADA monitoring system 
Supervisory Control And Data Acquisition (SCADA) is a conventional condition 

monitoring system utilized in specific wind turbines [76]. It is the first extensively used monitoring 

system for wind turbines [41]. Typically, a wind farm's data from each turbine is transmitted to a 

control center for monitoring purposes. SCADA data can be processed to provide diagnostic and 

failure-predictive information [77]. The data recorded in the SCADA system performs the average 

calculations every 10 minutes to determine the wind speed, rotor, and generator speeds, as well as 

the generator's output power [73][78]. Most operating events take less time than the typical 

duration of SCADA, which is ten minutes. As a result, the data collected by SCADA are unaffected 

by of these events. On the other hand, the maximum, the minimum, and the standard deviation are 

frequently recorded. However, this data predicts when the bearings may fail. Thus, the gearbox 

maintenance can be scheduled. SCADA data quality is often compromised by lowering the number 

of parameters measured or the sample period due to the significant number of measurement 

channels and the resulting enormous data size [79]. Turbines may use different SCADA systems, 
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which could impede efforts to standardize data processing [80]. Despite these shortcomings, the 

SCADA system is an invaluable source of information regarding the operating and loading 

conditions of the drivetrain. Several methods can be used to utilize SCADA data for CMS of WTs, 

such as: trending, clustering, modeling normal behavior, modeling damage, assessing alarms and 

expert systems, and other applications [73]. Zhu and Li [15] illustrated that SCADA and CMS are 

separate systems but are not validated by each other. As a result, combining two test data sets 

based on SCADA and CMS is beneficial. With the same conceptional direction, Feng et al. [33] 

postulated that integrating the two systems is a future direction for the wind industry to monitor, 

diagnose, and forecast gearbox failure.  

2.6 Steel material of WTGBs  

Bearing steels require a good fatigue endurance against alternate shear stresses, resistance 

to wear, a high elastic limit to avoid excessive deformation during load, and adequate dimensional 

stability to withstand the thermomechanical loads subjected to in-service [8][19][81]. The most 

common steel grade used in manufacturing WTGBs is (100Cr6). It has the following equivalent 

grades referring to the American Iron and Steel Institute (AISI): 52100, EN31, & JIS-SUJ2). There 

are other grades that are used in the manufacturing of WTGBs, such as 100CrMo7 & 100CrMn6 

[45][46][71]. Bearing raceway and rolling parts commonly use the same steel with a few changes 

in steel hardness. Recent research shows that rolling elements should be twice harder the other 

components to reduce rolling contact fatigue life [29][82][83]. Bhadeshia [45] showed the 

similarity in the composition of the two common bearing steel types, AISI52100 and 100CrMn6 

with other more details about various bearing steel compositions as illustrated in Table 2-2 and 

Appendix B 1.   

Table 2-2: Chemical compositions of 100 Cr6 & AISI 52100 bearing steel [% weight] [45] 

Grade C Mn Si Cr Ni Cu S P 

100 Cr6  0.90-1.05 0.25-0.45 0.15-0.35 1.40-1.65 ≤0.30 ≤0.30 ≤0.025 0.03 

AISI 52100 0.95-1.1 0.20-0.50 ≤0.35 1.30-1.60 - ≤0.025 ≤0.025 - 
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Bearing steel can be rendered martensitic by quenching in oil or salt at a temperature where most 

of the material is austenite. The martensite is then tempered at a low temperature to balance 

characteristics in conflict. Typically, small bearings are through-hardened. It means the steels have 

sufficient hardenability to become martensitic throughout the bearing material depth. In contrast, 

the surface layer of big bearings should be carburized to form a martensitic case. Alternately, big 

bearings can be through-hardened by increasing the hardenability of the steel by adding more 

alloying elements in higher concentrations [45]. Because through-hardened steels have a lower 

overall cost than other treatments of bearing materials, they are an excellent choice for most 

bearing applications. Carbo-nitride and case-carburized steels are normally more expensive than 

through-hardened steels, but they are utilized in situations when the former is not an acceptable 

alternative [71]. When through-hardened steels include more than 0.8% carbon by weight but less 

than 5% carbon by weight of total alloying elements, these steels are categorized as being of the 

(hyper) eutectoid-type. Carburized bearings have low carbon, high nickel, high compressive 

residual strains, and more retained austenite. Errichello et al. [84] demonstrated that through-

hardened bearings are more likely to fail with axial cracks and WEA/WECs, but carburized 

bearings are not. However, they postulated that through-hardened bearings probably fail due to 

axial cracks, whereas carburized bearings fail due to macro-pitting. Eventually, they showed it is 

possible that carburized bearings with at least 20% residual austenite will be immune to irregular 

White Etching Areas (irWEAs) and will not have premature macro-pitting. 

2.6.1 Oxides content influence 
Oxides make up most of the oxygen in the solidified steel and are the primary cause of the 

damage-initiating processes when the steel is under fatigue loading. As a result, the oxygen 

concentration in current-bearing steels have to be controlled to less than 10 ppmw, unlike many 

other types of technology. In practice, the oxygen concentration can be measured with an accuracy 

of about ±1.5 ppmw [45][85]. 

2.6.2 Titanium content influence 
Titanium is not added to standard-bearing steel 52100. However, it exists in small amounts 

(about 0.0025 wt%), mostly from ferro-alloys (ferrochromium in particular) or scrap steel used in 

the steel-making process. It can be made when titanium oxide in the slag is broken down during 

making basic oxygen steel, especially when much aluminum is dissolved throughout the melting 
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process. In axially loaded or rotating-bending fatigue experiments, titanium carbides and 

carbonitrides have been recognized to initiate fatigue cracks. However, there is weak evidence in 

the context of rolling contact fatigue.  LIU Yue et al. [86] postulated that nitrogen concentration 

should  be kept below 10 ppmw to prevent the formation of titanium nitride. Moreover, the 

identical particle size and position of Ti(C, N) as oxides do not induce butterfly formation Justified 

by two possible reasons, as follows: 

1- The strength of the interface between the carbonitride and the matrix, or 

2- The particles are more resistant to fracture and, thus, are less effective at initiating cracks 

that propagate into the matrix. 

2.6.3 WTGBs material requirements 
  Many requirements may be described in the WTGBs steel composition and their 

manufacturing process, as follows:  

1- Strength and toughness properties: When chromium steel hardened with martensite heat 

treatment, it can achieve various engineering qualities. The same hardness values can be 

achieved by varying the austenitizing and tempering temperatures. The contour chart's 

hardness lines are demonstrated in Figure 2-12. Bearings with tiny, retained austenite 

content are required for dimensional stability, as can be seen in Figure 2-13. They cannot 

be austenitized at temperatures higher than those required for their high-tempering 

temperatures. It is important to understand these interrelationships, some of which 

contradict one another so that bearing performance characteristics can be optimized. 

Hardness alone will not maximize a rolling bearing's fatigue life. Between 58 and 65 HRC, 

hardness has minimal impact on durability. Fatigue resistance is most vital in high plastic 

deformation resistance materials. An alternative to cyclic yield strength for high-strength 

steels is the micro-strain yield limit, often known as elasticity. During the initial stages of 

fatigue, plastic deformation can occur. However, this can be avoided if the material has a 

high cycle strength. Plastic deformability shows how well a material can bend and stretch 

without breaking. Optimizations of the raw material, the heat treatment parameters, and the 

final properties of the bearing material are complicated because fatigue processes may 

occur in a messy, homogeneous material matrix. 
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Figure 2-12: Hardness vs. heat treatment for 100Cr6 steel [87] 

 

 

Figure 2-13: Retained austenite vs. heat treatment for 100Cr6 steel [87] 

 

2- Residual stress: This factor has a favorable impact on the component's strength and life 

expectancy. Local structural transformation and residual-stress pattern alterations occur 

when steel is over-rolled under contact stresses [88][89]. Tensile residual stress promotes 

crack initiation and propagation in the rolling contact body subsurface, while compressive 

residual stress reduces it [89]. According to A. Olver [90], hoop and tensile stresses can 
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cause vertical crack growth, but compressive residual stresses in the zone between 0 and 

0.5 mm below the contact surface could prevent crack propagation. 

3- Rolling bearings' dimension stability: If the components in rolling contact alter their 

dimensions while being used, any effort to reduce the amount of stress caused by the design 

or lubrication will be for naught. Numerous reasons, such as a weakened press fit, changed 

clearances or decreased preload, might lead to premature bearing failure. Because hardened 

rolling-bearing steel keeps both austenite and martensite, the change between the two 

phases can make the size of the material unstable. Because of temperature and time, volume 

growth is inhibited by increasing the martensite carbide precipitation and promoted by 

increased austenite retention. The combined result of these two operations completely 

changes the component's dimensions. Tensile stresses, which are produced, for instance, 

by a tight press fit on the shaft, help dimensions grow. In addition, compressive tensions 

force dimensional change in the direction of the absence of compressive stresses while 

stabilizing retained austenite. 

2.7 The manufacturing and heat treatment 

processes of WTGBs 

2.7.1 The heat treatment process of WTGBs 
  Austenitization, quenching, and tempering are the three processes should be applied 

throughout the manufacturing process for WTGBs steel as follows: 

1- Austenitization process: the plain carbon steel is heated to around 850 °C for approximately 

15 minutes. This causes the steel to transform from Body-Centered-Cubic (BCC) ferrite 

structure to a Face-Centered-Cubic (FCC) crystal structure in a solid solution, which results 

in the formation of austenite. Iron carbide (Fe3C) so-called “cementite”. This is dissolved 

for low levels as the high percentage has a negative effect on the bearing fatigue life.    

2- Quenching process: the material is rapidly quenched in water or oil baths to a temperature 

where martensite with a structure of Body-Centered Tetragonal (BCT), which forms in a 

supersaturated solid solution. At 723 °C, the carbon level is higher than the solubility limit 

in ferrite, which is 0.02 wt.%. In its current state, martensitic plain-carbon steel is extremely 
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hard, and brittle. Thus, its usefulness is constrained by its sensitivity toward minor material 

faults. 

3- Tempering process: it gives the material the required hardness and decreases brittleness. 

The already-quenched martensite is heated to precise temperatures during the tempering 

process and kept for predetermined period of time. Although it is common practice to 

separate the process into distinct temperature stages, it is vital to keep in mind that there is 

an overlap between the sequential stages that are physically adjacent to reach others 

[81][91]. 100Cr6 steel's microstructure is hardened and toughened by tempering at      180 

°C for 1-2 hours to has a hardness of (60 HRC). Through-hardened bearing steels like AISI 

52100 are typically tempered between 160 °C and 200 °C. Considering the oil flash 

temperature is higher, it should be higher than the maximum operating temperature      (90 

°C) [8][45][46][71]. 

2.7.2 Surface modification of 52100 steel 
Surface-modified bearings are frequently used in the automotive industry or for extremely 

large bearings having diameters greater than 3 meters when through-hardening is not an option 

[92]. 52100 steel undergoes laser treatment with a surface hardness of more than    1000 HV. When 

the laser conditions are applied, surface melting occurs, a mixture of ledeburite eutectic, significant 

amounts of retained austenite, and martensite are created. However, this mixture is not considered 

ideal in terms of rolling contact fatigue issue [93][94]. The addition of nitrogen to the surface of 

52100 steel increases its hardness and introduces compressive residual stress, which penetrates 

several micrometers [92][95]. The resistant behavior of friction and wear is changed when titanium 

is implanted to a depth of about 0.1 µm. Carburizing introduces compressive residual stress of 

about 200-300 MPa on the surface, which improves fatigue performance [92]. Despite the need 

for extensive grinding on the bearing surface following heat treatment, the typical hardening depth 

is less than 1 mm. 

2.7.3 Grinding vs. turning 
Grinding is more efficient than hard turning in capital investment, output, and pollution 

reduction. It may create a wider variety of high-precision components with superior surface 

integrity, such as ball bearings and gears. Despite having many advantages over the more 

expensive grinding method, hard turning is still in its infancy in the industrial use. However, hard 
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turning has a downside of forming white layers in the finished product's and the surface's integrity 

[96]. Hard turning has been economically, environmentally, and technologically competitive since 

the late 1970s. Surface roughness, micro-hardness, microstructure, residual stresses, etc., 

characterize machining-induced surface integrity. At the same time, machined components' 

surface integrity affects fatigue life, especially in rolling contact. Hard turning can provide 

advantageous surface integrity, such as a deep "surface" compressive residual stress, which may 

extend a component's fatigue life [97]. AISI 52100 grade steel can be treated by plasma-immersion 

ion injection to harden its surface to a depth of around 40 µm. However, the steel should be heated 

to 500 °C for at least 3–5 hours to attain this hardness. Iron nitrides rather than chromium nitrides 

were found to be responsible for the increase in surface hardness [98]. 

2.8 Rolling Contact Fatigue (RCF) 

Rolling Contact Fatigue (RCF) is a form of fatigue damage characterized by the initiation 

of surface and/or subsurface cracks under sliding and rolling contact conditions of two bodies. It 

occurs because of alternating localized contact stresses that induces a plastic deformation at the 

contact region. Components of tribo-machinery, such as rail-wheel contacts, gears, bearings, cam-

followers, etc., frequently break due to rolling contact fatigue  [5][99][100][101]. In bearings, the 

repeated stresses induced in the contacts between the rolling elements and the raceways are causing 

rolling contact fatigue. RCF differs from other forms of classical fatigue, for example unlike 

bending or uniaxial (tensile or compressive) wear, which can result from a considerable tensile 

stress component, RCF is produced by a complicated state of stresses. RCF initiates microcracks 

in or around the non-metallic inclusions of the bearing subsurface region, which then spread as 

flaking (removing of material pieces from the contact surface), leading to failure in WTGBs [102]. 

By introducing an appropriate amount of lubrication between the contact surfaces, spalling and 

pitting can be effectively reduced [103]. 
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2.8.1 Mechanism of RCF damage 
  RCF damage was hypothesized to manifest in two categories: surface-originated pitting 

and subsurface-originated spalling [104]. 

1- Surface-originated pitting: This hypothesis suggests the cracks start at the contact surface, 

travel through the material, shift their orientation, and head back toward the contact surface. A 

piece of material may be removed from the surface that is in contact within the contact region 

[105][106]. In other words, micropitting and flaking can be formed on a surface due to asperity 

contact or surface defects [71]. Damage of contact surfaces probably occurs because of surface 

distresses on the surface of the contacting bodies, such as pits, fretting scars, etc. [104].  

2- Subsurface-originated spalling: a subsurface fracture is induced because of shear stress. The 

crack propagates toward the contact surface in various directions, and the material may flake 

when the cracking reaches the contact surface [101][107]. It means that the subsurface shear 

stresses created by rolling contact probably lead to the development of cracks, which then 

propagated to the surface and caused spalling [71]. Rolling element bearings are thought to fail 

primarily due to subsurface material fatigue, such as cracks initiation, if the bearings are 

correctly loaded, lubricated, mounted, and aligned; otherwise, the surface initiation mechanism 

is the most likely to take place [100]. Furthermore, if the contact surfaces of the bodies are 

relatively smooth, subsurface-originated spalling is the primary contributor due to RCF [104]. 

RCF has six specific distinct manifestations [90]: 

1- Subsurface initiation (spalling) [45][108], 

2- Subcase fatigue (case crushing),  

3- Surface initiation (pitting), 

4- Localized stress concentration, such as (roller ends), 

5- Micropitting (Peeling), and 

6- Section fracture. 

The term "debris" is significantly fragmented due to bearing flaking produced by micropitting or 

flacking. It can boost RCF and have a more detrimental effect on hastened development of severe 

damage. Large debris may cause localized severe stress levels, vibrations, and impact loading 

between the contact surfaces. This will eventually reduce bearing lifespan [109][110][111]. 

Jalalahmadi et al. [102] found that as the defect density and size of the inclusion increased, the 



 

41 
 

RCF life significantly decreased. On the other hand, location and orientation of the damage 

initiation are significant in fatigue life. E. Kerscher [112] suggested raising the bearing steel's static 

strength and hardness to increase the fatigue limit. He associated this idea with the microstructure 

of the bearing steel. Bearings with favorable clearance showed a gradual decrease in fatigue life 

when tested by Oswald et al. [113]. In contrast, bearings with negative clearance showed a 

potentially rapid decrease in bearing life. 

2.8.2 Hertzian Contact Theory 
In 1896, Hertz developed his theory to describe the form and size of the contact surface 

and the induced stresses distribution. He assumed that under the elastic loading condition, 

isotropic, homogenous and normal compressed bodies with no traction (perfect smooth contact) 

and a relatively small contact width, the contact pressure distribution seems elliptical, as can be 

seen in Figure 2-14. Accordingly, it is possible by using Hertzian theory to calculate the following 

parameters: maximum shear, orthogonal shear, Von-Mises stress, and octahedral shear stress based 

on consideration. Hertzian contact generates cyclic stress when a curved or flat surface rolls over 

another curved or flat surface under an average load. The stress distribution du to Hertzian contact 

is distinct from structural fatigue of bending or torsion. Instead of a point or line of contact, Hertz 

reasoned, a limited contact area should form, spreading the load out over the surface and avoiding 

the infinite stress that would result from the point of contact [71]. Some significant characteristics 

governing RCF include geometry, contact pressure, and the material’s mechanical properties, may 

be predicted by applying the Hertzian theory to the stresses encountered by the bearing during dry 

contact [114]. The Hertzian theory is relevant for somewhat accurate determination of contact 

pressure in bearings and subsurface stresses even when the contact surfaces of rolling element 

bearings are not perfectly smooth and lubricated [90]. Lai and Stadler [115] concluded that when 

a bearing's seat deviates from its ideal shape by more than a predetermined amount, it can weaken 

the material, leading to the initiation and rapid growth of cracks and, ultimately, the bearing's 

failure. They found that Hertzian contact and bulk tensile stress cause shear stress, which initiates 

cracks in an axial direction. 
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Figure 2-14: Hertzian Contact Pressure Distribution for roller and inner raceway of a bearing [the researcher] 

 

The following equations are used to describe the Hertzian theory: 

 𝑏 = √
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where 

b: half of the contact width, 

Q: the normal applied load to the contact surface, 

R*: equivalent reduced radius, 

R1: radius of the roller, 

R2: radius of the raceway, 

E*: equivalent modules of elasticity, 

E1: modules of elasticity of the roller,  

E2: modules of elasticity of the raceway,  

v1: Poisson’s Ratio of the roller, 

v2: Poisson’s Ratio of the raceway, 

pmax: maximum pressure distributed across the width of the contact, 

L: contact length. 

 

Figure 2-15 depicts the cartesian stress and shear stress induced in the material's subsurface as the 

Hertzian loading travels over it. The following symbols σx, σy, σz, and τxz describe the cartesian 

normal contact and shear stresses respectively.  Subsurface stress components are measured on a 

vertical axis normalized to maximum Hertzian pressure, while x shows the location of the center 

of Hertzian contact (in x-direction) relative to the point of contact pressure. The distance is 

measured at half of the contact width and then normalized. With little surface traction, the over-

rolling direction moves to the direction of the traction. Shear stress is the only type of stress whose 

value goes from positive to negative and back again. Because of this, RCF is often called a shear-

driven phenomenon. It is important to note that in RCF the heavily stressed area of the material is 

usually only a few hundred microns deep. For that, fatigue takes place on a scale like the size of 

the material's grains, and the way of the material wears down is very sensitive to material's 

microstructure [99]. 
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Figure 2-15:  Cartesian stresses (normal and shear stresses) under RCF [99] 

 

Stressed volume, alternating shear stress, and the number and depth of stress repeats and the 

residual stresses affect the bearing's life [116].  Von-Mises equivalent stress, which reflects the 

triaxial stress field during rolling contact, is locally more significant than the yield strength of the 

material, in addition, a micro deformation occurs. A common feature of bearing rolling contact 

fatigue (RCF) is a subsurface cracking, which can progress to spalling. There has been a correlation 

between RCF and the change from the austenitic phase to the martensitic phase. Microplastic 

deformation accumulates in the region of the highest shear stresses below the surface, where this 

transformation has been shown to reach its peak [100]. Under rolling contact, a Dark Etching 

Regions (DERs) have been observed with creating globular and elongated grains in the zone with 

the highest shear stresses. Low Angle Bands (LABs) and High Angle Bands (HABs) of ferrite 

were found in the martensitic matrix during the (RCF). An increase in rolling surface hardness and 

spalling is typically noticed in conjunction with developing these white bands on the rolling 

surface [286]. 

2.8.3 Stress distribution 
The primary stressor in rolling contact is the Hertzian contact pressure distributed in a 

semi-elliptical at the elastic contact zone. For a rolling contact zone, the stress is a function of the 

direction and magnitude of the stresses underneath the contact areas. Figure 2-16 depicts Von-

Mises stress as a three-dimensional diagram and a contour diagram. By using the small semi-axis 
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b of the contact area, Y = y/b (horizontal normalized distance from contact center) and Z = z/b 

(normalized depth below the contact surface). This graph shows the equivalent stress is a function 

of the contact pressure p0. 

 

Figure 2-16: Distribution of equivalent stress beneath the contact region [87] 

 

Starting from the contact area center (y = 0), the equivalent and principal stress in the material can 

be seen in Figure 2-17. The equivalent stress is relatively low because two significant surface 

stresses have converged to the same magnitude. Wherever the gaps between the three principal 

stresses are the widest, that is where the equivalent stress is at its highest. Even when the bearings 

are operating under optimum Elastohydrodynamic EHD circumstances and, as a result, have a very 

low coefficient of friction within the rolling contact region, the damage will often begin close to 

or at the contact surface [87]. This will be discussed in more details in the following section 
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Figure 2-17: Normalized principal and equivalent stress beneath the contact area centre [87] 

2.8.4 Lubrication effect in rolling contact  
  Lubrication is required for rolling element bearings to function properly so that the contact 

surfaces can remain separated while the bearing is in motion. Lubricating bearings and gears of a 

wind turbine unit require a recirculating system that controls lubricant temperature and removes 

debris. Lubricant quantity, type, and cleanliness are three crucial aspects that should be considered 

in the design of WT and the operation phases. Such lubricant films can be as thin as a few 

nanometers or as thick as hundreds of microns. One of the essential features of a lubricant is its 

viscosity, which shows how much it slows down motion. More remarkable load-carrying ability 

is achieved at greater viscosities. The viscosity of a fluid, on the other hand, varies not just with 

pressure but also with temperature. Various design and production options can be considered when 

introducing external loads into the rolling contact elements under different operating conditions of 

speed, kind of lubrication, and amount of lubricant to minimize the contact stresses. Wind turbine 

drivetrains should endure several harsh operating situations while functioning normally. These 

include high loads and unstable conditions like torque reversals and grid failure. However, this can 

lead to a breakdown in the lubricating layer, increasing the friction loss and the risks of bearing 

and gear failure. The same lubricant is used for gears and bearings of type ISO VG-320 [8]. The 

oil flash temperatures for wind turbine gearboxes ought to be much higher than the average 
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working temperatures, which are limited to a maximum of 90° [71]. Martins et al. [47] revealed 

that in the case of the thinner lubricating layer, the higher the coefficient of friction, the higher the 

lubricant temperature, and eventually, the frequent rolling pressure leads to surface failure. 

Furthermore, low operational loads, such as those experienced when wind turbines are idling, can 

cause slippage damage [61]. Figure 2-18 shows four primary cases for the contact of rolling 

element in the following details [87]. 

1- Elastohydrodynamic lubrication (EHL or EHD): it is a form of film lubrication in which 

the contacting surfaces undergo elastic deformations of at least the same magnitude as the 

film thickness separating them due to the extraordinarily high contact pressure. EHL 

ensures that there is no direct metal-on-metal contact [71]. Cams, gears, and bearings have 

elastohydrodynamic lubrication [97][117]. The appropriate coordination of bearing load, 

speed, lubricant viscosity, and surface quality of the contact areas produces a load-carrying 

lubricating film between rolling contact parts that are entirely separated. Normal loads are 

transferred under optimal elastohydrodynamic lubrication conditions that can achieve the 

longest possible lifespans [87]. Hanwei Fu et al. [118] postulated that EHD could 

theoretically remove the induced surface RCF and the adequately lubricated bearings while 

RCF caused by the subsurface region becomes the dominant. 

2- Mixed friction: if the load-carrying by the lubricating film is not built-up during operation, 

the roughness peaks in the contact areas will rub against each other’s. There are many 

reasons behind the occurrence of the (mixed friction) case, such as the lubricant used in the 

stationary bearing isn't the suitable one or when the bearing starts and stops even if it's 

operating under EHD circumstances in a steady state. 

3- Wear: the lubricating conditions deteriorate, resulting in solid body friction in dry 

conditions. Rolling contact elements are damaged and rendered inoperative under these 

conditions, but they are unusual. Protective coatings or reaction layers created by additives 

and suitable lubricants are used when short lubrication breakdowns occur, even though this 

is an abnormal operating condition. 

4- Particles in contact area: dry friction is much less likely to happen than contaminants in 

the lubricating gap or foreign particles in the contact area. Mineral particles (such as mold 

sand or grit) or metal particles can contaminate the lubricant such as (chips, grinding dust, 

and abraded material). In the same way, their hardnesses range from (very soft) to 



 

48 
 

(extremely hard), just like the harnesses of the rolling elements. The particles also can be 

generated in many different sizes, shapes, and places. When foreign particles enter the 

contact area of a bearing, they leave marks (indentations) on the contact surfaces. The 

indentation's edge breaks the lubrication coating, causing a state of mixed friction, and the 

fabric around the indentation is plastically deformed and work hardened. Favorable 

residual stresses from heat treatment (and/or) machining are greatly disturbed. The bearing 

service life might be drastically reduced because of this surface damage. The more 

indentations in the rolling contact area are generated by bigger particles, the shorter the life 

expectancy. Cycled particles can act as a cutting tool and wear down the mating part if they 

embedded in the surface of the rolling contact components. 

 

Figure 2-18: (a) Elastohydrodynamic lubrication, (b) mixed friction, (c) wear, (d) particles 

between the contact surfaces [87] 

2.8.5 Slipping effect on bearing damage 
Slipping occurs when there is a relative motion between two bodies in contact with each 

other. High speeds, torque reversals, drivetrain acceleration or deceleration, misalignment, 

transient loading, the differences in speeds between roller and raceway (low at the beginning of 

motion versus high in the final speed), etc., are all operational situations can lead to the bearing 

slipping. Slipping can cause damage to a material's features, leading to accelerating the fatigue 

failure process and reducing the material's fatigue life [51]. Slipping and rolling contact with the 

lubricant helps to open up the crack mouth i.e., increase the distance between the separated sides 
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of the crack, and making the penetration more effective. When a penetration occurs, the resulting 

periodic and large pressure pulses at the crack face play an essential role in fracture progression. 

The frequency of the pressure pulses, and the operating conditions, would directly affect the 

likelihood of failure [119]. On the other hand, the roller moves in the bearing loaded and unloaded 

zones, leading to changes the friction levels between the roller and its raceway, unbalancing, 

skewing, and slipping. The stress distribution on the contact surface and subsurface should be 

considered since the contact load increases the size of the loading zone.  When rollers leave and 

enter the load zone at various rates, they accelerate and decelerate at different periods, leading to 

roller slipping [64]. If the bearing is still not preloaded, the load zone will have the shape of an 

ellipse, as can be seen in Figure 2-19. When the torque is reversed, there is a shift in the load zone. 

Because of this change, the rollers may be subjected to more significant acceleration and 

deceleration, resulting in roller slipping. As a result, tapered roller bearings (as preloaded) are 

utilized in the design of today's wind turbine gearboxes [120]. This design intends for the loaded 

zone to be focused across the entire bearing's diameter, meaning that it will reach across all the 

rollers and take on a nearly circular form. However, if the loads are more than the preload during 

the torque reversal, then the load zone will revert to its more conventional circular shape. The rate 

of slippage in a roller bearing rises with torque reversal and transient loading because of the 

accelerating and decelerating of the rolling sections [121].  Helsen et al. [64] demonstrated that a 

tapered roller bearing's preloading could be exceeded during torque changes if the roller slips, 

which can happen under severe loading conditions. Typically, the slip characteristics affect 

topography, the initiation, and the propagation of the microcrack [122]. Slipping is always stated 

as a slipping ratio (SR%), which is also called the “Slip to Roll Ratio” (SRR%). It can be defined 

as the ratio of the difference in velocities between the two contact surfaces (ΔU) to the average 

velocity of them (Uav). 

 𝑆𝑅% =
∆𝑈

𝑈𝑎𝑣
 (2-5) 
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Figure 2-19: Different cases of bearing loading zones – adapted from [23] 

Based on the slipping ratio formula, SR has a negative value when the traction force is in the 

opposite direction of the rolling direction; conversely, SR has a positive value [123]. Bearing SR 

is affected by a considerable number of variables, such as contact load, lubrication surface 

roughness, rotational speed, direction, and velocity of the contact surface [46]. Keller et al. [124] 

predicted the loading level, slipping ratio (SR), and the number of cycles are crucial to initiating 

WECs. They found that the loading level of 1.9 GPa or more with a high negative SR (-30 %) and 

at least 30 million cycles at a rolling velocity of 1 m/s are required to form these microstructural 

alterations. Furthermore, they postulated the Frictional Heat Accumulation (FHA) needed to 

produce WECs was about 6 MJ. The surface roughness is substantially vital to SR and can modify 

the contact loading level on the surface asperity, another effect of surface roughness on fatigue life 

[125][126]. 

2.9 Rating life prediction of bearing 

The bearing's life is the number of revolutions or hours that a bearing is expected to last 

before the material of the rings or rolling parts shows signs of damage [127]. ISO 281:2007 [128] 

is the international standard for rating bearings and is usually considered throughout the industry. 

However, each manufacturer uses unique design life assessments, resulting in significant 

variations between the estimated and the actual bearing lives. 
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2.9.1 Lundberg and Palmgren Method 
In 1947, Lundberg and Palmgren (LP) developed the first method for estimating bearing 

lifespan. However, the LP method can only applied to bearings made from AISI 52100 through-

hardened steel. They postulated that the fatigue cracking begins at weak areas in the material 

underneath the rolling contact surfaces. Moreover, the fatigued life would be measured in terms of 

the number of stress cycles that had to be endured before the first spall, the applied contact stress, 

and the chance of surviving. The principal formula (2-6) expresses the LP method as follows: - 

 ln (
1

𝑆
) ∝

𝑁𝑒𝜏o
𝑐𝑉

𝑧o
ℎ  (2-6) 

where 

S: survivability probability (usually used as 90%), 

N: number of enduring stress cycles, 

τo: maximum shear stress at the depth zo, 

zo: the depth below the surface to where τo is located,  

V: Hertzian stressed volume,  

e: Weibull exponent (a statistical indicator), 

c&h: Experimental exponents. 

 

The following primary equations (2-7)&(2-8) were developed from the LP theory and derived 

from the principal formula. This developing formula has been used as standard in the industry for 

the estimating of theoretical bearing rating life [49]. The rating life (L10) can be defined as the 

number of million revolutions of the testing bearings at which 10% of these bearings showing up 

the first signs of surface spall as an indicator of failure. In other words, the LP method assumes 

90% survivability under identical loading and operating conditions. Hertzian contact theory is 

usually used in calculating bearing life since the maximum orthogonal shear stress is induced in 

the bearing material.  L10 relates the bearing fatigue life to the load that was applied to estimate the 

rating life of radial and axial bearings respectively as follows:    
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 𝐿10 = (
𝐶𝑟

𝑃𝑟
)

𝑛

106 (2-7) 

 𝐿10 = (
𝐶𝑎

𝑃𝑎
)

𝑛

106 (2-8) 

where  

L10: Bearing rating life (in millions of revolutions), 

Cr& Ca: Radial and axial basic dynamic load ratings respectively (in Newtons),  

Pr& Pa: Radial and axial equivalent dynamic load ratings respectively (in Newtons), and 

n: The load life exponent, (n= 10/3 for roller bearings and n=3 for ball bearings). 

 

The LP method depends on constant and radial loading, so adjustment factors have been introduced 

to make more accurate for diverse operating situations [129][130]. WTGBs fail in the first 20% of 

the theoretical L10 life. Accordingly, the LP method does not match the actual bearing life and 

requires more developments to estimate the bearing life accurately. In 2007, a revision was made 

to ISO 281, the worldwide standard using for calculating the bearing lifetime. The modification 

added a new coefficient, denoted by "aISO" which considers various factors affecting the bearing's 

life span, such as the fatigue limit load, the lubrication conditions, and the contaminants in the 

lubricating oil, as illustrated in equation (2-9) [44]. 

 𝐿nmh = a𝐼SO ×
106

60N
(

𝐶

𝑃
)

n

 (2-9) 

where 

Lnmh: Bearing life based on the number of hours 

aISO: life correction coefficient 

C: Basic load rating (N) 

P: Dynamic equivalent load (N) 

N: Rotating speed (min-1) 

 
Specific software has considered a wide range of factors in the calculation of the bearing life, such 

as the shaft displacement and the rigidity of the housing, in addition to the bearing internal 

clearance and the fatigue limit of the shaft system [44]. Takemura et al. [131] developed another 

advanced bearing life equation (2-10), which incorporating a life modification factor ansk (based 
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on data from bearing life tests). By applying the equation, they showed that the theoretical 

bearing life was consistent with the empirical one. 

 𝐿able = 𝑎1𝑎𝑁𝑆𝐾𝐿10 
(2-10) 

where 

Lable: Advanced bearing life, 

a1: The modification factor for reliability, 

aNSK : Life modification factor. 

 

 

The life modification coefficient is a function of two factors: lubricant parameter (aL) and the load 

factor [(P-Pu)/C], as illustrated in the formula (2-11). Experimentally,                (Appendices C 

1&C 2) illustrate the lubricant viscosity ratio (k), since it usually considered as an important factor. 

Firstly, it has to calculate the value (P-Pu)/C×1/ac, then using an appropriate life curve (ball/roller) 

bearing to find (aNSK) and apply the advanced bearing life equation, as can be seen in Figure 2-20. 

 

 𝑎𝑁𝑆𝐾 ∝ 𝐹 (𝑎𝐿 , (
𝑃 − 𝑃𝑢

𝐶 ⋅ 𝑎𝑐
)) (2-11) 

where 

P : The actual bearing load, 

Pu : The fatigue load limit (in which the bearing will last for more than 1011 revolutions before 

failing), 

aL : Lubricant parameter, 

ac : The contamination factor, and 

k  : The lubricant viscosity ratio. 
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(a) (b) 

Figure 2-20: Bearing life curves (a)  for ball bearing, (b) for roller bearing [131] 
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3 
3. CHAPTER THREE: MICROSTRUCTURE 

ALTERATIONS AND FAILURE MODES 

This Chapter discusses the more related topics of the study to be matched with the specific 

items of the experimental and simulation thesis works. It reveals the ambiguity and the overlapping 

of many scientific concepts and creates fundamental pillars of knowledge for analyzing the 

investigation results more accurately. Three subtitles are overviewed in this Chapter as follows: -   

1- Non-metallic inclusions, their stresses, types, damage drivers, aspects, their relationship to the 

cleanliness of steel, and voids, 

2- Microstructure alteration, and 

3- The main related failure modes. 

3.1 Non-metallic inclusions (NMIs)  

Non-metallic inclusions (NMIs) are those compounds that form when metals combine with 

non-metals such as oxides, sulfides, and nitrides. However, there are other complicated species, 

such as oxysulphides and carbonitrides [132]. Many different components are utilized throughout 

the manufacturing process to facilitate the procedure and the subsequent machining process. These 

elements have the potential to form non-metallic inclusions (NMIs) in steel by combining with 
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other elements [71]. Depending on the manufacturing process, the NMIs may be separated into 

bands or sections within the steel or distributed through the material bulk. The heat treatment and 

manufacturing process can affect the inclusion's cohesion with the steel material [5]. Herring [133] 

reported that the admixture dissolubility of the steel matrix decreases during the cooling and the 

consolidation. Despite their modest volume proportion, NMIs have a significant impact on the 

characteristics of steels. Murakami [134] proposed that cracks initiate in rolling contact fatigue 

(RCF) from inclusions in the subsurface contact region. A critical role is played by NMIs in ductile 

fracture, fatigue, and corrosion processes. NMIs are oriented in a specific direction in the bearing 

bulk material during the steel casting process [135]. It is essential to control the NMIs in the matrix 

to improve the steel's cleanliness and quality. The steelmaking industry has made substantial 

process advances over the previous few decades, leading to better control percentage of the 

inclusion volume, size, and composition. Because NMIs have an influential role in engineering, 

the phrase “inclusion engineering” has been used extensively in scientific research since the 1980s 

[136][137][138][139]. 

The mechanical properties of steel are directly affected by the related properties of non-metallic 

inclusions, as illustrated in Table 3-1 [140][141]. On the other hands, the brittle bodies in the steel 

bulk enhance the brittleness and hardness properties of bearing steel by about 30-50% 

[38][142][143]. Sometimes, WTGBs damage accompanies by microstructural alterations, in which 

the NMIs act as crack triggers. They have the potential to create another damage mode, called 

“butterfly,” as seen in Figure 3-1 [99][144]. There are many inclusion standards that have been 

considered for the assessment requirements of NMIs, such as ASTM E2283, GOST 1778-70, 

IS4163:2004, ISO 4967:2013 (E), JIS G0555, DIN 50602, and ASTM E45 [145]. 
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Table 3-1: Influence of NMIs on mechanical properties [141] 

NMI’s 
element 

Existence form Mechanical Properties  

S, O 
Sulfide and oxide 

inclusions 

• Ductility, Charpy impact value, anisotropy 

• Formability (elongation, reduction of area and 
bendability) 

• Cold forgeability, drawability 

• Low temperature toughness 

• Fatigue strength 

C, N 

Solid solution • Solid solubility (enhanced), hardenability 

Settled dislocation 
• Strain aging (enhanced), ductility and toughness 

(lowered) 

Pearlite and cementite 
• Dispersion (enhanced), ductility and toughness 

(lowered) 

Carbide and nitride 
precipitates 

• Precipitation, grain refining (enhanced), toughness 
(enhanced) 

• Embrittlement by intergranular precipitation 

P Solid solution 

• Solid solubility (enhanced), hardenability 
(enhanced) 

• Temper brittleness 

• Separation, secondary work embrittlement 

 

 

Figure 3-1: Subsurface butterfly in the inner raceway of a roller bearing [the researcher] 

3.1.1 Stress concentration in NMIs 
The effects of NMIs on the fatigue life of bearing steel are still up for debate. However, it 

is undeniable that their size and quantity play a crucial role in how bearings perform under stress 

concentration. When stress concentration levels around inclusions reach their high values (mostly 
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at the NMIs’ tips), cracks may initiate and propagate in multi-directions on the surface and the 

subsurface of the bearing contact region, as can be seen in Figure 3-2 [87][135].  

 

Figure 3-2: Damage propagation resulting from a NMI close to the contact surface [87] 
 

Guan et al. [146] postulated that non-metallic inclusions increase the stress in the bearing steel, 

and the highest Von-Mises stress concentrates near the inclusion, which makes cracks more likely 

to be noticeable in the subsurface region. On the other hand, inadequate lubrication can enhance 

the stress concentrations at the inclusions [52]. The following factors that related to stress 

concentration should be considered in the analyzing process of the inclusions’ effect on fatigue 

strength [126]:  

1- Inclusion shape, 

2- The adherence of inclusions to the matrix, 

3- The elastic constants of both the inclusions and the matrix, and 

4- The size of the inclusions.  

The inclusion and steel matrix have different thermal expansion coefficients and mechanical 

properties, for this, the residual stress will be introduced at the interface between the inclusion and 

the bulk during the heat treatment of the material [12]. Murakami & Beretta [147] demonstrated 

by using an approach like fracture mechanics, that the fatigue life of a material is inversely 

proportional to the square root of the inclusion size. Solvano-Alvarez et al. [148] confirmed that 

the site of the most significant orthogonal shear stress is where the majority of the de-bonding 

damage (separating the inclusion's material from the bulk) is concentrated. 
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Ultimately, the de-bonding of NMIs causes bearing fatigue failure.  Murakami [12] classified 

NMIs into three categories based on their location: internal inclusions, inclusions in contact with 

the surface, and surface inclusions, as depicted in Figure 3-3. An equation for each type has been 

formulated individually to calculate the fatigue limit at the contact surface, as illustrated in the 

equations (3-1), (3-2)& (3-3). The test results of the inclusion fatigue tests and their physical 

properties have been detailed in (Appendices D1&D2). Neishi et al. [149] hypothesized that the 

RCF life and the onset of shear cracking in the subsurface are directly proportional to the MnS 

inclusion length projected to the load axis. On the other side, Francesco Manieri et al. [150] implied 

that white etching cracks (WECs) are not to blame for premature bearing failures, but rather, WECs 

and bearing failures coincide due to "a specific temporal history of applied contact stress." They 

mentioned that it would be more practical to study the stress profile under which the affected 

applications run rather than WECs. 

 

Figure 3-3: Location-based classification of inclusions - adapted from [12]  

 

 

 𝜎w =
1.43(𝐻v + 120)

(√ area )1/6
 (3-1) 

 𝜎w =
1.41(𝐻v + 120)

(√ area )1/6
 (3-2) 

 𝜎w =
1.56(𝐻V + 120)

(√ area i)1/6
 (3-3) 
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where,                      

σw: Fatigue limit at the surface, 

Hv: Vickers hardness, 

√ area : Inclusion length factor, and                    

√ area i  : length of internal inclusion factor. 

 

3.1.2 Voids formation 
Voids are gaps, which appear in the steel bulk as black spots through the microscopic 

investigations. They formed as a result of heat treatment and manufacturing processes of bearing 

steel. NMIs may separate from the surrounding bulk material after quenching, providing a free 

surface at the subsurface inclusion due to their higher thermal contraction rates. Hence, the weak 

bond between NMIs and the steel matrix help to initiate these voids in the steel matrix, as seen in 

Figure 3-4. The voids can be observed at the boundary between the steel matrix and the inclusion 

and in other locations in the subsurface region surrounded by carbide particles. Many researchers 

[142][143] proposed that extending the lifespan of Rolling Contact Fatigue (RCF) may be occurred 

by decreasing the oxide's size and voids. As the voids are the softer objects in the steel components, 

it confirms that damage causative is inherent in the steel material [12]. AL-Bedhany [5] considered 

these voids as one of the important crack initiation sources in addition to the crack initiation from 

the inclusions. Furthermore, when the bearing steel is deformed, strain incompatibilities may also 

cause cavities at the inclusion interface [151]. Many researchers [152][153][154][155][156] 

referred the formation of voids to the difference in Coefficients of Thermal Expansion (CTE) 

between the non-metallic inclusions and the other steel components.  The CET variation causes 

residual tensile or compressive stresses in the steel matrix during the quenching, contracting, and 

solidification process. If the NMIs have larger CTEs than the steel, the contraction of inclusions 

would be faster; and the (inclusions-steel) bonds would become weaker. Accordingly, cavities and 

voids would be formed by the interference of these (inclusions/matrix). Eventually, inclusions 

would be detached from the matrix. Appendix E 1 shows CTE values and other related physical 

parameters for various types of NMIs [157].  
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Figure 3-4: Voids formation in the material of bearing steel [the researcher] 

3.1.3 Types of non-metallic inclusions 
 Typically, non-metallic inclusions can be classified into five groups based on their shape 

and distribution in the subsurface region, as illustrated in Table 3-2 [35][117][45][158]. 

Table 3-2: Non-metallic inclusion types and morphology [158] 

 
Physical 

properties 
Particles’ color / 

direction 

Particles’ 
status 

(individual 
/combined) 

Aspect ratio 
AR 

(length/width
) 

Shape 

Sulfide group Highly malleable Grey Individual A wide range 
Generally rounded 

ends 

Aluminate 
group 

Non-deformable 

Bluish or black 
aligned with the 

direction of 
deformation 

At least (3) 
Low 

(Generally, ˂3) 
Angular 

Silicate group 
Highly 

malleable 
Dark grey or 

black 
Individual 

A wide range 
(Generally, ˃3) 

Sharp ends 

Globular oxide 
group 

Non-deformable Bluish or black,  
randomly 

distributed 
Low 

(Generally, ˂3) 
Angular or 

circular 

Single globular 
group 

- - Single - 

Circular (or 
nearly circular), 
of diameter ˃ 13 

µm 
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Furthermore, there are other basic ways in which the non-metallic inclusions are classified as 

follows: - 

1- Based on their chemical compositions:   

1.1 Deoxidizers: Steelmaking elements have a high oxygen affinity and can be functioned as 

deoxidizers. When used on liquid steel, these non-metallic deoxidation chemicals are 

generated. Calcium additives are used in the steel casting process to filter out any remaining 

impurities, but these additives affect the RCF of the bearing steel [8]. Strong nucleation of 

tiny inclusions occurs when deoxidizing are introduced to the liquid steel. Inclusions 

continue to grow due to diffusion, coalescence, and collisions after this initial nucleation 

[140]. 

1.2 Sulfides: Elements that do not dissolve easily in iron, such as Ca and Mg have a strong 

enough affinity for sulfur to form non-metallic sulfides at the temperatures of liquid metals. 

Most sulfurs in steel should be taken out of the solution by refining the slag, and the rest 

should be taken out by precipitation reactions that happen mostly when the steel solidifies. 

The most common example of this NMI type is manganese sulfide (MnS). 

Hashimoto [159] estimated that the inclusions' chemical composition is crucial in the rolling 

contact fatigue life. For example, steel with inclusions of SiO2Al2O3 has a significantly longer 

RCF life than steel with Al2O3 or Al2O3CaO inclusions. The corresponding characteristics of some 

types of non-metallic inclusions can be described as follows: - 

• Manganese sulfides and silicates have deformation in a manner analogous to that of the steel 

matrix. These inclusions are ductile and have a significant amount of extension in the rolling 

direction. 

• Alumina inclusions and clusters are hard and brittle inclusions and are shattered into stringers 

or separated shards due to the metal working.  

• Complex inclusions with multiple phases have a rigid core encased in a more malleable 

surrounding phase. When subjected to moderate degrees of deformation, these inclusions often 

exhibit ductile behavior. However, they frequently exhibit a thick center and protracted ends 

when subjected to severe stresses. 

• Inclusions of calcium aluminate undergo a very little or no deformation at all.  
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2- Based on the starting point of the solidification phase and process according to the 

following classification: -  

2.1 Primary solidified inclusions: The inclusions, which can be formed before the starting of 

steel solidification. Theoretically, it is possible to remove primary NMIs from liquid steel. 

2.2 Secondary solidified inclusions: The inclusions form after the start of steel solidification. 

They develop during the solidification process and are almost impossible to get rid of, and 

they can only be "engineered" to have a minimally negative impact on the final product. 

2.3 Endogenous: They originate from the process of steelmaking, such as sulfides and oxides. 

2.4 External: Inclusions that originate outside the metal, such as refractory particles, entrapped 

slag, covering the liquid metal, and sand in cast alloys, are known as exogenous inclusions. 

When compared to their endogenous counterparts, exogenous tend to be larger 

[160][161][162][163]. 

 

3- Based on their sizes as follows: 

3.1 Macro level inclusions: Large enough to have a high probability to cause failure, and 

3.2 Micro level inclusions: Small size, resulting low probability to cause failure [164]. 

3.1.4 Damage drivers in NMIs 
      The RCF life can be determined by either the matrix-inclusion interface state, the 

inclusion composition, their configuration, and distribution [165]. Evans [8] demonstrated that 

the level of damage caused by inclusion can be determined by several factors, such as 

coefficient of thermal expansion (CTE), elastic modulus, shape, size, and chemical 

composition [151]. For example, alumina and calcium aluminates inclusions have a higher 

yield strength than the steel matrix, making them more prone to void formation, however, 

brittle inclusions initiate cracks under high levels of loadings or during the manufacturing 

process. Oxides, carbides, slags, and refractories retain their formation original after the 

manufacturing process. It means they are even worse than MnS in rolling contact fatigue and 

help to induce cracks [32][33][61][72][279][318]. Maciejewski [32] revealed that the 

presence or absence of the more ductile manganese sulfide (MnS) inclusions and brittle oxides 

affect the fatigue endurance limit, crack propagation, and fracture toughness. Because of their 

high hardness and brittleness, oxide inclusions such as SiO2, Al2O3, and Al2O3CaO have a 

more significant impact on the development of butterfly features failure than the other 
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varieties because of their high hardness and brittleness [32]. Moreover, the oxide NMIs create 

tensile residual stresses, induce cracking, and eventually cause fatigue damage. Hard 

inclusions with a lower CTE, such as Al2O3, are more likely to cause tensile and compressive 

stresses than soft inclusions having higher CTE, such as MnS inclusions. 

3.1.5 Shape, size, and aspect ratio of NMIs  
  When the steel undergoes a high deformation, such as when rolling it throughout 

manufacturing of bearing rings; the inclusions tend to lengthen in the plane parallel to rolling 

direction. Accordingly, NMIs can vary in aspect ratio (i.e., they can be globular or elongated), and 

their length has a wide range from 1 to 500 µm, depending on the inclusion composition [166]. 

The configuration of NMIs affects the probability of creating cracks; for example, thin-flattened 

NMIs can behave as virtual cracks and may propagate as real ones. Danielsen et al. [167] 

postulated that large MnS inclusions are non-associated with the crack network. During the hot 

formation of the bearings’ manufacturing process, manganese sulfides MnS inclusions elongated 

in different aspect ratios because of their high deformability. The metal casting process indicates 

the value of the inclusion aspect ratio. There is a disparity in the many reviewed researches 

regarding the correlation of stress concentration in NMIs with their aspect ratio 

[32][54][63][207][208]. This study has discussed this matter in (section 4.4) based on the statistical 

analysis of the investigation results. The aspect ratio of the manganese sulfides (MnS) can be 

reduced by controlling the geometry of the inclusions using specific additives, which modifies the 

material's hot plasticity [32]. The bearing steel grade AISI 52100 has Al2O3 and TiN inclusions. 

Al2O3 inclusions appear with spherical or elliptical shapes [72], while TiN inclusions have smaller 

and cubical shapes. The sharp NMIs increase the stress concentrations; thus, the fatigue resistance 

will be less than the other rounded types [72][102].  

3.1.6 Steel cleanliness 
  The term "steel cleanliness" refers to match all the NMIs requirements such as quantity, 

chemical composition, size, feature, and distribution style in terms of increasing the RCF 

resistance of the steel. Accordingly, “Inclusion Engineering” has been introduced as a specific 

subfield of ferrous process metallurgy that concerned with controlling the above-mentioned steel 

cleanliness elements of NMIs. All the controlling processes of materials are implementing through 

the refining and solidification processes of the liquid metal status [140]. Evans [71] postulated the 
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decreasing of oxygen level in steel from 30 ppm to 5 ppm, resulting in a life improvement of 10 

times [71]. Producing soft inclusions will reduce the crack initiation even if the oxygen 

concentration is high. The intensity and size of inclusions can be expressed as material cleanliness. 

The NMIs are categorized based on their chemical compositions and dimensions, then indicating 

the cleanliness index by following the international standard ISO 4967-2013 [158][168]. 

Clustering and floating out can be used to remove the small inclusion units; for example, alumina 

inclusions have a higher tendency to form clusters than calcium aluminate inclusions. In the 

steelmaking process, inclusions cannot be prevented entirely; however, the amount that can be 

reduced has many technological and economic effects [17][169]. For bearing steel, the maximum 

allowable inclusion fraction is that the total oxygen   ≤ 10 ppm, and the maximum NMI size ~15µm 

[141].  

3.2 Microstructural alterations  

The term "microstructural alterations" refers to any damaged feature including a change in 

the material structure at the microscale level. When bearing steel is subjected to rolling contact 

fatigue (RCF), its internal composition could show microstructural changes that can be observed 

the microscopic investigation of the bearing in the sections. Alterations in the microstructure close 

to cracks (or at their tips) brought out by the movement of crack faces relative to each other, and 

this may cause a wear debris [170][171]. Microstructural alterations are represented by various 

features such as White Etching Areas (WEAs), White Etching Cracks (WECs), butterflies, and 

Dark Etching Regions (DERs) [71][84][99][103]. Holweger et al. [172] hypothesized that a plastic 

deformation, followed by an impact loading, can cause the internal contents of the steel to be 

disrupted as mechanical microscale waves in the impact region. They elucidated that these waves 

are probably the primary factor initiating microstructural alterations. Ooi et al. [173] observed that 

the microstructure alterations often occur after the formation of cracks. The microstructural 

alterations can be observed in many mechanical applications, such as: - 

• bearings and main shafts of wind turbine gearboxes, 

• marine pod drive bearings, 

• hydrogen fuel system bearings, 

• bearings of paper milling machine, 
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• electromagnetic clutches, 

• automotive alternators, 

• air conditioner compressors, 

• aircraft turbine bearings, 

• water pump and driveline transmission bearings, 

• gears of stone crushers, and 

• crane lifting devices. [26][32][39][174][175][176][177] 

3.2.1 Phases of microstructural alterations 
  The cyclic stresses of rolling contact fatigue causing microstructural alterations in the 

bearing steel has the following phases: - 

1- Shakedown phase: The steel material tends to be responded to contact stresses because of 

the work-hardening or the limited plastic micro-strain. The generation of defects within the 

crystal matrix structure, including dislocations and vacancies, occurs because of small-

scale dislocation glide. However, the material strength increases due to the induced residual 

stress. This phase ends after ~1000 cycles when the plastic deformation does not occur 

quickly. 

2- Steady phase: It starts directly after the end of the previous phase. It has been recognized 

in this phase that the steel material has an elastic response toward the RCF and the induced 

contact stresses. After around 109 cycles, the steady phase tends to reach its end. The phase 

duration depends on the amount of the contact pressure and the rotational speed.  

3- Unstable phase: In this phase, an additional plastic deformation occurs, the yield strength 

decreases, and crack nucleation starts [45][46][71][178][179][180][181]. 

3.2.2 White Etching Areas (WEAs)  
  When a bearing of WECs is sectioned and etched with Nital (~ 1% nitric acid in ethanol), 

the response will appear in the white visual description of the microstructural alterations as white 

etching areas (WEAs) [30].  WEAs are microstructure changes that look white under optical 

microscopy of etched samples with 1% nital (1% nitride acid and 99% ethanol). The dissolution 

of hard and brittle spherical carbides may be the cause of their formation [14]. WEAs may surround 

the inclusions or voids. They were observed in tempered martensite and carbide-free nano-sized 
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bainite-bearing steels. Two inclination angles of WEA which are 30° and 80° related to rolling 

direction, despite the former being harder than the latter [116][182]. They consist of 

nanocrystalline ferrite grains with diameters ranging from 5 to 300 nm and a hardness of 10 to 

50% greater than the matrix in which they are embedded and elongated. A considerable number 

of researchers postulated that the spherical carbides have broken up and dissolved, forming the 

WEAs [8] [11][27][30][71][129][152][155][172][183][184][185][186][187]. Šmeļova et al. [188] 

proposed that the main reason for WEAs formation may be the rearrangement of carbon and 

chromium inside the microstructural modification area. The grain boundaries of the material act 

as carbon traps, creating a weak zone prone to cracking. Remaining stress may play a significant 

role in the emergence of WEAs, as Voskamp et al. referred to [88]. On the other hand, the 

microstructural change resulting from the friction between the crack faces may lead to the 

formation of WEAs [115][152]. Impact loading probably has a significant role in generating of 

WEAs under high- stress concentration of the NMIs causing subsurface cracks [109][183][189].  

3.2.3 White Etching Cracks (WECs)  
  White etching cracks (WECs) are broad branching crack networks that contain white local 

areas of microstructural alteration that ultimately lead to macro-pitting/spalling in bearings 

[71][174]. The cracks are fissures in the material's subsurface surrounded by white etching 

areas (WEAs) [190]. WECs are most often linked to failures in the high-speed shaft bearings of 

wind turbine gearboxes [191]. Evans et al. [11][107][183] postulated that inclusions with average 

lengths of 10 to 20 µm are more likely to trigger the formation of WECs depending on the inclusion 

type, orientation, and position (location below the contact surface). WEC formation can be 

attributed to the stress concentrations in the NMIs, crack face rubbing, and the impact loading that 

generates an Adiabatic Shear Bands (ASBs), that illustrated in (section 3.4) [11]. The impact 

loading, along with high surface traction and contact pressure, are critical contributors to the onset 

of micro-cracks and white etching areas (WEAs) at the non-metallic inclusions, which may 

ultimately result in the formation of WEC networks [189]. Evans [8] postulated that WECs usually 

spread irregularly as branching networks and have a metallic appearance similar to butterflies. The 

inner ring of the bearing is heated and then pressed onto the shaft before being shrunk and 

permanently fastened by cooling. The fitting process creates tensile stress in the ring; hence a 

possibility of WECs with a wide damaged WEA is considerable [28]. Šmeļova et al. [192] and 

Grabulov [193] observed that the dissolving of iron-chromium carbide could form carbon-
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supersaturated ferritic grains as WECs of a White Layer (WL) and a Deformed Zone (DZ). A 

relatively small number of severe impacts could lead to form WL which represents the primary 

phase of WECs. Figure 3-5 illustrates the presence of micro-cracks with and without inclusions, 

cracks network, WEAs, and WECs. 

 

Figure 3-5: (a) Cracks with and without inclusion, (b) cracks network, (c) high magnification for cracks and 

WEAs, and (d) WECs, cracks & micro-cracks [144] 

3.2.4 Butterflies 
  Butterfly feature is a specific type of microstructure alteration in which one or two wings 

connected to a central non-metallic inclusion in the configuration of a butterfly when subjected to 

highly localized subsurface stress, an example of this alteration feature can be seen in     Figure 

3-6 [194]. The butterfly wing is a cracks that have fine and coarse ferritic grains (5-10) and (50-

100) nm respectively [99][195]. These nano-ferrite grains are caused by the clustering of network 

dislocations [196]. The butterfly inclination is measured in the direction of the over-rolling 

direction (ORD), and its total length is termed “the wing span”. Guetard [197] demonstrated that 

butterfly angles are likely controlled by their depth beneath the contact surface. Furthermore, he 
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determined that butterflies can be formed in the subsurface region with an orthogonal shear stress 

of ~450 MPa. A study by Singh et al. [144] pointed out the maximum depth of orthogonal shear 

stress correlates to the distribution of butterfly wing depth. Butterfly wings have a maximum depth 

from the contact surface of about 1.5 mm with a range size of (10-100) µm and ranges of inclined 

angles with a rolling contact surface of (30°-50°) and (130°-150°) [142][196]. Nevertheless, the 

degree to which butterfly wings are oriented varies depending on the size and type of the inclusion 

represents the butterfly nucleus [144]. When bearing rotation is reversed, a second symmetrical 

pair of butterfly wings is formed [107]. The butterfly nucleus (NMI) tends to be debonded in their 

tips. For that, WEAs in butterfly wings are anchored to the debonding spaces at the NMI’s tips as 

they have a high-stress concentration. [198][199].  The wings of butterflies' features may propagate 

on both sides in multi-directions and link to another crack network up to a specific length [71]. It 

has been determined by Grabulov [193] that butterflies can be formed at ~450 MPa of orthogonal 

shear stress in the subsurface region. 
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Figure 3-6: Butterfly microstructure feature (a) microscopic image, (b) Schematic– adapted from [195] 

3.2.5 Dark Etching Regions (DERs) 
Dark Etching Regions (DERs) are heterogeneous grains in the ferritic phase. DERs are 

observed as deformed dark bands at depth ~ (100-600) µm beneath the contact surface of the inner 

races bearing using optical microscopes, as can be seen in Figure 3-7 [84][200][201]. Two 

significant factors may indicate the intensity of DERs: fatigue cycles’ number, and Hertzian 

stresses’ level [46][186]. H. Swahn et al. [200] reported that AISI 52100 steel required 5x106 and 

5x107 cycles to form DERs under a maximum contact pressure of 3.72 GPa and 3.28 GPa, 

respectively. According to Gegner [143], WEC formation is preceded by the formation of DERs. 

Szost et al. [202] postulated that the microplastic deformation may induce the formation of DERs 

in the slip motion, which forces carbon particles to migrate to the more dislocated region 

[158][203]. A different hypothesis by Hirth [204], which states that the formation of DERs may 

refer to the martensite decay phase. 

 

 

Figure 3-7: (a) early stage DER,  (b) fully developed DERs and 30° bands, and (c) DERs , 30°, and 80° bands 

[200]   
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3.3 Failures modes and affecting factors in 

WTGBs 

3.3.1 Factors affecting WTGB’s failure  
Bearing failure and microstructural changes in WTGBs are influenced by various factors, such 

as the followings: - 

1- Mechanical factors: including high compressive loading, impact loading, vibration, 

slipping, and the materials mechanical properties, 

2- Tribological factors: lubricant, surface roughness, contamination, temperature, and (load-

speed) relation, 

3- Microstructural factors: grain size and type, inclusions, voids, carbon content, and heat 

treatment. 

4- Chemical factors: hydrogen embrittlement, electrical current, compositions of materials 

and inclusions, carbon diffusion, and phase transformation [5][205].    

Oila and Bull [206] analyzed seven factors regarding the drivers of WTGBs failure: load, lubricant, 

temperature, surface roughness, material, slipping, and speed. They concluded the load and 

slipping are more influential than the other factors. Machining and heat treatment processes create 

residual stresses that might contribute the plastic deformation [207]. Errichello et al. [84] 

hypothesized that the high nickel content, a large amount of retained austenite, low carbon 

composition of the bearing core, and increasing the residual compressive stress could give higher 

fatigue damage resistance. The following configurational aspects related to turbine size (gearbox-

bearing), manufacturing, and design, in addition to other factors related to specifications, such as 

lubrication and filtration, are also significant factors affecting the bearing fatigue life 

[51][57][182].   

3.3.2 Failure modes of rolling element bearing 
  A component can be considered to have failed and is no longer functional when it cannot 

perform the design function. The failed bearing cannot conduct its function and there are many 

indicators for that, for example noise and vibration levels exceeding the predetermined threshold. 

In addition, inadequate (or non-filtered) lubricant and high cyclic load may cause dents on the 
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contact surfaces, and seizure and can be considered as failure modes. Furthermore, the buildup of 

induced stress enhances the plastic deformation by causing structural alterations. Failure modes 

describe the styles of rolling bearing damage, which have been classified to several types based on 

their characteristics, appearance, and the reasons of their occurrence: fatigue, wear, corrosion, 

electric erosion, plastic deformation, and cracking. Figure 3-8 depicts a scheme of the bearings' 

failure modes. Appendices (F 1-F 16) describe various bearing failure modes, conditions, causes, 

and solutions in more detail. 

 

Figure 3-8: Classification of failure modes in rolling bearings [208] 
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There are some influential factors causing the bearing failure modes, as follows: - 

1- Fatigue: It occurs on the bearing's surface and/or subsurface because of the surface roughness 

that makes the rolling elements less significant with the lubricating film thickness. The 

subsurface-initiated fatigue, the microcracks initiate beneath the contact surface region as a 

result of the cyclic loading [234]. The subsurface failure propagates on the bearing raceway as 

flaking (spalling) and/or indentations, as can be seen in Figure 3-9. Asperities on the rolling 

element can rub against the bearing raceway if the lubrication is inadequate, the improper 

lubricant is used, the operating temperature is too high, or the surface is too abrasive 

[208][209]. The plastic shear stress, as proposed by Lin and Ito [210], is thought to produce a 

slip between the layers of the material that leads to the initiation of the fatigue surface cracks. 

Nakai et al. [211] postulated that the bearing failure scenario started from the surface region. 

They also concluded that when the vertical crack got to a certain depth, a horizontal crack 

would be formed. The following modes can be recognized as examples of failure-initiated 

fatigue: -  

 

Figure 3-9: Surface indentation and spalling at the inner raceway of a roller bearing [the researcher] 

 

1.1 Spalling (flaking): It describes the material removal from the bearing contact surface, that 

develops from the subsurface loaded zone, as can be seen in Figure 3-10 [8][27][72]- 

[108][166][202] . If such bearings stay in service, the forming debris may cause localized 

overloading and stress concentrations in the contact zones and severe surface deterioration. 

The contact surface may initiate damage because of insufficient bearing lubrication. In 

most situations, the spalling of material from the surface could result from the change in 
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the material microstructure and the microcracks spreading toward or from the deformation 

zone [183][208]. High-concentrated stresses from dents, nicks, debris, and the geometric 

stress concentration from deflection and misalignment of the bearing shaft can lead to spall 

the material from the raceways and rolling elements [212]. Morales et al. [111] postulated 

that a characteristic V-shaped spall might be seen developing at the trailing edge of a pre-

indented raceway. If this failure mode associated with WEA; it is known as White Structure 

Flaking (WSF) [5][32][216][26][130]. Other potential WSF drivers are the severe 

operating conditions of WT, corrosion, water pollution, electricity, tribo-chemistry, slip, 

vibration, and bending stress [72]. 

 

Figure 3-10: (a) subsurface RCF , and  (b) surface initiated RCF resulting in surface spalling [213] 

  

1.2 Micropitting: It is the scratching or removing of material from a metal-to-metal contact 

surface due to the tangential shear stress effect driven by the rolling and sliding motion. 

Micropitting reduces the tolerance in the rolling element bearings and gears, which are 

recognized via the bearing noise [30]. Many factors affect the manifestation of 

micropitting, such as speeds, loads, sliding and rolling velocities, and surface topography 

[5][206][214][215][216]. In general, the micropitting mechanism is linked to asperity 

contact, which causes the lubricant layer to be broken down [209]. A small amount of 
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roller/raceway slippage may cause micropitting, the breakdown of the oil coating, and the 

penetration of hard particles of contamination into the oil [71] . Micropitting might appear 

as debris dents in the roller bearings' ends, so-called "Geometric Stress Concentration 

(GSC) micropitting," as can be seen in Figure 3-11. 

 

 

Figure 3-11: Micropitting and Geometric Stress Concentration (GSC )for Cylindrical Roller Bearing 

(CRB) in WT [216] 

1.3 Creep: When the diameters of two objects are slightly different, the two components will 

rotate at slightly different speeds. In the bearings, creep occurs if the inner or outer race 

moves against its seat with a slight change in rotational speed. Creep is considered sliding 

contact damage that causes extreme surface plastic deformation [30]. Mostly, it results 

from localized frictional heating at the surface, specifically in areas with insufficient 

lubrication layer thickness. Moreover, a light load, rapid acceleration, and inadequate 

lubrication may cause creep. In the event of creep, the asperities may cause the ring/seat 

contact area to take on a glossy finish, as can be seen in Figure 3-12. The combination of 

creep and sliding in the race/seat contact can cause further damage, such as score marks, 

fretting corrosion, and wear. The precautionary could include reducing acceleration, 

increasing load, applying surface coatings, and enhancing lubrication [208]. 
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Figure 3-12: Creep of the inner ring on the shaft-seat [217] 

 

2- Wear: The interaction of two sliding or rolling/sliding contacting surfaces results in the 

gradual erosion of material from a surface [208]. Because of contacting asperities created by 

removing particles from the raceway and the roller of the bearing; wear develops in Rolling 

Bearing Elements (RBEs). There are two types of wear in bearings: abrasive and adhesive 

wear. 

2.1 The abrasive wear: It could occur either because of reduced lubrication or the contamination 

of the lubricant by other foreign small and hard particles. If the bearing contact surfaces 

become dull, friction will increase, and leading to the remove particles from the contact 

surfaces. Material loss take places when hard particles slide against each other so that a hard 

surface or particle slides across another surface and cuts or plows away some of the surface 

material, as can be seen in Figure 3-13. As the running surfaces and possibly the cage gets 

worn down, more and more of these particles are made. The degree to which the surfaces 

become dull depends on how big and what kind of abrasive particles are. Eventually, the wear 

gets worse and worse, which causes the bearing failure. The polishing process can occur when 

the abrasive particles are very soft [208].  

  

Figure 3-13: Abrasive wear on the inner raceway and roller of a Tapered Roller Bearing (TRB) [208] 
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2.2 The adhesive wear: It caused by the slipping of Rolling Bearing Elements (RBEs) on the 

raceways. The material moves from one surface to another because of the frictional heat and, 

in some cases, a re-hardening of the surface [212]. In operation, the adhesive wear may occur 

if the rolling elements are too lightly loaded and then subjected to a high acceleration due to 

the re-entry into the bearing loading zone, as can be seen in Figure 3-14 [208].  

 

 

Figure 3-14: Adhesive wear at the inner raceway of a cylindrical roller bearing [208] 

 

2.3 Three-body abrasive wear: Three main stages can be recognized for the abrasive wear in case 

of inducing a third body (in addition to inner race and roller), which is a foreign particle such 

as debris. These stages can be explained, as follows: - 

• Stage 1 (indentation and macrocrack formation): due to the compressive stress caused 

by a third body placed between the inner ring and the rollers, multiple millimeter-sized 

indentations, and macro fractures in lengths of several centimeters may be formed. The 

inner raceway hardness is lower than that of the roller, which makes the indentations and 

macro fractures larger and deeper (significantly more extensive than the particle sizes, i.e., 

less than 10 µm) [72].  

• Stage 2 (regional plastic deformation): areas with indentations are more likely to 

become plastically deformed.  

• Stage 3 (wear out of the surface): the wear-out surfaces of the two bodies grow broader 

and deeper as the base materials have been removed, causing a fracture. However, the 

amount of wear is directly proportional to the material's hardness [72]. 
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3- Corrosion: It is a chemical reaction on metal surfaces. Two types of corrosion can be 

recognized in bearings, which are moisture and frictional corrosion. 

3.1 Moisture corrosion: It occurs because of the contact between bearing metal with acid or 

moisture, storing practices, poor handling, and packaging [218]. One common misstep is 

touching the bearing surfaces with bare hands. Gradually, the bearing surfaces deteriorate as 

the material is turned into oxides, leaving behind various-sized and colored stains in shades of 

yellow, brown, and red. The abrasive paper with a fine grade would eliminate small amounts 

of rust, while highly rusted components require re-grinding and machining. Untreated rust will 

worsen and cause macro pitting [41]. The result is the formation of pits and then the flaking of 

their contact surface, as can be seen in Figure 3-15 (a). 

3.2 Frictional corrosion “tribo-corrosion”: Under a high loading condition, the lubricant would 

be squeezed out of its surface contact zone. As a result, friction force increases in the contacting 

zone, removing the protective oxide layer and causing oxidation followed by material removal 

from the bearing contact surface [46]. There are two kinds of frictional corrosion: fretting and 

false brinelling (vibration corrosion).   

• Fretting corrosion: It develops in load-transmitting surfaces with oscillating contact 

micro-movements. Asperities oxidize and are wiped off; powdery rust forms (fretting rust, 

iron oxide). The bearing surface turns reddish black. Loads and/or vibrations cause 

damage when the mounting fittings' radial clamping is overcome. Rough, wavy bearing, 

shaft, and housing surfaces can compromise mounting fit and cause fretting corrosion 

[208], as can be seen in Figure 3-15 (b). 

• False brinelling (vibration corrosion): It occurs in the rolling element/raceway contact 

zones of non-rotating races due to micromovements and/or elastic contact resilience under 

cyclic vibrations. False brinelling in standby equipment can result in closely spaced flutes 

when long halted periods are alternated with brief running sessions. Electric current 

damage is distinguished by rolling components showing similar markings but at a less 

advanced stage. Bearings, blade pitch, gear components, and yaw, which experience only 

a limited range of motion or structural vibration, are prone to this failure mode. The 

lubricant is squeezed away from the contact zone, and the oxide layers protecting the area 

are stripped away. It causes faster wear on the raceway, which limits the positioning 

system's smooth performance [30], as can be seen in Figure 3-15 (c). 
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Figure 3-15: (a) Moisture corrosion, (b) fretting corrosion on the inner race ball bearing, and (c) fretting and 

false brinelling (vibration corrosion) in the outer ring of a tapered roller bearing [208] 

 

4- Electrical erosion: Because of the high voltage created by the flow of electricity, sparks might 

flow between the bearing raceway and the roller. It would lead to welding, melting, and pitting 

of the bearing surface in the contact area [46]. Inadequate insulation, inductive effects, or 

improper grounding can contribute this failure mechanism by allowing electric current to flow 

through the bearing components. Electricity can be generated in several ways, including via 

lightning strikes, grid current leakage, and inadvertently charged components [219]. Intense 

heat can be produced by an electrical arc, he high temperature in the arc may enough to melt 

the metal on bearings. The electrical erosion is either fluting or electrical pitting. The fluting 

leads to regular wear patterns, while electrical pitting leads to erratic ones, as can be seen in 

Figure 3-16 [220][221]. 

4.1 Electrical pitting: It occurs when there are significant voltage differences between the 

bearing housing and the shaft. If they are not correctly grounded, current can pass through 

the lubricant layer that prevents direct contact between the rollers and raceways. The 

current produces sparks and arcs, leading to localized melting and welding of the roller 

and track surfaces. The welded areas are sheared off when the surfaces slide, leading to 

roughening and material loss. The material properties around the concentrated melting 
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zone are altered by electrical pitting, leading to a significant increase in the localize 

mechanical properties. The pitting serves as seeding locations for further cracking and 

micro-pitting. 

4.2 Electrical fluting: Low-intensity direct or alternating current flows over the bearing roller 

and the raceway, causing electrical pitting and then electrical fluting. Most shutdowns 

occur because of a malfunctioning of the generator or an electrical grid breach. As a result, 

fluting can be considered as a common in generator bearings. As the rolling components 

traverse the craters created by the electrical pitting, and a mechanical resonance vibration 

can be produced. The result is a uniform band of brownish, axial, shallow ridges around 

the racetrack. 

 

Figure 3-16: Bearing damage due to electrical current  (a)electrical pitting, (b)electrical fluting [221] 

 

5- Plastic deformation: If the bearing material is subjected to stresses that exceed its yield 

strength, permanent deformation of the metal will occur, so-called “plastic deformation.” 

At a microscale, the contact load between a rolling element and the raceway yields a large 

percentage of the contact footprint (the contact area) [142]. Misalignment and transient 

loading are the triggers of the plastic deformation, causing overheating, fretting corrosion, 

discoloration, and scored tracks, as can be seen in Figure 3-17 [222][223]. Vibration might 

arise when the rollers are no longer move along their original design path due to a 

permanent change in the geometry of the rollers and/or the raceways [42]. Overload 
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deformation and particle indentations are two examples of plastic deformation, Figure 3-18 

shows examples of this damage. 

 

Figure 3-17: Plastic deformation damage (a)TRB track spalling due to misalignment, (b) Loose mounting 

markings and discoloration [128] 

5.1 Overload deformation: It can occur in a stationary or spinning bearings (uncommon). 

Overloading a stationary bearing by static or shock load causes plastic deformation at the 

rolling element/raceway contacts, which form shallow depressions or flutes on the bearing 

raceways. Surface finishing or residual machining are markings at the bottom of the depression 

or the flute identify overload from the artificial brinelling or electrical fluting. Moreover, the 

excessive preloading or improper mounting can also cause overloading and then a deformation.  

5.2 Indentations from particles: Indentations are created on the raceways of rings and rolling 

elements when particles are over-rolled multiple times. The characteristics of the particles can 

be presented by the dimensions and contours of the indentations left behind. Indentations 

occurs when debris from the system or foreign abrasive particles become trapped between the 

raceways and the rolling components, and the lubricant becomes polluted [212]. 

 

Figure 3-18: Plastic deformation at ball distance in the outer race of a ball bearing [208] 
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6- Cracking and fracture: If the stress of the contact surface in a bearing component is higher 

than its Ultimate Tensile Strength (UTS); cracking will occur. At an advanced stage, cracks 

can propagate and the material elements separate from the bearing surface and eventually lead 

to fracture. In inclusions and voids, the relatively low contact loads may exceed UTS and 

initiate microcracks in them [46][208]. The crack can cause a component to fracture when it 

spreads through a segment to the other side of it or to location where a portion becomes 

detached from the rest of the component [208]. There are three modes of cracking and fracture 

as follows: - 

6.1 Forced fracture: Local over-stressing, such as from impact, or an excessive interference 

fit, such as excessive hoop stress induced throughout the bearings’ assembly with their 

shafts. This can result in a forced fracture due to a resultant stress that exceeds the material's 

(tensile) strength, as can be seen in Figure 3-19(a).  

6.2 Thermal cracking: High frictional heating from sliding may cause thermal cracking. 

Cracks appear perpendicular to sliding. Because of the local re-hardening and significant 

residual tensile stress, hardened steel is prone to thermal cracking, as can be seen in     

Figure 3-19(b). 

6.3 Fatigue fracture: It occurs when the fatigue strength limit is repeatedly exceeded in 

bending, tension, or torsion. Once the initial crack has been initiated, it spreads across a 

portion of the cross-section, eventually causing a forced fracture. Rings are the most 

common site of fatigue fracture, as can be seen in Figure 3-19(c). 

 

Figure 3-19: (a) Forced fracture in the inner race shoulder of TRCB, (b)Thermal Cracks in the inner race of 

TRCB, and (c) Section of fatigue fracture of a cam / roller outer race contact [208] 
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3.4 Hypotheses for interpreting the occurrence 

of microstructural alterations and failure 

modes  

  The following hypotheses illustrate the likely root causes of the microstructural alterations 

in the WTGBs’ steel: - 

1- Hydrogen diffusion:  Many factors, such as lubricant, water contamination, transient operating 

conditions, and the steel manufacturing process, are responsible for producing hydrogen that 

diffuses into the bearing raceway. The degradation reaction generates lubricant fragments such 

as H2
+, CH3

+, C2H3
+, C2H4

+, and C3H7
+ [142][224][225][226]. Esters, ethers, and carboxylic 

acids are some of the additional oxidation reaction products that have been found in the 

lubricant and the metal oxide layer [227][228][229]. Uyama et al. [230] postulated that WECs 

initiation refers to the surface cracks due to a hydrogen effect generated from lubricant 

dissolving under high local compressive pressure at the surface crack when the roller travels 

over the surface crack tip. The hydrogen-induced speeds up WSF by boosting a local plasticity 

and increasing the grain slip deformation, which ultimately increases the crack density during 

the RCF [88][190][231][232]. During the bearing operation, an electrical current is induced, 

which may generate hydrogen from the lubricant  and cause the lubricant chemical instability 

[154][173][177][233][234][235][236]. Ruellan et al. [121] tested pre-charged bearings with 

hydrogen. The results showed that these bearings had a more remarkable ability to induce 

microstructural alterations than those not charged with hydrogen. Other environmental factors 

such as water contamination, corrosion, severe contact conditions, and stray current promote 

the generation of atomic hydrogen. The penetration of the hydrogen into the bearing steel 

probably accelerates rolling contact fatigue and triggers cracks. During rolling contact, 

hydrogen could get into the bearing steel in the following two ways 

[27][52][143][237][238][239]: - 

• through surface cracks, where water contamination or lubricant can get in and cause 

hydrogen ions, which released locally by tribo-chemical reactions at the crack tip nascent 

surfaces; and 
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• through wear-induced nascent surfaces, hydrogen is made by the breakdown of lubricants 

through catalytic reactions and tribo-chemical reactions of water. 

2- The Adiabatic Shear Bands (ASBs) are the regions induced due to impact loading of deformed 

and transformed regions caused by the stress concentration, leading to increasing temperatures 

and phase transformations. Cavitation creates pulses in the contact surface and may initiate 

WECs through a rapid process that results in the ASBs. Such pulses can be seen as a peak or 

much more as a ballistic impact, in the outlet region of a contact lubricated under 

Elastohydrodynamic lubrication conditions. The material grains would be disturbed by 

mechanical waves caused by the high impact loadings [172]. 

3- Cyclic stresses of typical over-rolling may lead to an accumulation of the strain energy around 

the inhomogeneous objects (inclusions and voids); and causing plastic deformation, material 

deterioration, Dark Etching Regions (DERs), and cracking. As a result of this excess energy, 

nano-sized ferrite grains grow up within the steel, and the steel recrystallizes into WECs [240]. 

Energy dissipation is inadequate in the localized region of the bearing steel, as explained by 

Gould and Greco [241]. They hypothesized that the predicted Frictional Heat Accumulation 

(FHA) is proportional to the applied load, friction, the relative velocity of the contact bodies, 

and the time of the machine running [242]. Their findings indicated the required FHA to trigger 

microstructural alterations is about 6.26 MJ. 

4- The Low Energy Dislocation Structure (LEDS) theory, as modified by Kuhlmann and Wilsdorf 

[243],and states that, in a dislocation structure having a plastic deformation, the instant heat 

generation within the deformed particles is in equilibrium with the applied shear stress and the 

slip band. It was based on Taylor's work, which suggested that the microstructural grains be 

broken up into refined grains to maintain the structure's stability under high loads. 

5- Tensile frictional stresses from surface cleavage cracking would be receptors for aged and 

contaminated lubricants; hence, corrosion fatigue cracking leads to WECs. Gegner & 

Wolfgang [244] hypothesized that the brittle spontaneous tensile stress-induced cracks are 

typically responsible for forming preparatory fracture faces on the surface of a material. 

Branching of crack is afterward promoted by corrosion fatigue under the impact of the 

penetrating lubricant and breakdown of its layers. 
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6- Microcracks are created during the casting of the bearing steel as J. Campbell [245] proposed. 

The formation of relatively cold faces while pouring molten steel inside the casting process 

was to blame for the formation of microcracks and oxide defects. 

7- Yang et al. [105] postulated that there are two distinct zones located underneath the Worn 

Surface (WS) that zones are subjected to (P) impact wear: the first is a White Layer (WL), and 

the second is a Deformation Zone (DZ) located above the other bearing matrix (denoted by 

M), as can be seen in Figure 3-20. The weakening of the border of the WL can be attributed to 

the disparity in deformation that occurs at the contact between the WL and DZ. Suh [246] 

confirmed that delamination occurs when microscopic cracks inside the WL spread along the 

WL's border or perpendicular to the worn surface path.  

 

Figure 3-20: Cracks initiation and propagation throughout the bearing zones under the impact wear [109] 

 

8- Solano-Alvarez and Bhadeshia [185] discussed the microcrack initiation and grain size control 

using Vickers hardness measurement equipment and heat treatment. They suggested three 

significant determinants in the initiation of cracks: the size of the austenite grains, the amount 

of stress that was transferred between the martensite and the austenite, and the carbon content 

of the martensite. 

 

 

 

 



 

86 
 

4 
4. CHAPTER FOUR: SUBSURFACE 

INVESTIGATION OF A PLANETARY 

WTGB 

  In this chapter, the subsurface microcracks samples have been analysed. These samples were 

taken from the severely damaged inner race bearing of a planetary wind turbine gearbox. It was 

observed that these microcracks tend to change their directions at a length of about 15 μm. Hence, 

the cracks were classified as large and small based on the mentioned length limit. As the small 

cracks represent the primary stage of initiation, their analysis may give many indications in terms 

of inclinations, depths, lengths, and stress distribution. The correlation of microcracks distribution 

with subsurface contact stress indicates the role of Von-Mises, maximum shear stress (orthogonal 

shear), and traction force in the crack initiation. The investigation of this specific role represents a 

side of the study of the premature failure of WTGBs. 
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4.1 Methodology 

The specimens from a failed planetary bearing of a 2 MW onshore wind turbine gearbox 

have been taken from the severely damaged region (not presented due to confidential policy). The 

specimens were carefully prepared and examined using different types of microscopes. The 

observed cracks were classified according to the following specifications: depths, densities, 

inclinations, and the inclusions' association. The severely damaged regions of the failed planetary 

WTGB were investigated by cutting, preparing, and examining the subsurface damaged areas. The 

data of microcracks' location, inclination angle with the rolling surface, and their relative location 

with non-metallic inclusions are analyzed to identify the possible cause of microcrack initiation 

leading to premature failure. The samples were cut by using a wire erosion machine and then by a 

linear saw machine at high speed (> 3000 rpm) and low cutting rate     (0.3 mm/min) to reduce the 

possible damage due to sample cutting. The cutting can show the circumferential plane, i.e., the 

bearing rolling plane and the axial plane, as can be seen in    Figure 4-1. This figure also presents 

the mounting using a conductive resin to examine the samples by Scanning Electron Microscope 

(SEM) due to the resin's ability to absorb electrons. 

 

Figure 4-1: The sample preparation procedure for microscopic examination [247]  
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An optical microscope - Light Reflection Microscope (LRM) is also used to scan the samples. 

After mounting, the samples were ground using coarse grinding paper (low grinding paper grade). 

The first grinding stage is to remove the unwanted impurities from the mounting process and make 

the metal sample completely flat to be ready for the other grinding and polishing processes. The 

materials used in the grinding and polishing process can be seen in Figure 4-2. The grinding papers 

and the polishing disc were fixed a rotating magnetic base of the grinding and polishing machine. 

At the same time, the samples were put in specific holes on a rotating disc connected to the rotating 

head with sample pressing rods to exert the grinding and polishing forces which fed on the data 

entry screen of the grinding and polishing machine. 

 
 

Figure 4-2: Grinding and polishing machine with its used material [247] 

Table 4-1 illustrates the details of the grinding and polishing processes with the rotational speeds 

and directions with the load of pressing the samples throughout each grinding and polishing step. 

The relatively small pressure throughout the last three sample polishing process is vital to reduce 

the possible damage due to the preparation process. 
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Table 4-1: Grinding and polishing processes data [247] 

Process Grinding Polishing 

Step No. 1 2 3 1 2 3 4 5 

Grade (par/in2) and 
(µm) 

240 600 1200 6 3 1 1 0.04 

Force (N) 25 25 20 20 20 15 15 10 

Time (s) Until level 360 360 540 560 480 360 540 

Base speed (rpm) 200 200 200 150 150 150 200 200 

Head speed (rpm) 51 61 61 51 51 51 51 51 

Rotational direction 
(base/head) 

Same Same Same Same Same Same Opposite Opposite 

 

Nital (1% nitric acid in 99% ethanol) was used for the etching process. This etchant concentration 

helps to reveal the bearing material grain boundaries, carbides, and WEAs in the examined 

samples. The sufficient etching shows various light colors on the sample's surface. The samples 

were investigated using SEM and LRM. The cracks' depths (distances below the contact surface), 

cracks' angles (the inclination angle of the crack with the contact surface), and crack lengths, as 

can be seen in Figure 4-3 were recorded, classified, and analyzed for each investigated sample. 

 

Figure 4-3: The characteristics data of the subsurface cracks [247] 
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4.2 Observed damage patterns 

  Different subsurface damage patterns have been observed throughout the microscopic 

examination of the samples, as illustrated in Figure 4-4. One of the interesting observations is the 

separation of the inclusions from the material bulk, as can be seen in Figure 4-5(a). This separation 

(void) may be a damage mode produced throughout the sample preparation. However, this 

possibility has less opportunity due to the relatively low pressure on the samples throughout the 

grinding and polishing processes. The other option is that the separation is a type of damage that 

represents the primary crack initiation from the inclusions due to heat treatment of the bearing 

material or within the bearing service. 

 

Figure 4-4: Subsurface damage types observed within the examined samples [247] 

Cracks were observed as associated or non-associated with Non-Metallic Inclusions (NMIs). The 

cracked inclusions were also often separated from the material bulk and cracked either from the 

tip/s, or along its body (self-cracking). However, cracks that non-associated with inclusions were 

the most prevalent damage observed features—see Figure 4-5. Mixed damage patterns of self-

cracking, separation, and associated cracking were also observed in addition to undamaged 

inclusions in the vicinity of the severely damaged inclusion, as can be seen in Figure 4-6. It may 

indicate the marginal role of NMIs in initiating the damage and that other factors are more 

influential. The white spots observed within the examined surface using SEM are carbides (iron 

saturated with carbon). These carbides are introduced through the heat treatment process and may 

represent a trigger of microcrack initiation [71] . Many carbides are associated with small black 
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spots, probably voids within the bearing material. Some researchers have considered these voids 

to be one of the sources of crack initiation  [5]. Voids are mostly compressed and surrounded by 

high hardness-carbides [11][46]. Each contiguous group of voids makes it easy to connect with 

each other’s to initiate a new crack that propagates through the nearest voids — see Figure 4-7. It 

is probably essential to reduce the number of carbides by improving the bearing material heat 

treatment and reducing the voids in the bearing bulk to prolong the bearing fatigue life.  

 

Figure 4-5: Samples of damage patterns observed, (a) non-cracked and separated inclusion; (b) self-cracking 

inclusion; (c) double crack associated with inclusion; and (d) crack not associated with inclusion [247] 
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Figure 4-6: Mixed damage type associated with an inclusion [247]   

 

 

Figure 4-7: The voids and carbides impeded in the bearing subsurface region [247] 

 

X-Ray Diffraction (XRD) is an available analysis tool in SEM to show the material components 

of an indicated region. This advantage has been used to analyze the misty black separated area 

around the inclusion, as illustrated in Figure 4-8.  
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Figure 4-8: XRD analysis of separation area surround an inclusion [247] 

Enlarging one inclusion (×15000) and focusing on the inclusion boundary shows that the small 

cracks originate very close to the inclusion boundaries and not from the inclusion body, as can be 

seen in Figure 4-9. There is substantial evidence that the leading initiation site of damage is not 

only the inclusion body itself but also the voids close to the inclusion boundaries. 

 

Figure 4-9: Cracks initiate close to the inclusion [247] 
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It was found that there were no white etching cracks (WECs) or white etching areas (WEAs) within 

the investigated regions. The interpretation of this result is that the formation of WECs and WEAs 

may follow the crack initiation. This finding refutes the hypothesis of damage initiation due to 

WEAs. It supports Stadler's research [248] which hypothesized that the WEAs and WECs are a 

consequence of the damaged region but not its cause. 

4.3 Analysis of contact stresses 

  The contact of bodies is one of the most critical problems in mechanical engineering 

because the contact load produces contact stress; and leading to damage. Hertz analyzed the 

contact problem of two lenses under specific conditions, such as the perpendicular load between 

the two bodies, and there is no slipping. In addition, the dimensions of the contact region are 

minimal compared with the dimensions of the contact bodies [249]. Due to slight friction in the 

bearing (less than 5%) and the bearing radial load, Hertz's contact theory can be applied to 

bearings. Finite Element Analysis (FEA) revealed the stimulating effects of slipping and friction 

on the values and locations of the contact stresses and their distributions. This study has used this 

technique to predict the profile of maximum shear stress and Von-Mises stress, as illustrated in the 

equations (4-1) - (4-10). The subsurface damage distribution analyses were compared with the 

distributions of subsurface stresses. The stresses and constants were calculated according to Hertz 

contact theory, as can be seen in Figure 4-10, using the superposition technique to insert the effect 

of friction. 

 

Figure 4-10: Pressure distribution based on Hertzian contact theory [the researcher] 
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where 

r: Location in x-axis 

𝛿: Depth at center 

µ: Coefficient of friction, 

q: Friction force, 

po: the maximum load on a roller, 

m and n: Constants which were calculated depending on the contact length and the coordinates (x 

and z) of the point at which the calculation was performed, 

z: The depth from the contact surface, 

σx, σz, τmax, τxz, and σVM: The cartesian contact stresses, maximum shear, Cartesian shear stress, 

and Von-Mises stress, respectively. 

b: Half of the Hertzian contact length. 

 

Normalized analyses (dimensionless analyses) of stresses using Hertz contact theory represent a 

general case where the stress values are divided by the normal contact pressure on the contact 

surfaces, and the depths are divided by the contact region length. Figure 4-11 presents the 

distribution of three stresses in the subsurface of two circular cross-sections in contact (identical 

to the rolling element and inner race of the bearing). The existence of traction force due to rolling 

element movement changes the shear stress distributions towards the rolling surface ahead of the 

rolling direction, as seen in  Figure 4-12. Only the shear stress was analyzed after introducing the 

traction force because the materials probably fail quickly under this type of stress. The traction 

force also increases the stress values in front of the vertical centerlines of the contact bodies (i.e., 

towards the rolling direction). However, the contact stress is reduced on the other side of the 

contact bodies centerlines. The traction also decreases the depth of the maximum stress, i.e., the 

location of the maximum stress is being nearer to the contact surface. This finding supports the 

results postulated in many other literatures [46][250][251][252][253]. The damage is produced due 

to stress; for that, stress distribution with depth can be compared with the subsurface damage 

distribution to predict which stress type is the leading cause of damage. The analysis of maximum 

stress distributions with depth under the action of contact and traction also helps in predicting the 

stress and traction levels at which damage may be produced, as explained in section 4.5.  
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Figure 4-11: Normalized contact stresses using Hertz contact theory, (a) maximum shear; (b) Cartesian 

shear, and (c) Von-Misses stress [247] 

 

(b) 

(c) 

(a) 
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Figure 4-12: Effect of traction on subsurface maximum shear stress distribution (µ=0.15) [247]       

Different operating events were confirmed throughout the turbine operation, such as emergency 

braking, shutdown, grid connection/disconnection, and generator engagement/disengagement. In 

these events, the loading (torque) reverses its direction, and some severe transient loading occurs. 

The loading levels throughout these events depend on the turbine output power at which the event 

takes place. The extreme loading levels in the opposite direction may produce damage patterns 

that differ from the typical operating damage. 

4.4 Analysis of damaged inclusions  

  Non-metallic inclusions are impurities in the bearing material embedded within the steel 

matrix throughout the manufacturing process. They were specified in much of the research as one 

of the most efficient sites of damage initiation in the subsurface of the bearing contact region  

[45][254][255]. ABAQUS software as a Finite Element Analysis (FEA) have been applied to study 

the stress distribution around a non-metallic inclusion region. The simulation results showed 

differences in stress concentration of about 250 MPa between the inclusions’ bodies and their 

neighboring areas, as can be seen in Figure 4-13. This consequence opened the door to going in 

deep to investigate the role of inclusions in cracking initiation using an experimental and statistical 

scope of work.     
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Figure 4-13:   Difference in stress distribution for the non-metallic inclusions [247] 

 

The values of inclusions’ Aspect Ratios (ARs), i.e., length/width ratio, were categorized into three 

levels: (1-2), (2-3), and >3. It has been observed that 217 microcracks (each length ˂ 15 µm) were 

associated with inclusions. That represents ~15% of the total 1,447 examined microcracks. The 

relatively low percentage of cracks associated with inclusions may indicate a more subordinate 

role of the non-metallic inclusions than the previous research about the cracking damage initiation. 

Most of the damaged inclusions were found to have an AR in the range of (1-2), as can be seen in 

Figure 4-14, which means that the inclusion length may not significantly affect the crack initiation. 
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Figure 4-14: The percentages of the observed damaged inclusions and their Aspect Ratio [247] 

4.5 Crack density with depth 

  The observed straight small microcracks (1,447 subsurface cracks) in the investigated 

samples were presented with their depths in Figure 4-15. The same procedure of analysis has been 

conducted for each sample separately. The crack distribution (density) for the samples    (S1 - S5) 

showed similar distribution patterns for the total investigated cracks, as can be seen in  Figure 

4-16. The distribution of Von-Mises stress with depth has been calculated and presented using 

MATLAB software, considering the effects of increasing coefficient of friction and traction force. 

The maximum subsurface Von-Mises stress is located below the contact surface; however, the 

maximum density of small microcracks is also very close to the contact surface. The graphical 

profile of the cracks' density with depth (Figure 4-16) is identical to the Von-Mises stress 

distribution (Figure 4-17), which probably refers to the considerable role of Von-Mises stress in 

crack initiation. It has been concluded that the crack distribution refers to a traction force relatively 

higher than that presented in the previous studies [46].  
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The microcrack densities in shallow regions for all the investigated samples pointed out the 

possibility of higher contact stresses than the bearing design (and/or) a traction force more 

remarkable than that considered throughout the bearing design process. Re-evaluating the contact 

stress standard for WTGBs should match the severe operational conditions. These high contact 

stress levels are probably produced throughout the transient loading of the turbine operating events 

(braking, grid-loss, generator connection/disconnection, etc.), which should be considered 

throughout the bearing selection process.  

 

Figure 4-15: Distribution of the investigated small microcracks with depth [247] 
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Figure 4-16: Crack density with depth of the examined samples [247] 

 

 

Figure 4-17: Simulating of Von-Mises stress with depth in terms of increasing the traction force [247] 
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4.6 Analysis of crack inclination 

  According to the failure theories, Von-Mises stress (𝜎𝑉𝑀) or maximum principal stress (σ1) 

are the possible causes of crack initiation under tensile stress [88][190]. However, under 

compression and shear action, maximum shear stress (τmax) is also a possible cause of bearing 

failure and damage [182][256]. The inclination angle of a crack is not easily specified due to the 

change in the crack direction throughout the propagation process.  Cracks of lengths smaller than 

15 μm were observed to have unchangeable directions, while those longer than 15 μm propagated 

in many variable directions. For that, 15 μm has been considered as the limit for distinguishing 

large and small cracks, as can be seen in Figure 4-18. Solano-Alvarez and Bhadeshia [186] also 

concluded that shear stress and rolling direction affect the orientation of cracks beneath the surface. 

 

Figure 4-18: (a) Small straight cracks; (b)&(c) large kinked cracks [247] 
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Von-Misses stress is a resultant stress and hasn't a specific direction, while the maximum shear 

has a specific direction. For that, the effects of two factors (traction force and the subsurface 

maximum shear stress) have been studied in this section regarding their role in bearing subsurface 

crack initiation using the indicator of crack inclination angle. The traction force has the same 

bearing rolling direction, and the stress analyses showed the considerable effect of traction on both 

the shear stress and distribution. Thus, the crack inclination has been considered a reference for 

the maximum shear stress direction. The maximum shear stress under Hertzian contact has an 

inclination angle of (±45°) [46][71]. Accordingly, the crack angle tendency has been considered 

an indication for the traction role in the crack initiation due to observing the change in the crack 

direction close to the contact surface. Theoretically, the ideal standard coefficient of friction (μ) 

for the bearing contact surface is 0.05 [257]. However, surface roughness is expected to be 

increased during the operating conditions throughout the service. On the other hand, as the 

lubrication is not perfect, the friction value and hence the traction force will increase. The damaged 

layer of each one of the investigated samples was analyzed at a depth of 700 μm and segmented 

into seven subsurface layers of the same thickness (100 μm); to investigate the cracks in the bearing 

radial direction. Figure 4-19 shows that the microcrack's inclination angles in shallower region 

depth of (0-100) μm tend to be approximately parallel to the contact surface. This result confirms 

the effect of surface traction on changing the crack initiation angle. On the other hand, cracks in 

the depth range of (400-600) μm have an average inclination angle of ~45o, as can be seen in Figure 

4-20, where the effect of the traction force is significantly reduced. With increasing the contact 

depth, the average microcrack angles are approximately equal to the maximum shear stress angle 

of (45o). This finding indicates the possible role of shear stress in microcrack initiation. Figure 

4-21 shows the correlation of the median values of crack angles with the damaged layer depth for 

the investigated samples. Some microcrack angles are larger than 90˚, showing the possible 

potential role of toque reversal throughout the wind turbine events (braking, grid-loss, generator 

connection/disconnection,... etc.) on crack initiation [25].  
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Figure 4-19 Characteristic of microcracks angles in shallow subsurface depths [247] 
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Figure 4-20: Characteristic of microcracks angles at deeper subsurface depths [247] 
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Figure 4-21 shows that the shear stress increases vs. depth with a high slope until reaching its 

maximum value, then decreases slightly. From the same figure, it can be concluded that the 

maximum shear stress (τmax) is located in a depth range of ~ (300–400) μm, at which the cracks 

tend to correspond to the inclination of the maximum shear stress (±45°). On the other hand, a 

large number of subsurface cracks were observed in the mentioned depth, as can be seen in 

Figure 4-15. Based on the foregoing, it can be confirmed that there is a congruence in the results 

of both experimental and simulation works, and indicating to the essential role of maximum 

shear stress in the damage initiation. 
 

 

Figure 4-21: Correlation of cracks’ inclination angles with depth for the investigated samples (top) and 
distribution of shear stress with depth (down) [247] 
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Two kinds of cracks can be described regarding the type of stress that causes cracks: those caused 

by the impact of shear stress and those caused by the principal or Von-Mises stress, creating so-

called Crack Opening Displacement (COD), as can be seen in Figure 4-22. 

 

Figure 4-22: Description of cracks based on their causative stress [the researcher] 

4.7 Investigation of the microstructural 

alterations and their triggers 

Carbides and voids are the main triggers of the alterations in the microstructural objects, 

such as butterflies, WECs, WEAs, and DERs.  For that, the investigation of both causes and effects 

is necessary to understand the subsurface damage of WTGB.  Carbides are formed during the heat 

treatment process as a result of quenching, tempering, decomposition of retained austenite, and 

precipitation of the tempered carbides [45]. The dissolved carbon in the carbide makes it harder 

by ~ (30-50%) than the matrix of the bearing steel [142][143]. The metallographic investigations 

demonstrated that the subsurface microcracks were often not associated with non-metallic 

inclusions. Mostly, microcracks were observed to be initiated from the voids, which are associated 

with carbides. The carbides (marked in red) in Figure 4-23(a) are located at the embedding 

boundary of the inclusion with strong bonding. Microcracks (highlighted in yellow) in the same 

figure may be initiated due to the compressive stress of the hard carbide particle against the soft 

inclusion. For that, carbides are considered one of the microcracks and butterfly triggers in the 
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subsurface region in addition to non-metallic inclusions which have been widely reported in 

previous studies [84]. Carbides appeared in small size (because of the breakup of large particles) 

and elongated features (because of the compression stress), as seen in Figure 4-23(b).  Voids are 

black spots initiated during the manufacturing and heat treatment processes, or they may be formed 

as gaps due to the de-bonding process of NMIs from the steel bulk. Several black spots, that locate 

inside and at inclusions’ boundaries are oxides, but not voids as resulted from the metallographic 

and microstructural investigation. Cracks associated with voids may be observed to be surrounded 

by carbides, as seen in       Figure 4-23(c). In contrast, voids without carbides seem to resist 

cracking. This is because of the hard feature of the carbide particles, which may initiate cracks 

around the voids. In the case of severe loading, these contiguous voids may form cracks by 

connecting to each other’s. Voids are observed to produce butterflies in addition to NMIs. Voids 

near inclusions have two effects: initiating microcracks, especially if these voids are located in 

their tips, and de-bonding the inclusions from their matrix, as illustrated by Solano et al. [148].      

 

Figure 4-23: The behaviour of carbides and voids as microstructural alteration triggers [the researcher] 

 



 

110 
 

As illustrated in (section 3.2.4), a butterfly feature is typically a central NMI with wing/s forming 

a butterfly aspect in the subsurface zone (~ 1-1.5 mm beneath the contact surface), as seen in 

Figure 4-24(a). However, a number of butterflies were observed with dispersed nucleus, as seen 

in Figure 4-24(b). Mostly, the appearance of butterflies was observed in the highly localized 

(cyclic) shear stresses, induced during RCF. In the case of increasing the over-rolling, both the 

butterflies’ formation frequency and the zone size in which they are generated will increase. Based 

on the microscopic investigations, it has been observed that the butterflies’ lengths and inclinations 

vary with their depths (from the contact surface) in terms of the orthogonal shear stress distribution.  

For that, two factors may indicate the butterflies’ features: the over-rolling cycles and the contact 

load. The pervasions of carbides and voids around the butterflies may indicate their likely initiation 

cause. Microscopic investigations did not show WEAs, WECs, and DERs because their formation 

may occur at a high level of contact pressure stress and fatigue cycles.  This result supports the 

hypothesis that WEC, WEAs, and DERs may be formed as a result of the development of butterfly 

features as white networks due to the extension of multiple linking [71][84]. 

 

Figure 4-24: Butterfly feature (a) with a central NMI, (b) with a dispersed nucleus [the researcher] 
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4.8 The surface investigation related to 

subsurface damage 

The damage initiation source has more than one opinion, the more popular one is that the 

damage initiates from the subsurface regions and propagates toward the surface. However, the 

opinion of initiating the damage from the surface and propagating to the subsurface is also 

considered. Which opinion is the right one is a debatable issue. Alicona surface analyzer has the 

ability to take images with great accuracy to show the topography of the surface before and after 

the damage to link the surface and subsurface damage analyses to predict the damage initiation 

site. Figure 4-25 shows an example of the Alicona output analyses. Enlarging the surface damage 

initiation region shows that, the surface damage initiates at the roller contact edge. However, the 

damaged patches were not straight and this confirms the misalignment and for skewing of the 

roller contact throughout the bearing service. This surface damage pattern also confirms the stress 

concentration at the roller edge in spite of the modern techniques used in the roller profile design 

to avoid the stress concentration issue, as can be seen in Figure 4-26. 

  

Figure 4-25: Surface damage analysing using Alicona analyser [the researcher] 
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Figure 4-26: Surface damage initiation pattern [the researcher] 
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5 
5. CHAPTER FIVE: SELECTING THE MOST 

EFFICIENT WTGB TYPE USING 

ANALYTICAL HIERARCHY PROCESS 

METHOD (AHP) 

 Referring to Figure 2-7, it has been observed that the operating conditions of wind turbines 

dictated the presence of two different stress distribution patterns in the gearbox bearing: the 

loading and non-loading zones. In addition, the experimental and simulation results that were 

observed in chapter 4, as shown in Figure 4-13 confirmed that the subsurface stress concentration 

of the inner race bearing has exceeded the standard values. Wherefore, the study of this chapter 

relied on selecting the optimal bearing type in terms of multi-criteria. The Analytic Hierarchy 

Process (AHP) is one of the most valuable methods of the Multiple Criteria Decision-Making 

(MCDM) approaches for selecting the optimal choice among different alternatives concerning 

various criteria. The comparison process was applied using the Expert Choice (EC) software tool 

after introducing its three structural elements: goal, criteria, and options.    
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5.1 Multiple Criteria Decision-Making (MCDM)    

  MCDM considers contradictory points of view and uses the decision-maker tools to solve 

complex decision problems dynamically [258]. It is a consistent family of criteria F and a set of 

actions, variations, or solutions A, which has eight steps, as can be seen in Figure 5-1. The Analytic 

Hierarchy Process (AHP) is the most common method among several decision-making methods. 

AHP will be used in this research to determine the most efficient bearing option among multiple 

types of wind turbine gearbox bearings, considering different criteria and solutions [259]. 

 

Figure 5-1: Flowchart of the general decision-making process [259] 

5.1.1 Analytic Hierarchy Process (AHP) 
 The Analytic Hierarchy Process (AHP)—was introduced by Saaty (1977). He edited more 

than 30 books on this topic. More than 900 books, scientific work papers, and Ph.D. theses deal 

with this method. It is an effective tool, which helps the decision maker to make the best 

compromise decision. A series of pairwise comparison matrices for reducing complex decisions, 

followed by synthesis of the results. In addition, AHP captures the criteria and alternatives of the 

problem and indicates the degree of decision-maker constituency. As a result, the bias in the 

process of decision-making would be reduced. The weighting criteria of AHP are judgmental and 

based on the preference of the decision-maker. It can be clearly noted that in subjective problems, 
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the accuracy of this method can be considerably varied [259]. The AHP algorithm is an important 

element for investigating the consistency level. When the Consistency Index (CI) is calculated, the 

preferential information given by the Decision Maker (DM) will be very consistent. 

5.1.2 Expert Choice (EC) software 
 Expert Choice (EC) software is a tool to find a compromise decision for a multi-criteria 

problem. Saaty and Forman created this methodology in 1983 to implement the Analytic Hierarchy 

Process (AHP). It has been used in different fields, such as manufacturing, agriculture, 

environmental management, and shipbuilding. EC solutions combine proven mathematical 

techniques and collaborative tools to enable the team to obtain the best decision in reaching a goal. 

Using AHP tools to structure the complexity and measure the competing objectives with 

alternatives according to the degree of importance. AHP and EC have the following steps: 

• Structure a hierarchical Model; 

• Pairwise comparison of the criteria and sub-criteria according to their importance in the 

decision concerning the main goals of the study; 

• Pairwise comparison for the alternatives concerning the criteria. The alternatives assessment 

is one of the following tools: entering the priorities, utility curves, or rate function; and 

• Performing the sensitivity analysis after synthesizing to determine the best alternative. 

 

The starting point is the objectives; then, it moves to the main criteria and sub-criteria to select the 

best solution. The decomposition sequence starts from the top to the bottom of the hierarchy 

structure problem. Pairwise comparisons help determining the relative importance of each 

alternative in terms of each criterion. The value for each pairwise comparison represents the 

decision-maker's judgment. Table 5-1 displays the importance levels on a scale from 1 to 9 [260]. 

 The following steps describe the use of EC software: - 

• Start up the EC program, 

• Create a new model and describe the goal of the work, 

• Choose the display mode (for example, tree mode), then input the main criteria. For each main 

criterion, input their sub-criteria (if available), 

• Build up the comparison matrixes for (main criteria with each other, sub-criteria with each 

other) by activating (pairwise order from edit list), 
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• Input the available alternatives (variants) and build up the comparison matrixes for (each 

variant with criteria and sub-criteria) by activating (pairwise order from the assessment list), 

and 

• Find the results from (the sensitivity graphic) list. 

 

Note that: the number of all comparison matrixes = A + B + C        

where 

A: number of criteria 

B: number of sub criteria groups 

C: SUM of (sub criteria units + criteria units that have not sub criteria).    

 

Table 5-1: Scale of Relative Importance [261] 

Intensity of 

Importance 

Definition Explanation 

1 importance is equal two activities having the same contributions to 

the objective 

3 importance is weak of one 

activity over another 

experience and judgment are slightly favoring 

one activity over another 

5 importance is strong or essential 

activity 

judgment experience is strongly favor one 

activity over another 

7 importance is demonstrated an activity is strongly favored, and its 

dominance has been demonstrated in practice 

9 importance is an absolute the evidence of one activity is favoring over 

another has the highest order of affirmation 

2,4,6,8 in-between values judgments it needs for compromising  

reciprocals of 

above nonzero 

if the activity (i) has nonzero 

numbers assigned to it 

throughout comparing with 

activity (j), then the later when 

compared with (i) has the 

reciprocal value. 
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5.2 Problem modelling  

The decision problem has been hierarchically modeled as a part of the decision problem 

structure. Goals, criteria, and alternatives should be related to the model, as can be seen in       

Figure 5-2. The three levels are set up in a hierarchy, the first structure step in the AHP process 

method. 

 

Figure 5-2: AHP structure of selecting the most efficient wind turbine gearbox bearing [262] 

 

5.2.1 Variants (Alternatives) 
The following bearing types have been introduced as variants in the applying of EC 

software tool: - 

1- Single-Row Tapered Roller Bearings (SRTRB): This bearing type can take high radial and 

axial loads in a single direction. They are designed to withstand combined loads, i.e., 

simultaneous-acting radial and axial loadings. The projection lines of the raceways meet to 

provide a proper rolling action at the location of the common point on the bearing axis so 

that the friction moment is low during the operation. By increasing the value of the contact 

angle α, the tapered roller bearing's axial load capacity increases consequently. The contact 
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angle is about (10°–30°), as can be seen in Figure 5-3. The optimized roller end design 

promotes lubricant film thickness, reducing friction, wear, and frictional heat. The bearings 

can run at reduced noise levels and better maintain preload. 

 

 

Figure 5-3: Tapered roller bearing, α: contact angle [263] 

 

2- Single-Row Cylindrical Roller Bearing (SRCRB): It has a large area of contact with the 

inner race. They can distribute loads across a broader surface. As a result, these bearings 

are suitable for high speeds, a high radial load capacity, and low friction [264]. As the load 

is distributed over a larger contact area, the bearing can carry a more significant load, as 

can be seen in Figure 5-4(a). 

 

3- Double-Row Cylindrical Roller Bearing (DRCRB): This type has high radial rigidity. 

The difference with single-row bearings is that they have two sets of inner and outer rings 

with two sets of rollers and cages. As their magnified strength, enhanced carrying capacity, 

and increased accuracy, the type is used in precision machines because of their magnified 

strength, as can be seen in Figure 5-4(b). 
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Figure 5-4: (a) Single-row cylindrical roller bearing [265] ,  (b) Double-row cylindrical roller bearings [266] 

 

5.2.2 Criteria (Objectives) 
 Before listing the main recommended criteria to select the suitable bearing of wind turbine 

gearbox, it has been assumed that all the presented variants belonged to the same manufacturer 

under the same grade of the following criteria: cost, durability, reliability, feature of design, and 

existence or availability. 

1- Cost:  This criterion includes the initial purchase, consumables, and replacement 

maintenance costs of wind turbine gearbox bearing. 

a) Initial purchase cost: it depends on many factors, like the manufacturing brand, 

bearing design, and repetition of failure. Failure Mode and Effects Analysis (FMEA) 

helps identifying potential failure modes by considering previous experience with 

similar products or the logic of common failure mechanisms. It enables the team to 

characterize those failures with minimum effort, reducing development costs and time. 

The sum of all expenses could calculate the total cost during its lifespan. As a result, 

the overall costs are divided into three groups: total manufacturing, capital, and 

Operation and Maintenance (O&M) [267]. 

b) Consumable cost: WTGBs have been subjected to high friction, especially at the high-

speed stages, which increases the temperature. As a result, a high-quality, specific 

lubricant has to be used for this purpose. In addition to lubricant cost, the consumable 
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cost of WTGB includes the overall cost of bearing fittings. However, each type of 

bearing requires a specific grade of consumables at various costs.  

c) Maintenance cost: Due to premature failure of WTGB within 2–5 years of operation, 

especially for offshore WT. Maintenance costs are mainly related to the replacement 

technique, which varies according to the bearing type.     

2- Durability: The rating life indicates the life of the bearing calculated for 90% reliability. 

It is a predicted value based on a rated dynamic radial (or axial) loading. It gives the amount 

of time that a group of apparently identical. It can be considered a primary representation 

of the bearing's suitability. According to the British Standards (BS ISO 281:2007) [128], 

the base rating life can be calculated for radial and thrust ball and roller bearings.  

3- Existence / Availability: It includes two parameters (availability of standards & market 

share) as follows: - 

a) Availability of standards: Bearings are manufactured and tested using standards 

developed by various societies and associations. The most familiar standards are 

American National Standards Institute, International Organization for Standardization, 

and Antifriction Bearing Manufacturers Association. If the presented design has not 

matched the mentioned standards and is not available in terms of standardization 

criteria, it will minimize the critical value of the bearing. 

b) Market share: As the required bearings are more specific, there is a significant 

disparity in their market share. Sometimes, there is a need to buy a customized bearing 

for more specific conditions. In urgent cases, it is so important to find the required 

suitable bearing within a short period, which directly relates to their availability in the 

market.  
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5.3 Pairwise comparison and synthesizing of 

analysis 

 The following notes should be taken into consideration to realize the matrix analysis, which 

has been illustrated in the Figures 5-5 - 5-17:  -  

1- The comparison scale has graduated from (0-9), 

2- The red number means that the row element is more important than the column element by 

the value of that number and vice versa if the number is black, 

3- Do not consider the yellow rectangular, as it is a pointer location. 

4- The consistency index (CI) value indicates the logical degree of the comparison process. The 

more logical comparison is the nearest value to (0.0). It should not exceed (1.0), i.e., the 

acceptable range of CI is (0.0 ˂ CI ˂ 1.0). As a result, all pairwise comparison results for 

the mentioned figures seemed logical,  

5- All comparison values were indicated according to the decision maker's requirements 

concerning the primary goal of the problem. 

5.4 Discussion of results 

  The overall comparison matrixes are classified into three types as follows: 

• Figure 5-5 shows the comparison matrix for the main criteria concerning goals, which 

applies the hierarchical model structure illustrated in Figure 5-2. It is reported in the cited 

matrix that reliability is more important than cost by 4.0 of 9.0, 

• Figures (5-6),(5-7), & (5-8) show the comparison matrices for the sub-criteria to their main 

criteria.  

• Figures (5-9) – (5-17) show the comparison matrices for the variants with the main and sub-

criteria elements. If the main criteria have sub-criteria elements’ branches, the pairwise 

comparison of variants should be done concerning to each sub-criteria element but not with 

their main criteria. For example, Figure 5-14 shows that the single-row cylindrical roller 

bearing is 3.0 grades better than the double-row cylindrical roller bearing in terms of 

comparison based on the sub-criteria element (purchase cost). 
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• Figure 5-18 shows that the comparison process is fully complete. Each group (main criteria, 

sub-criteria, and variants) has a summation of 1.000. 

• Figures (5-19)-(5-23) illustrate that the final results can be synthesized by applying the 

sensitivity graphs. It has been emphasized that the optimum compromise solution is a 

single-row tapered bearing. The resultant overall cost of single-row tapered and single-row 

cylindrical bearings has convergent values but is higher than that of double-row bearings. 

 

 

 

Figure 5-5: Pairwise comparison of the main criteria with respect to the goal [262] 

 

 

 



 

123 
 

 

Figure 5-6: Pairwise comparison of the cost sub-criteria with respect to the goal [262] 

 

 

Figure 5-7: Pairwise comparison of the feature design sub-criteria with respect to the goal 

[262] 

 

 



 

124 
 

 

Figure 5-8: Pairwise comparison of the availability sub-criteria with respect to the goal [262] 

 

 

 

 

Figure 5-9: Pairwise comparison of the options with respect to the purchase cost [262]  
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Figure 5-10: Pairwise comparison of the options with respect to consumable cost [262] 

 

 

 

Figure 5-11: Pairwise comparison of the options with respect to maintenance cost [262] 
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Figure 5-12: Pairwise comparison of the options with respect to the durability [262] 

 

 

 

Figure 5-13: Pairwise comparison of the options with respect to the reliability [262] 
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Figure 5-14: Pairwise comparison of the options with respect to assembly complexity [262] 

 

 

 

Figure 5-15: Pairwise comparison of the options with respect to the available space [262] 
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Figure 5-16: Pairwise comparison of the options with respect to availability of standards [262] 

 

 

 

Figure 5-17: Pairwise comparison of the options with respect to bearing market share [262] 
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Figure 5-18: Completion of pairwise comparison [262] 

 

 

 

Figure 5-19: Performance sensitivity - selecting the most efficient option [262] 
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Figure 5-20: Dynamic sensitivity - selecting the most efficient option [262] 

 

 

 

Figure 5-21: Gradient sensitivity - selecting the most efficient option [262] 
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Figure 5-22: (Head-to-head) - selecting the most efficient option [262] 

 

 

 

Figure 5-23: Two-dimensional sensitivity -selecting the most efficient option [262] 
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5.5 Chapter summary 

The outputs of the previous chapters have opened the door to observe another aspect of the 

problem solution regarding the premature failure of WTGBs. Hence, the goal element has been 

formulated in terms of selecting the most efficient bearing type among the common options. Three 

typical bearings were evaluated for this purpose: single-row tapered, single-row cylindrical, and 

double-row cylindrical bearings. Cost, durability, reliability, feature design, and availability are 

the main criteria for conducting the pairwise comparison. Two separate paths were taken to 

conduct the comparison process:  

1- Criteria / sub-criteria with each other based on the identified goal, and 

2- The bearing types based on each element of the overall criteria / sub-criteria. 

It has been concluded that the single-row tapered bearing type is the optimal choice for use in a 

wind turbine gearbox about 52.1% more than the other alternatives. The result is consistent with 

the findings of the stress analysis that demonstrated in (section 2.8.5). The preloading design of 

the tapered bearing type helps to resist torque variations, especially under severe loading 

conditions. By which the load will be distributed across the entire bearing's diameter on a nearly 

circular form, as illustrated before in Figure 2-19. 
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6 
6. CHAPTER SIX: KEY FINDINGS, 

CONCLUSIONS, AND 

RECOMMENDATIONS FOR FUTURE 

WORK  

  This chapter summarizes the key findings and the results’ conclusions of this study. Some 

of the key findings and recommendations are supporting the previous works of other researchers. 

The limitations faced this study also pointed to give the other researchers better understanding and 

well plan for the future research in this field. Recommendations of the dissertation drawn from the 

contents of the theoretical and practical chapters are also illustrated.  

6.1 Key findings and conclusions 

1- The research background (literature review):  

The expected depletion of fossil fuels and their environmental and sociopolitical impacts 

impose an urgent requirement to overcome the challenges of developing new sources of renewable 

power generation technologies, and wind turbine units are one of them.  WT technology is superior 
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to other renewable energy technologies because it emits less CO2 and has a higher Energy Return 

on Investment (EROI). Practically, WTGBs fail during the first one-fifth of their design life (L10). 

The gearbox is an essential part of the wind turbine system, in which its bearings have the highest 

breakdown rate. The modified Lundberg and Palmgren (LP) method has been considered in the 

international standard for estimating bearing lifespan. Typically, cylindrical single-roller bearings, 

cylindrical double-roller bearings, and tapered roller bearings are used in wind turbine gearboxes. 

Two effective monitoring systems are applied in the WT system; Condition Monitoring Systems 

(CMS) and Supervisory Control And Data Acquisition (SCADA). The most common grades of 

WTGBs steel are (AISI 52100 and 100Cr6). The surface modification, the bearings’ steel 

composition and heat treatment process significantly affect the bearing reliability and durability 

properties. In WTGBs, cyclic load induces rolling contact stress between the contact surfaces 

(rollers and rings), which then initiates microcracks and hence, spalling with pitting. The stress 

distribution of the RCF has been characterized as an elliptical shape according to Hertzian contact 

theory. 

2- Wind turbine bearing failure modes and their reasons 

2.1 Inclusions are unavoidable in steelmaking, where they formed in bearing steel as a 

combination of metals and non-metallic materials. NMIs’ shapes, sizes, adherence to the 

matrix, and the mechanical properties of both the inclusions and the matrix should be taken 

on consideration in the stress analyzing around the NMIs. It has been concluded that weak 

NMI-matrix bonds can generate voids and free surfaces during quenching process 

throughout the bearing material heat treatments. Hence, inclusion damage depends on 

Coefficient of Thermal Expansion (CTE), elastic modulus, shape, size, and chemical 

composition. Hard inclusions with a low CTE, such Al2O3, may create larger tensile and 

compressive stresses than soft inclusions (such as MnS). Steel cleanliness technology can 

be implemented by eliminating the presence of non-metallic inclusions or making them 

softer; however, this process has a high cost. 

2.2 As a result of the cyclic load at the bearing contact surface, the Rolling Contact Fatigue 

(RCF) creates contact stresses that transfer from the surface to the subsurface zone. The 

steel matrix has nonhomogeneous contents that include the following features: carbides, 

non-metallic inclusions, and voids. Accordingly, there would be a difference in the stress 
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distribution (stress concentration) in the subsurface zone, leading to the following scenario 

that may interpret the bearing failure: 

• Some localized regions in the steel bulk are supersaturated with carbide particles 

(which are hard and brittle spherical formations) that might dissolve to form White 

Etching Areas (WEAs). They would compress both NMIs and voids. 

• NMIs will be cracked in their tips forming “butterflies”, 

• Voids (especially the contiguous ones) exposed to be stressed, hence micro-cracks will 

probably initiate, 

• The microcracks propagate and connect with each other’s to form longer cracks and 

somewhat WECs networks. Both crack types extend to the surface zone causing flaking 

or White Structure Flaking (WSF) and then bearing failure. 

2.3 Releasing and diffusion of hydrogen into bearing steel (because of water or lubrication 

contaminants) have been considered as one of the main drivers of WSF. 

2.4 The bearing damage drivers of wind turbine gearbox are categorized as follows:  

• Loading such as (impact loads, overloads, torque reversals, structural stresses, 

vibration, peak loads, slip, …etc.), 

• Environment such as lubricant, additives, preservatives, contamination hydrogen 

generation, …etc., 

• Material such as (cleanliness, microstructural alterations by heat treatment, natural 

hydrogen content, residual stresses, …etc.), and 

• Others, such as (transport damage, improper mounting, quality aspects, …etc.). 

3- The analytical results of the simulation, experimental and comparative works 

3.1 The simulation work:   

• The operational effects of WT lead to increase bearing surface roughness and the 

lubrication and mounting are not perfect. Accordingly, the simulation work is applied 

by increasing the coefficient of friction (µ) of the bearing surface from the standard 

0.05 to 0.15. However, the traction force increases, and stress concentration is changed 

towards the rolling surface ahead of the Rolling Direction (RD). It has been indicated 

that the traction force will decrease the depth of the maximum shear stress which 

considerably increased under the operational conditions. 
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• The Finite Element Analysis (FEA) simulation demonstrated that the inclusions' tips 

have high stress concentration, which reveals the role of NMIs in crack initiation. 

3.2 The statistical and experimental work:  

• Cracks may be associated or non-associated with inclusions. In this study, the non-

associated patterns are about 85% of the total cracks. The associated cracks may appear 

in the NMI itself from the inclusion one tip, both tips, or along the side of the inclusion 

body. 

• NMIs’ sizes may not significantly affect crack initiation, as the Aspect Ratio (AR) of 

most damaged inclusions was observed to be in the range of (1-2). 

• Carbides are white spots observed as hard particles, surrounding voids and NMI.  

• Each contiguous group of voids makes it easier to initiate a new crack. 

• The investigated sections had no White Etching Cracks (WECs) nor White Etching 

Areas (WEAs), hence, it can be concluded that their formation may be occurred after 

the crack initiation stage and they are a consequence of failure not a cause of it.  

• There is a correlation among the traction force, the induced maximum shear stress, and 

the angle of the cracks closest to the contact surface. It has been concluded that the 

traction force would be more influential closer the bearing contact surface and has a 

considerable role in the damage initiation. 

• The subsurface microcracks tend to have the same inclination of the maximum shear 

stress angle (±45°). This finding points to the potential significance of shear stress in 

initiating microcracks in the subsurface zone. 

• Microcracks with angles ˃ 90° confirm that toque reversal may cause bearing damage 

due to the severe operating events. 

• Microcracks (with a length smaller than 15 µm) have fixed directions, which help to 

study the cracking initiation stage, while large cracks (with a length greater than 15 

µm) tend to change their directions, by which cracking propagation can be studied. 

• There is a close relationship between the direction and depth of the crack on the one 

hand and the type of stress causing it on the other hand. 
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3.3 The comparison results:  

• The experimental profile of the cracks' density (number of cracks) vs. depths (distance 

from the contact surface) is identical to the simulation profile of Von-Mises stress 

distribution vs. depths. It probably confirms the considerable role of Von-Mises stress 

in crack initiation.  

• The simulation profile of (shear stress vs. depth) indicates that the maximum shear 

stress (τmax) match with the following tow experimental profiles. The first one is the 

experimental profile of (cracks’ density vs. depth), at which (τmax) locates at the same 

subsurface depth range. The second one is the experimental profile of (cracks’ 

inclination vs. depth), at which the cracks tend to have the same (τmax) angle. The two 

results suggest that the maximum shear stress has an essential role in the initiation of 

subsurface microcracks. 

• The experimental profile of (cracks' density vs. depths) indicated that cracks were 

concentrated at the shallow region, at which the cracks’ inclinations tend to match the 

contact surface (traction force) angle. The high density of the cracks very close to the 

contact surface refers to the considerable role of traction relative to the Von-Misses 

stress effect. For that, it has been concluded that the bearing design standards of contact 

stress and coefficient of friction should be re-evaluated based on the practical outcomes 

and taking the operating events on considerations.  

 

4- The application of the Multiple Criteria Decision–Making (MCDM) approach: 

  Expert Choice (EC) software is an effective Analytical Hierarchy Process (AHP) tool that 

expresses the Multiple Criteria Decision–Making (MCDM) approach. Three typical types of 

bearings can be used in wind turbine gears: single-row tapered roller bearings, single-row 

cylindrical roller bearings, and double-row cylindrical roller bearings. However, this technique has 

been utilized to select the most compromised option among different alternatives based on varying 

criteria and sub-criteria. The outcomes of the previous chapters indicate that the problem genesis 

is concentrated in the WTGBs’ premature failure. Accordingly, the two prevalent criteria by which 

the selection process may be settled are durability (about 37.5%) and reliability (about 35.8%). 

The application of “EC” confirmed that single-row tapered roller bearings are the most efficient 
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type for the use in wind turbine gearboxes, with an outweighing percentage of 52.1% rather than 

single- and double-row cylindrical roller bearings. Other researchers, such as Keller and Guo 

[120], supported this novel result from the designing aspect and loads’ distribution. 

6.2 Recommendations for future work 

  A set of recommendations that have been formulated for future work related to addressing 

the problem of premature failure in wind turbine bearings, as follows: 

1- Re-evaluating the WTGBs design standards regarding coefficient of friction and contact stress 

to match the effects of traction forces, severe operating conditions, and stress concentration 

that increases the surface roughness and stress concentration.  

2- Unifying the assessment standards for the WTB bearing life used by bearing manufacturers to 

eliminate the discrepancies between these standards in addition to considering the variable 

loading and the extreme operating events in the L10 prediction method. 

3- The quality of the wind turbine's components should be strictly monitored throughout the 

production, installation, operation, and maintenance processes to ensure that no broken pieces 

or debris are inserted into the contact regions. 

4- Oxide inclusions reduce the RCF resistance of bearing steel and enhance premature failure. So 

that, it is recommended to decrease the oxygen levels in the steel throughout the steelmaking 

process. Moreover, the fatigue tests results should always be traced back to the steps in the 

steelmaking process when assessing the efficacy of quality assurance measures. 

5- Considering the elimination of NMIs, voids, and carbides formations and the differences in 

Coefficients of Thermal Expansion (CTE) between the NMIs in the bearing steelmaking 

process.  

6- Steel cleanliness and softening of inclusions are promising techniques that are recommended 

to be considered in future studies. 

7- The oxidation coating to the bearing raceway may prevent the exposure of a new layer of metal, 

reduce the penetration of hydrogen, and prevent chemical reactions. As a result, it may 

decrease the appearance of white structure flaking on the bearing surface and prolongs its 

lifespan. 
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8- Overloading and underloading conditions in WT are essential factors for the premature failure 

of their gearbox bearings. The following two recommendations are suggested as examples of 

solutions that can be taken to address the problem in terms of the limitation of the transient 

loading: - 

a. Using a tapered roller bearing type in the PWTG, which stays as preloaded and has minimal 

carrier-bearing clearances that reduce the non-torque load distribution (underloading 

work). 

b. Applying a flexible coupling mechanism before and/or after the WTG to absorb the sudden 

loading produced by the emergency shutdown or applying the mechanical braking. 

c. The improving of the non-rotating pin in the planetary carrier to avoid applying the contact 

stress at the same location of the planetary bearing inner race, which is non-rotated 

component. 

9- The difference in Coefficients of Thermal Expansion (CTE) between the NMIs and the steel is 

the likely reason behind the detaching of the NMIs from their steel matrix, which causes 

cavities and voids. Accordingly, it is recommended to consider the CTE factor for the NMIs 

and their steel matrix in the steelmaking process. 

10- It is highly recommended to study the following subjects in the context of researching the 

premature failure of WTGBs: 

a. The steel manufacturing process to reduce or prevent the non-recommended inclusions. 

For example, the development of the promising technology regarding the production of 

soft inclusions in the steelmaking process. 

b. The nonhomogeneous contents of the bearing steel matrix, which considerably affects the 

stress concentration. The subsurface objects can be simulated in terms of stress distribution. 

c. The surface features of WTGB’s to evaluate the contact stress and the coefficient of friction 

levels based on comparing the magnitudes of their actual loading with the standard yields. 
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APPENDICES 

8.1 Appendix A1 

Appendix A 1: Bearings’ locations of a typical [50] 
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8.2 Appendix A2 

Appendix A 2: Bearings’ information of a typical [50] 
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8.3 Appendix B1 

 Appendix B 1: Common bearing steel compositions (wt%)  [45] 
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8.4 Appendix C1 

Appendix C 1:Ball bearing test conditions [268] 
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8.5 Appendix C2 

Appendix C 2: Roller bearing test conditions [268] 
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8.6 Appendix D1 

Appendix D 1: Data results of fatigue tests for angular inclusions [12] 
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8.7 Appendix D2 

Appendix D 2: Data results of fatigue tests for spherical inclusions [12] 
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8.8 Appendix E1 

 

Appendix E 1: Values of CTE, E, ν of different types of NMIs [12] 
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8.9 Appendix F1 

 Appendix F 1: Rolling Path Skewing bearings’ failures [218] 

No. Conditions  Causes Solutions 

1 

Rolling element contact path on raceway 
surface strays or skews. 

-Deformation or tilt of bearing ring due 
to poor accuracy of shaft or housing, 
-Poor rigidity of shaft or housing, 
-Deflection of the shaft due to excessive 
clearance. 

-Improvement in machining accuracy of shaft 
and housing, 
-Improvement in the rigidity of shaft and 
housing, 
-Employment of adequate clearance 
 

    

 -Spherical roller bearing, 
-Contacts on the inner ring, outer ring, and 
rollers are not even, 
-The cause is poor mounting. 

-The outer ring of tapered roller 
bearings, 
-Contact path on raceway surface strays, 
-The cause is poor mounting. 

-Contact marks on rolling contact surfaces are 
not even 
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8.10 Appendix F2 

Appendix F 2: Damage to retainers’ bearings’ failures [218] 

No. Conditions  Causes Solutions 

2 

-Breaking of retainer, 
-Wear of pockets or guide, 
-Loosening or breaking of rivet 

-Excessive moment load 
High-speed spinning or large fluctuation of 
speed, 
-Poor lubrication, 
-Trapping of foreign objects, 
-Heavy vibration, 
Poor mounting (cocked bearing), 
-Excessive heat (plastic retainer in 
particular). 

-Improvement in load conditions, 
-Improvement in lubrication system and 
lubricant, 
-Selection of optimum retainer, 
-Improvement in handling, 
-Study on the rigidity of shaft and housing. 

    

-Retainer of angular contact ball 
bearing, 
-Breakage of machined high 
tension brass casting retainer L1, 
-The cause is poor lubrication. 

-Retainer of spherical roller 
bearing, 
-Breakage of partitions 
between pockets of pressed 
steel retainer, 

-Retainer of tapered roller bearing, 
-Breakage of pockets of pressed 
steel retainer. 

-Retainer of tapered roller 
bearing, 
-Breakage of pockets of pressed 
steel retainer. 
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8.11 Appendix F3 

Appendix F 3: Creep bearings’ failures [218] 

No. Conditions  Causes Solutions 

3 

-Fitting surfaces are glazed or matted, 
and sometimes spalled as well. 

-Fitting of the inner ring is loose on the inner 
ring drive bearing, and that of the outer ring is 
loose on the outer ring drive bearing. 
-If the housing is made of a light alloy such as 
aluminum, the fit may become loose due to the 
difference in thermal expansion. 

-Improvement in fit 
-Improvement in machining accuracy of 
shaft and housing. 

    
 

 
-Inner ring of the deep groove 
ball bearing, 
-Bore wall glazed by creep. 

-Inner ring of tapered roller 
bearing, 
-Spalling due to creep at the 
middle of the bore wall. 

-Inner ring of thrust ball bearing, 
-Spalling and friction cracking due to 
creep on the bore wall. 

-Inner ring of tapered roller 
bearing, 
-Spalling and friction cracking on 
width surface due to creep crack 
developed into a split reaching 
bore wall. 
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8.12 Appendix F4 

Appendix F 4: Electrical pitting bearings’ failures [218] 

No. Conditions  Causes Solutions 

4 

-Surface is speckled visually and 
the speckles are clusters of tiny 
pits when viewed through a 
microscope, 
-Further development leads to a 
corrugated surface. 

-Electric current passes through the bearing, 
and sparks are generated to fuse the raceway 
surface. 

-Avoid flow of electric current by averting 
current with a slip ring or insulation bearing. 

 
 
 

 

 
 
 

 

 

 

 
-Inner ring of cylindrical 
roller bearing, 
-Raceway surface is 
corrugated by electric pitting 

-Rollers of tapered roller 
bearings, 
-Electric pitting in middle of 
rolling contact surfaces 

                            -Magnified (x400) pitting of roller, 
                            -Nital etchant develops a white layer on the cross-section. 
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8.13  Appendix F5 

Appendix F 5: Fretting and Fretting Corrosion bearings’ failures [218] 

 

No. Conditions  Causes Solutions 

5 

-Fretting surfaces wear producing red 
rust-colored particles that form hollows, 
-On the raceway surface, dents called 
false brinelling are formed at a spacing 
equal to distances corresponding to the 
rolling elements. 

-If a vibrating load works on contacting 
elements resulting in small amplitude 
oscillation, lubricant is driven out from 
contact, and parts are worn remarkably, 
-The oscillation angle of the bearing is 
small, 
-Poor lubrication (no lubrication), 
-Fluctuating load, 
-Vibration during transportation, 
-Vibration, shaft deflection, installation 
error, loose fit. 

-Inner ring and the outer ring should be 
packaged, separately for transportation. If 
not separable, bearings should be 
preloaded, 
-Use oil or high consistency grease when 
bearings are used for oscillation motion, 
-Change lubricant. 
-Fix shaft and housing, 
-Improve fit. 

    
 

 

-Inner ring of cylindrical roller 
bearing, 
-Corrugated fretting along the 
full circumference of the 
raceway, 
-The cause is vibration. 

-Inner ring of the deep groove 
ball bearing, 
-Fretting along the full 
circumference of the raceway, 
-The cause is vibration. 

-The outer ring of cylindrical roller 
bearing, 
-Fretting rust on outside diameter 
surface. 

-The outer ring of tapered roller 
bearing, 
-Fretting rust on the outside 
diameter surface. 
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8.14  Appendix F6 

Appendix F 6: Seizing bearings’ failures [218] 

No. Conditions  Causes Solutions 

6 

-Bearing generates heat and is seized up by 
heat disabling spinning, 
-Discoloration, softening, and welding of 
raceway surfaces, rolling contact surfaces, 
and rib surface. 

-Dissipation of heat generated by 
bearing is not enough, 
-Poor lubrication or lubricant improper, 
-Clearance is excessively small, 
-Excessive load (or pre-load), 
-Roller skewing and installation error. 

-Improve dissipation of heat from bearing, 
-Selection of suitable lubricant and 
determination of optimum lubricant feeding 
rate, 
-Prevention of misalignment, 
-Improvement in clearance and pre-load, 
-Improvement in operating conditions. 

  

-Inner ring of double row tapered roller bearing, 
-Seizing up discolors and softening the inner ring producing stepped 
wear at a spacing equal to distances between the rollers, 
-The cause is poor lubrication. 

-Rollers of double row tapered roller bearing, 
-Rollers of the same bearing as that of the inner ring. Discoloration, 
spalling, and adhesion due to seizing up on rolling contact surfaces 
and end faces of rollers. 
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8.15  Appendix F7 

Appendix F 7: Rust and corrosion bearings’ failures [218] 

No. Conditions  Causes Solutions 

7 

-Rusting or corrosion of bearing ring and 
rolling element surfaces, 
-Sometimes rusted at spacing equal to the 
distances between the rolling elements. 

-Ingress of water or corrosive material (such 
as acid), 
-Condensation of moisture contained in the 
air, 
-Poor packaging and storing conditions, and 
handling with bare hands. 

-Improvement in sealing effect, 
-Periodic inspection of lubricating oil, 
-Careful handling of bearing, 
-Measures for preventing rusting when 
not operating for a long period of time. 

    
 

 
-Inner ring of tapered roller 
bearing, 
-Rusting on raceway surface 
spacing equivalent to the distance 
between rollers. The cause is water 
in lubricant. 

-Outer ring of tapered roller 
bearing, 
-Rusting on raceway surface 
spacing equivalent to the 
distances between rollers. The 
cause is water in lubricant. Some 
points are corroded. 

-Roller of spherical roller 
bearing, 
-Rust as well as corrosion on 
rolling contact surface, 
-Ingress of water. 

-Inner ring (split type) of self-
aligning roller bearing, 
-Rust and corrosion of the 
raceway surface, 
-The cause is ingress of water. 
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8.16  Appendix F8 

Appendix F 8: Cracking bearings’ failures [218] 

No. Conditions  Causes Solutions 

8 

-Splits, and cracks in bearing rings and, 
rolling elements. 

-Excessive load, 
-Excessive impacts, 
-Overheating by creeping and rapid cooling, 
-Very loose fit, 
-Largo flaking. 

-Examination and improvement of the 
cause of very large load, 
-Prevention of creep, 
-Correction of fit. 

    
 

 
-Inner ring of spherical roller 
bearing, 
-Split of raceway surface in the 
axial direction, 
-The cause is an excessive 
interference fit. 

-Originating point is observed at the 
middle of the left raceway surface. 

-Outer ring of four-row 
cylindrical roller bearing, 
-Split of raceway surface in the 
circumferential direction, 
originated from large flaking, 
-The cause is large flaking. 

-Outer ring of angular contact ball 
bearing, 
-Split of raceway surface in the 
circumferential direction, 
-The cause is the slipping of balls 
due to poor lubrication. 
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8.17  Appendix F9 

 Appendix F 9: Chipping bearings’ failures  [218] 

No. Conditions  Causes Solutions 

9 

-Partial chipping of inner ring, outer ring, or 
rolling elements. 

-Trapping of large solid, 
-Foreign objects impacts or excessive 
load, 
-Poor handling. 

-Troubleshooting and improvements of 
impacts and excessive load, 
-Improvement in handling, 
-Improvement in sealing characteristics. 

    

-Cylindrical roller bearing, 
-Chipping of guide ribs of inner and 
outer rings, 
-The cause is excessive impact 
load. 

-Inner ring of spherical roller 
bearing, 
-Rib chipped, 
-The cause is excessive impact load. 

-Inner ring of tapered roller 
bearing, 
-Chipping of cone back face rib, 
-The cause impacts due to poor 
mounting. 

-Inner ring of double row 
tapered roller bearing, 
-Chipping of side face, 
-The cause impacts due to 
improper handling. 
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8.18  Appendix F10 

Appendix F 10: Indentations bearings’ failures [218] 

No. Conditions  Causes Solutions 

10 

-Hollows in raceway surface produced by 
solid foreign objects trapped or impacts 
(False brinelling). 

-Ingress of solid foreign objects, 
-Trapping of flaked particles, 
-Impacts due to careless handling 

-Keeping out foreign objects, 
-Check the involved bearing and other 
bearings for flaking if dents are produced 
by metal particles, 
-Filtration of oil, 
-Improvement in handling and mounting 
practices. 

    

-Inner ring (cut-off piece) of 
self-aligning roller bearing, 
-Dents on one side of the 
raceway, 
-The cause is the trapping of 
solid foreign objects. 

-Rollers of spherical roller bearing, 
-Dents on rolling contact surfaces, 
-The cause is the trapping of solid 
foreign objects. 

-Rollers of tapered roller 
bearings, 
-Dents all over rolling contact 
surfaces. (Temper color at two 
ends.), 
-The cause is foreign objects 
carried by lubricating oil. 

-The inner ring of tapered roller 
bearing, 
-Dents on the raceway surface 
-The cause is the trapping of 
foreign objects. 
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8.19  Appendix F11 

 

Appendix F 11: Speckles and discoloration bearings’ failures [218] 

No. Conditions  Causes Solutions 

11 

Speckles 
-Raceway surface is matted and speckled. 
Speckles are clusters of tiny dents. 
 
Discoloration 
-The surface color has changed. 

-Ingress of foreign objects, 
-Poor lubrication, 
-Temper color by overheating, 
-Deposition of deteriorated oil on the 
surface. 

Speckles 
-Improvement in sealing efficiency, 
Filtration of oil, 
-Improvement in the lubrication system. 
 
Discoloration 
-Oil deposition is removable by wiping with 
an organic solvent (oxalic acid), 
-If roughness is not removable by polishing 
with sandpaper, it is rust or corrosion. If 
completely removable, it is temper color due 
to overheating. 

    

-Inner ring of double row 
tapered roller bearing (RCT 
bearing), 
-The Raceway surface is 
speckled, 
-The cause is electric pitting. 

-Ball of deep groove ball bearing, 
-Speckled all over, 
-The cause is foreign objects and 
poor lubrication. 

-Outer ring of spherical roller 
bearing, 
-Partial oil deposition on the 
raceway surface. 

-Spherical roller bearing, 
-Discoloration of inner and 
outer ring raceway surfaces, 
-The cause is the deterioration 
of the lubricant. 
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8.20  Appendix F12 

Appendix F 12: Wear bearings’ failures [218] 

No. Conditions  Causes Solutions 

12 

-The surface is worn, and dimensions are 
reduced compared with other portions, 
-The surface is mostly roughened and 
scored. 

-Ingress of solid foreign objects, 
-Dirt and other foreign objects in lubricant, 
-Poor lubrication, 
-Skewing of rollers. 

-Selection of optimum lubricant and 
lubrication system, 
-Improvement in sealing efficiency, 
-Filtration of lubricating oil, 
-Elimination of misalignment. 

    

-The outer ring of cylindrical 
roller bearing, 
-Stepped wear on the raceway 
surface, 
-The cause is poor lubrication. 

-The inner ring of cylindrical 
roller bearing, 
-Stepped wear on full 
circumference of the raceway, 
-The cause is poor lubrication. 

-Outer ring of double row angular 
contact ball bearing (hub unit bearing), 
-Wear on one side of the raceway, 
-The cause is poor lubrication. 

-Retainer of cylindrical roller 
bearing, 
-Wear of pockets of machined 
high tensile brass casting 
retainer. 
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8.21  Appendix F13 

Appendix F 13: Smearing bearings’ failures [218] 

No. Conditions  Causes Solutions 

13 

-The surface is roughened, and tiny particles 
adhere. 

-Rolling elements slip in a rolling 
motion and the characteristics of 
lubricant are too poor to prevent 
slippage. 

-Select optimum lubricant and lubrication 
system capable of forming sound oil films, 
-Use a lubricant including extreme pressure 
additive, 
-Take precautions such as a small radial 
clearance and pre-load to prevent slippage. 

    

-The inner ring of cylindrical roller 
bearing, 
-Smearing on the raceway 
surface, 
-The cause is slippage of rollers 
due to foreign objects trapped 
within. 

-Roller of the same bearing as that 
of the inner ring, 
-Smearing on the rolling contact 
surface, 
-The cause is slippage of rollers 
due to foreign objects trapped 
within. 

-Rollers of spherical Thrust 
roller bearings, 
-Smearing in the middle of 
rolling contact surfaces, 
-The cause is slippage of rollers 
due to foreign objects trapped 
within. 

-The inner ring of double row 
tapered roller bearing (RCT 
bearing), 
-Smearing on raceway surface. 
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8.22  Appendix F14 

Appendix F 14: Spalling bearings’ failures [218] 

No. Conditions  Causes Solutions 

14 

-Score accompanying seizing, 
-Mounting score in the axial direction, 
-Scores on the roller end face and 
guide rib-cycloidal scores, 
-Scratches in spinning direction on 
raceway surface and rolling contact 
surfaces. 

-Poor mounting and removing practice, 
-Oil film discontinuation on the contact surface 
due to excessive radial load, foreign object 
trapping, or excessive pre-load, 
-Slippage or poor lubrication of rolling 
elements. 

-Improvement in mounting and removing 
procedures, 
-Improvement in operation conditions, 
-Correction of pre-load, 
-Selection of adequate lubricant and 
lubrication system, 
-Improvement of sealing efficiency. 

    

-The inner ring of the 
cylindrical roller bearing, 
-Spalling on rib, 
-The cause is excessive 
load. 

-The inner ring of the cylindrical roller 
bearing, 
-Spalling on raceway surface and cone 
back face rib, 
-The cause is poor lubrication. 

-Rollers of tapered roller bearing, 
-Cycloidal spalling on the end faces 
(Scuffing), 
-The cause is poor lubrication. 

-Roller of cylindrical roller 
bearing, 
-Score in the axial direction on 
rolling contact surface caused 
during mounting, 
-The cause is peer mounting 
practice. 
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8.23  Appendix F15 

Appendix F 15: Peeling bearings’ failures [218] 

No. Conditions  Causes Solutions 

15 

-Peeling is a cluster of very small spalls (size 
about 10μm), 
-Peeling can also include very small cracks 
which develop into spalls. 

-Likely to occur in roller bearings, 
-Tends to occur if the surface of the 
opposite part is rough or lubrication 
characteristics are poor, 
-Peeling may develop into flaking. 

-Control of surface roughness and dust 
-Selection of appropriate lubricant, 
-Proper break-in. 

  

-Rollers of spherical roller bearing, 
-Peeling on rolling contact surfaces, 
-The cause is poor lubrication. 

-Tapered roller bearing, 
-Development of peeling to flaking on inner ring and rollers, 
-The cause is poor lubrication. 
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8.24  Appendix F16 

Appendix F 16: Flaking bearings’ failures [218] 

No. Conditions  Causes Solutions 

16 

-The Raceway surface is 
flaked, 
-The surface after 
flaking is very rough. 

-Rolling fatigue, 
-Flaking may be caused early by over-load, 
excessive load due to improper handling, poor 
shaft or housing accuracy, installation error, 
ingress of foreign objects, rusting, etc. 

-Find the cause of the heavy load, 
-Examine operating conditions and adopt bearings with larger capacity as necessary. 
-Increase the viscosity of oil and improve the lubrication system to form an 
adequate lubricating oil film, 
-Eliminate installation errors. 

 

    

-Deep groove ball bearing, 
-The inner ring, outer ring, and 
balls are flaked, 
-The cause is excessive load. 

-The outer ring of the angular contact 
ball bearing, 
-Making of raceway surface spacing 
equal to distances between balls, 
-The cause is improper handling. 

-Inner ring raceway of a deep 
groove ball bearing. 

-Outer ring raceway of an 
angular contact ball 
bearings. 

-The inner ring of the deep 
groove ball bearing, 
-Flaking on one side of the 
raceway surface, 
-The cause is an excessive 
axial load. 

  

   
-The inner ring of the spherical 
roller bearing, 
-Flaking only on one side of the 
raceway surface, 
-The cause is an excessive axial load. 

-Tapered roller bearing, 
-Flaking on 1/4 circumference of inner ring 
raceway with outer ring and rollers 
discolored light brown, 
-The cause is excessive pre-load. 

-The outer ring of double row 
angular contact ball bearing, 
-Flaking on 1/4 circumference of 
outer ring raceway, 
-The cause is poor installation. 

-Thrust ball bearing 
Flaking on inner ring raceway 
(bearing ring fastened to 
shaft) and balls, 
-The cause is poor lubrication. 

-Outer ring raceway of double 
row tapered roller bearing (RCT 
bearing), 
-Flaking originated from electric 
pitting on the raceway surface. 

 


