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ARTICLE INFO ABSTRACT
Keywords: The advanced software used in designing Wind Turbine Gearboxes (WTGs) does not solve the
Surface investigation premature failure of the gearbox bearings, which still fail within 5%-20% of their design life by

Planetary bearings
Wind turbine gearbox
Premature failure

flaking. This issue increases the maintenance, downtime, and early replacement costs that limit
the investment in the wind energy field. The majority of the previous research have focused on
Flaking bearing subsurface investigation and the microstructural changes associated with the failure
Indentation patterns. Conversely, surface investigation can elucidate significant information about the loading
Bearing overloading levels and contributors to the premature bearing failure. In this study, two bearings from a
planetary stage of a failed multi-megawatt wind turbine gearbox underwent surface in-
vestigations and analyses. The analyses include indentations, hardness, roughness, and severe
damage regions. The study shows that the contact loading stress exceeds the recommended and
more than the compressive yield stresses of the bearing materials. The loading distribution on the
bearing inner race during the gearbox operation is quite different from the theoretical loading.
The transient loadings throughout the service reduce the Wind Turbine Gearbox Bearings
(WTGBs) service life. Furthermore, the significant effects of skewing and slipping have been
confirmed. Accordingly, the, lubricant filtration system and the design of the planetary stage are
recommended to be improved to extend the fatigue life of the wind turbine gearbox bearings.

1. Introduction

Wind Turbine Gearbox Bearings (WTGBs) in different gearbox stages usually suffer from premature failure by Flaking entirely
below their design lifespan of 20-25 years. Flaking is a failure pattern of removing the material from the contact surfaces. The bearing
premature failure causes unplanned maintenance and early replacement of the gearbox components that considerably increase the cost
of wind energy and limit investments in this field. Premature bearing failure is often associated with subsurface microstructural
changes (beneath the contact surfaces) [1-4]; however, the loading levels and the mechanism of the bearing damage initiation and
propagation are not fully understood [5,6]. In recent years, a considerable number of publications focused on the subsurface inves-
tigation of the damage features such as cracks, damage of inclusions, White Etching Bands (WEBs), butterfly wings, and White Etching
Cracks (WECs) [7-10]. On the other side, several studies tried to estimate the bearing damage throughout the service and predict the
bearings’ fatigue lives [6,11,12]. The mechanism of rolling contact fatigue failure is a debatable issue; however, two main hypotheses
were usually reported; the first postulated a surface initiation of cracking damage which propagates towards the subsurface and results
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in flacking [13-15]. The second one hypothesized a subsurface crack initiation from inclusions, microstructural alterations, and/or
voids, then propagating toward the contact surface and causing severe damage [1,5,16]. Some researchers support the opinion that
surface and subsurface crack initiation compete to trigger the damage [6,8], and the dominant of one depends on the component
design and the operating conditions under cyclic loadings [17,18]. Dhanola and Garg [19] presented a review of the tribological
challenges in Wind Turbine Bearings (WTBs), the development of bearing design, the improvement of the surface engineering of the
bearing components, and the use of advanced lubrication systems. Furthermore, the monitoring and detecting of the premature
bearing failure have been incorporated in this study. Hydrogen embrittlement as an influential chemical factor in damage initiation is
also reported as one of the leading causes of fatigue failure triggers [20,21]. The causes of failure and analyses were investigated by
focusing on the subsurface microstructural evolution and analyses of cracks [6,16], the plastic damage evolution [22], characterizing
the microstructural alterations [23,24] and evaluating the bearing material cleanliness [25]. Krishnan [26] performed a comparative
tribological study of the WTGBs to show the effect of lubrication system on the damage. This effect directly reflects on the bearing
contact surfaces as surface damage patterns. The causes and mechanisms of damage initiation and propagation in WTGBs is a debatable
issue till now days [5], and there is no confirmed theory can sufficiently describe the early damage initiation and propagation.
Furthermore, the formation mechanism of the microstructural alterations is not completely understood [27]. The role of these al-
terations as a cause or a consequence of bearing damage remains a debatable issue [28]. Doll [29] Discussed the coating of bearing
contact surfaces as a process to overcome the tribological issues in WTGB. He addressed the effect of black oxide coating on the
mechanism of surface pitting which depends on the surface roughness.

Selection of wind turbine bearings is usually performed according to an operating contact stress levels specified in ISO 281 [30] and
BS EN 61400-1 [31] which should be in the range of 1.5-1.7 GPa. During the turbine operating, loading stress levels have a
considerable variation due to wind gust (instantaneous wind speed variation). Furthermore, the following events throughout the
operating such as emergency stop, start-up, braking, the connection/disconnection of the generator, shut down and the on/off of the
electrical grid have a considerable effect on the WTGBs lifespan. According to the standards [32,33], these events are annually
occurring around 3000 times [5] with about five transient overloading cycles for each event. Loading levels throughout the events are
unknown due to depending these levels on the operating conditions at which the event is taking place. The loading levels and slipping
ratio (the relative velocity of the bearing contact surfaces), affect the contact surface roughness and hardness if the overloading level
exceeds the compressive yield stress of the bearing material. Furthermore, there are a considerable number of factors affect the WTGBs
premature failure, which can be classified as follows.

1. Mechanical factors including (residual stress, service loading, stress concentration, heat treatment and the bearing material me-
chanical properties).

2. Tribological factors (lubricant, operating temperature, contamination of the lubricant and surface roughness).

. Chemical factors (carbon emigration and hydrogen diffusion in addition to operating temperatures), and

4. Microstructural factors (bearing material grain size, material cleanliness and the inclusions types, sizes, locations and orientations).

w

Studying the individual and interactive effects of these factors is very complicated issue; thus, further studies are still required to
have a better understanding for the premature failure phenomenon. Oila [34] assessed several factors affecting the rolling and sliding
fatigue and he specified the contact stress to be the most effective factor followed by slipping. In the planetary stage of the wind turbine
gearboxes, the non-rotating planetary pin carries the planet gear, which usually set on two non-rotating inner race bearings. The inner
race in this design has a concentrating contact loading in a unique location and this probably raises the possibility of damage initiation
at this location. To increase the bearing fatigue life; Haward [35], postulated applying a “MultiLife” mechanism from Ricardo UK Ltd.,
by changing the location of the maximum contact stress on the planetary inner races using periodic rotations of the planetary bearing
inner race. Other researchers specified other types of bearings (Taper Roller Bearings (TRBs)) to be used instead of the cylindrical roller
bearings which currently using [36]. When there is a contamination with hard particles (debris) within the lubricant, either from the
gearbox components and/or from the bearings, the overloading levels affect the nature of the contact surfaces, especially that causes
surface indentations. Furthermore, indentation size and depth greatly depend on the contact loading level and the debris size. WTGB
failure by flaking manifests on the inner race contact surface; thus, mapping the surface damage and the distribution of indents can
provide a better view of the loading level and loading distribution upon the contact surface, which can probably be the leading cause of
premature bearing failure. The effect of surface roughness on fatigue life had been studied by Sheng Le [37] and confirmed by Evan [5].
The previous research focused on the subsurface investigation of damage patterns and their evolution; however, the causes of the
subsurface damage are also reflected on the bearing contact surfaces. The previous literatures are very rare in investigating the
bearings’ surfaces damage patterns. In this research, a study of the surface evolution of two real planetary bearings inner races were
conducted, including surface hardness, indentations and roughness to predict the loading levels and distributions within the bearings
loading zones, and estimate the contact loading levels for expecting some causes of the premature bearing failure phenomenon. Several
recommendations to elongate the service life of the wind turbine planetary bearings are also concluded in this study.

2. Methodology

Two inner races from multi-megawatt WTGBs are taken from the planetary stage. The inner races were provided by a Wind Turbine
(WT) company. The first was from the Up Wind (UW) bearing located in the turbine rotor side, a Single Row Cylindrical Roller (SRCR)
bearing. The second race is from the Down Wind (DW) bearing i.e., the bearing, located away from the turbine rotor, which was a
Double Row Cylindrical Roller (DRCR) bearing. The investigated inner races are presented with details in Fig. 1.
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The surfaces of the races are categorized into three regions according to the damage levels, as follows.

1. Region A consists of the severely damaged areas.
2. Region B has indented areas with a patch of the rolling elements’ strike and
3. Region C is the undamaged areas with no roller strike patch or indentations.

The first step is registering the dimensions of the three mentioned regions. Region “A” in both inner races has a maximum length in
the circumferential direction of ~23 mm. The axial lengths of these regions were slightly longer than the length of the rolling elements;
this is probably due to axial loading, which causes roller skewing and misalignment. In the UW bearing, region A has approximately the
same circumferential length along all the axial direction. However, region A has a tapered shape in the DW bearing starting with
approximately the same circumferential length as in the UW one of ~23 mm (at the bearing rim side). This severe damage in the
circumferential direction was ~3 mm at the axial end of the first roller strike, i.e., away from the bearing rim side. There is no severe
damage on the second row of the DRCR bearing (far from the bearing rim). By comparing the two areas of the severely damaged
regions, the UW race has a larger area than the DW one. The mentioned analysis supports the previous postulation of carrying the UW
bearing ~40% more than the DW bearing [12]. Indentations produced from lubricant contamination with hard particles (debris) can
be observed on both sides of the severely damaged regions, i.e., in bearing loading-in and loading-out regions. Suppose the debris
source is the damaged bearing only. In this case, indentations should be observed only in front of the roller, i.e., in the bearing loading
out region which is located in the direction of rotation. However, observing the indentations on both sides of the severely damaged
region confirms the possibility of other sources of debris, such as gears, shafts, and/or bearing houses. It also confirms the required
improvement of the lubricant filtration system to release the debris and the need to improve the bearing and housing design.

The second step is analyzing and counting the indents after classifying them according to their size and mapping their distribution.
The number of indents was counted by investigating the indentation, after dividing the bearing contact surfaces to a net of (50 mm x
20 mm) in the circumferential and axial directions respectively and counting the indents’ number in each net cell for each size. The
indents were classified into three groups according to their central axis lengths, as follows.

e The large indentations (L), having a maximum length of 3 mm or more,
e The medium indentation (M), having a maximum length between 1 mm and 3 mm, and
e The small indents (S) are less than 1 mm in length.

The dimensions of the rolling elements are essential for calculating of Hertzian contact stresses. These dimensions were estimated
depending on the patch length of the roller strike in the bearing axial direction (due to not providing the bearing rollers by the
company). The bearing characteristics are illustrated in Table 1. The estimated values were also performed depending on the closest
bearing type manufactured by SKF which has the same inner race dimensions, which is SKF-NCF 3048-CV [38]. The rollers’ number
and dimensions were checked by drawing the bearings on full-scale using Solid Works software.

In Hertzian contact theory, the bearing material’s mechanical properties considerably affecting the results of the contact stresses.
These properties relate to the material’s microstructure and its heat treatment. The latter is a confidential procedure for bearing
manufacturing companies.

Table 2 contains the chemical composition of 100Cr6 steel, usually used as a bearing material for commercial large-scale bearings
[39-41]. In comparison, the material’s mechanical properties are the modulus of elasticity E = 210 000 MPa, the compressive yield
stress 0, = 2550 MPa, and Poisson’s Ratio v = 0.3 [39,42].

The third step of the analysis is calculating the contact stresses using Hertz contact theory to compare the results with the bearing
selection stresses in the standards as will be detailed in the next section.

Loading
outlet region

Fig. 1. The investigated inner races of 2 MW wind turbine gearbox bearings, upwind race (on left hand side) and down-wind race (on the right).
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Table 1
Measured and estimated specifications of the inner races and rolling elements (in mm).
Bearing type UW SRCR DW DRCR
Inner race outer Radius 145 145
Inner race thickness 25 25
Axial length 96 210
No. of rolling elements 16 16 for each row
Rolling element Dia. 50 50
Rolling element length 70 70

Table 2
The bearing material chemical composition (AISI 52100/100Cr6) [39,40].
Matter Cr Mn Si P S Cr Mg Fe
% wt 0.98-~1.10 0.25-~0.45 0.15-~0.35 0.025 max 0.025 max 1.30-~1.60 ~0.10 Remaining

3. Contact stresses on the planetary races

Predicting the contact stress levels on the planetary bearings’ races throughout the service will be very useful to compare with the
design values illustrated in the standards. The procedure is based on calculating the torque on the generator shaft by using the power
law to calculate the contact force on the planetary bearing, as follows:

Power of generator = Torque on the generator shaft x generator speed (€D)

The generator’s power is in Watts, the torque on the High-Speed Shaft (HSS) is in Nm, and the generator rotational speed in rad/s. This
power can be transferred to the input shaft (the turbine rotor) and then to the planetary stage. Planets number (n), gear ratio (GR), radii
of the ring and sun gears (R, and S, respectively), the number of rollers’ rows in each planetary pin (K), and the rollers’ number in each
row (Z,) can be used to have the following formula:

_ 56 % GR * Py,
_K * Nk 7](R, + Sr)wﬁen * Zml

2, )

Where, the overall drivetrain efficiency 7, Py is the maximum contact force on one roller. More details about the deriving of the above
equations can be seen in AL-Bedhany [6]. Fig. 2 demonstrates the contact pressure distribution on the inner race and a roller. Assuming
there are three planets (n=3), the total rows’ number of rolling elements in every planetary stage is K=3 (two for the DRCRB and one of
the SRCRB), and the UW bearing is overloaded by ~40% more than the DW one [12]. The three forces on the planets (Fp) produce the
torque transmitted into the sun gear and then to the intermediate and high-speed stages of the gearbox. The calculated contact stress
was found to be ~1.8 GPa. This contact stress is less than the compressive yield stress of the bearing material; however, it is more than
the bearing selection stress recommended in the standards [30,31].

The subsurface pressure and stress distributions under the contact region of the roller and the inner race are present in Fig. 3. These
stresses were calculated using Hertzian contact theory. Then, the technique of super-position was used to apply the stresses induced
due to friction or traction force (the traction in opposite direction of the friction) [43]. The effect of traction force added as a uniformly

P ad

Fo/2
Planet 3

Planet 1

F, : Planet force

Planet 2

Fig. 2. Reactions on the planetary stage components (left) and Hertzian contact of the inner race and the rolling element (right).
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Fig. 3. Distribution of contact pressure and maximum shear locations (Top) and subsurface stresses due to contact force and friction (friction
coefficient p = 0.05) (in the lower).

distributed load on the orthogonal shear stress as can be seen only within the contact region. Applying a traction force in the contact
region has two effects: increasing the contact stresses and moving the induced subsurface stresses towards the contact surface. It will be
helpful to specify that the sudden variation from positive stress to negative one in o, (in red in Fig. 3) at the entry of the contact region
makes this location as the prefferred for trigging surface cracking. However, Von-Mises stresses and maximum unidirectional shear are
in the subsurface probably responsible for the initiation of subsurface damage [6,7].

The surface hardness and roughness were also measured within and outside the bearing loading regions as an additional analysis
step. The measurements of hardness can show whether the bearing loading level is beyond the elastic limit by investigating the
hardening phenomenon within the loading regions. On the other hand, comparing the bearing surface roughness within and outside
the loading regions will show the roughness variation throughout the bearing service. The inner races’ surface hardness was measured
within and out of the maximum contact loading regions to identify the hardness variation due to overloading and evaluate the contact
loading levels throughout the turbine operation. Measuring the hardness of the contact surfaces should be conducted away from the
indents with at least three times the indent’s size, as recommended by Solano-Alvarez et al. [44]. This is to avoid the hardening
phenomenon caused by plastic deformation in the affected region. To measure the hardness, the DuraScan®Struers digital hardness
device was used. The accuracy of the results can be increased by performing seven measurements out of the contact area (within the
space between the two rollers’ strikes of the DW bearing), i.e., out of the roller strike for the UW bearing then, calculating the mean
value. The mean Vickers Hardness (HV) out of the loading contact region was 738 (~61 HRC). This hardness value represents the inner
race surface hardness before the service (new bearing); however, the hardness within the contact region represents the hardness after
service.

Seven to ten hardness measurements within the contact region were taken in straight lines, starting from the bearing rim in the axial

Fig. 4. The surface damage patterns in the investigated races and the confirmation of misalignment.
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direction. The measurements were according to the available locations away from the indents. Four locations in the loading-in region
of the UW bearing, in addition to five locations in the loading-out region, were chosen to conduct the measurements. This procedure
also applies to the DW bearing.

The availability of real wind turbine gearbox bearings is the main limitation of this study since wind turbine companies do not
provide the failed parts easily. Furthermore, the companies do not agree to share the details of the results due to their confidential
policies.

4. Results
4.1. Surface examination

The overloading of subsurface stresses due to contact forces and pressure (presented in Fig. 3) reflected as surface damage. The
patches of the rollers’ strikes (seen in Fig. 4 as darker areas) confirm the misalignment at the roller contact edge by having non-straight
patches. Accordingly, two issues are confirmed: the misalignment of the rollers’ contacts throughout the bearing service and the stress
concentration due to skewing at the rollers’ edges when the roller enters the loading region. Skewing is the deviation of the rotation
centerline of the rolling element from the normal position parallel to bearing centerline to a non-parallel state. The skewing causes
overloading at the entry of the rollers to the loading-in region. The effect of skewing appears clearly on the roller patch strikes at the
loading-in regions in both the investigated races, as can be seen in Fig. 5. Despite the modern techniques used in the bearing’ design,
the misalignment and skewing issues are still confirming.

Measuring the surface hardness at the start of the roller strikes showed a hardening phenomenon, i.e., hardness increases within the
loading regions and confirms a sudden overloading at the entry of the rollers to the loading-in region. More studies are still required to
specify the line in which the hardness to predict the skewing angle and try to avoid this issue by improving the design of the rolling
elements and/or the bearing design. This issue can be avoided by using Taper Roller Bearings (TRB) at the planetary stage, and this
supports the selection of TRB for the planetary stage of the wind turbine gearboxes [45].

5. Surface indentations

During the bearing manufacturing process, the inner race contact surfaces and the rolling elements should be carefully treated to
reduce the friction force throughout the operation. For that, coating the bearing components with black oxide was one of the choices of
some manufacturing companies. This oxide layer also prevents the bearing material from contacting with the lubricant and their
possible chemical reactions [46]. Debris in the lubricant cannot be avoided despite using advanced filtration systems. Contamination
of the lubricant with hard particles (debris) produces indents on the contact surfaces due to high contact loading. These indentations
distorted the contact surfaces due to pressing the debris on them to produce the indentations. These indents and contact surface
distortions introduce high-loading locations that may be trigger premature bearing failure. Comparing the coated and uncoated
bearing surfaces of the inner races shown in Fig. 6 supports this conclusion. It also refutes the possibility of introducing these in-
dentations from the subsurface regions since the indentations on the coated race have a black oxide on the lower indents’ surfaces. No
specific trend of indents’ orientation was observed, i.e., the direction of indentation maximum axis length relative to the rolling di-
rection was irregular. Despite the high number of bearing rotating cycles and the extreme contact stresses around the indentations, no
subsurface crack initiation was observed within and around the indented regions (for more information see AL-Bedhany [6]). The
border of the indentations, which underwent high contact stresses due to the material rising (produced from the surface deformation),

Fig. 5. The skewing effect on the rolling element strikes. For the DW bearing (left) and for the UW bearing (on the right-hand side).
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rolling
direction

Rolling
direction

Fig. 6. Indentations on the inner races, uncoated bearing (upper) and coated with black oxide (lower).

appeared lighter in the coated inner race.

The permanent deformation of the indented regions and the rising up of the indentation circumferences make these rising-up areas
carry most of the contact and friction loads after removing the debris throughout the rotational movement. It makes the indentation
borders subject to very high shear and contact stresses. These extreme stresses on the indents can be confirmed by their white borders
on the coated race (due to removing the black oxide from these borders). Fig. 7 demonstrates the procedure of forming the observed
features of indents; however, applying Hertz contact theory on a small piece of debris (3 mm in diameter) on the inner race to introduce
a permanent indent results in a compressive contact stress quite higher than the material compressive yield stress. Indentation size and
depth depend on the contact pressure more than the debris size; therefore, the load distribution can be represented by the distribution
of the indents.

For regions labeled by Bs, it has been noticed that indentation frequency (the number of indentations) is lower in the loading-in side
than on the loading-out. It may be due to the considerable role of the debris formation from the other gearbox components and the
extreme contact stress levels in the loading-out region. The indentations’ maximum lengths have no specific orientation trend in both
directions (circumferential and axial); however, the indentation frequency in the circumferential direction has a noticeable increasing

Severe contact region produced

Rolling element indentation boarders

Debris

—_— /
Rolling dlrecllm:\

Inner race

Debris after deformation Indent

A, B and C : very high stressed regions

Fig. 7. The procedure of indentation initiation and the severe loading regions.
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trend towards region A (the severely damaged region), as can be seen in Fig. 8.

The indentation frequency in the loading-out region the possibility of introducing the indentations from the severely damaged
bearing locations. In contrast, the indentations were also observed on the DW bearing, not only in front of the severely damaged region
(towards the loading-out region), but also in the second row of the rolling element strike, where no severe damage was observed (see
Fig. 9). It supports the possibility of introducing debris from other gearbox components.

In the DW bearing, presenting the indentations of the investigated two roller’ strikes confirms the loading distribution on the inner
race predicted from the UW bearing, as seen in Fig. 10. However, it is expected that there is less contact loading on the second roller
strike (where there is no severe damage). It is probably due to misalignment and bending on the planetary pin and the low loading
levels on the DW bearing, as confirmed by Lacava et al. [12]. Furthermore, observing the indentations on the second roller strike,
where there is no severe damage, supports the debris formation from other gear components and the severely damaged area of the
inner race is not a unique source of debris. According to Hertzian contact theory, the severely damaged regions are only expected to be
on the inner race because the contact stress on the outer race is less than on the inner one.

Fig. 11 shows the loading pressure distribution depending on the indentations distribution, which significantly differs from the
ideal bearing loading zones presented by Harris and Motzala [47]. When the contact loading level is less than the bearing material
compressive yield stress, no noticeable damage (a patch of a roller strike or indentations) can be observed; thus, the region with no
patch and indentation can be considered an unloading region. The presented loading distribution is approximately similar to that of
Keller-et al. [48] using advanced techniques. This finding lead to predicts that the calculated Hertzian contact stresses throughout the
design stage are pretty below the real stresses introduced throughout the service. For that, the theory of non-Hertzian contact is
probably more efficient for describing the problem of bearing rolling contact in WTGs, especially with the considerable friction
introduced from the debris’ entry between the contact surfaces and the fluctuation of load throughout the turbine operating events
which causes further slipping [49].

6. Surface hardness

Fig. 12 presents the locations where the hardness was measured on each bearing’s race. This figure also demonstrates the fretting
damage on the inner surface of the inner race (the contact surface of the inner race with the planetary pin). Despite using an inter-
ference fit for these components, the contact load was not uniform, and the fretting distribution (shown in the dotted oval) may require
more investigation. Because of the inner race curvature in the race circumferential direction, the investigated races should be rotated
after completing each line of the hardness measurements.

The hardness measurements of the two inner races are presented in Fig. 13. The hardness variation in the circumferential direction
is beneficial because it reveals the loading distribution within the loading-in and loading-out regions and the nature of the rollers’
entry. Before the use, the mean Vickers Hardness (HV) was 738 (~61 HRC), and there are apparent hardness differences between the
hardness within the loading and unloading regions. This confirms the hardening phenomenon within the loading regions (loading-in
and loading-out regions). For that, the loading level on the planetary bearing inner race was above the stress recommended in BSI
61400-1 [31] and ISO 281 [30] and also more than the compressive yield stress of the bearing material.

In both the investigated bearings, the trend of increasing the hardness is toward the severely damaged regions at the loading-in
locations; however, in the loading-out regions, the hardness gradually decreases with being away from the severely damaged re-
gions. It means the maximum contact stress is concentrated at a unique location (severely damaged location) due to a non-rotated
planetary pin. It causes a surface hardening, which probably continues till reaching the bearing material’s saturated hardening
level (material strength), then causes a surface cracking and develops into severe damage. Despite this logical and noticeable
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Fig. 8. The distribution of indents on the Up wind bearing inner race.
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Fig. 9. Surface indents in and out the severely damaged rollers’ strikes.
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Fig. 10. Indentation distribution on the downwind (DW) bearing, on the first strike with severe damage (top) and on the second strike with no
severe damage (down).
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Fig. 11. Pressure distribution predicted from indents distribution on the investigated inner race.
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Fig. 12. Locations of hardness measurments on the investigated bearings.
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Fig. 13. Surface hardness measurements of the investigated inner races.

prediction, the possibility of subsurface cracks causing a premature failure cannot be terminated.

The trends of indentations and hardness confirm a sudden loading increase within the loading-in regions; however, in the loading-
out regions, there is a gradual decrease in the contact stress levels (when going away from the severely damaged region A). The sudden
loading increases in the loading-in region probably causing a transient and impact loading between the rollers and the bearing inner
race and raising the possibility of damaging this location. Haward [35] tested a novel mechanism with a periodic rotation of the inner
race of a planetary WTGB to increase the bearing fatigue life by a considerable percentage (five-fold enhancement). This study also
confirms this finding and points out that the planetary stage’s non-rotated pin and the contact loading’s unique location represent the
preferable location of premature bearing damage initiation.
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7. Surface roughness

The aim of studying the surface roughness is to confirm the effect of rolling and sliding by comparing the rollers’ strikes with the
non-contact surfaces. The contact asperities deformed on the micro-level and were affected by the loading level and slipping of the
bearing components. It causes a noticeable change in the surface roughness. Therefore, the surface roughness inside and outside the
loading regions was measured in different directions (axial and circumferential). Then, the mean roughness was calculated. This had
been conducted for the investigated bearings by the first author [6]. Despite the importance of circumferential roughness due to its
effect on the rolling direction and the slipping throughout the movements, axial roughness also plays predictable roles due to the
extreme contact stress, misalignment, skewing, and bearing axial loading. The arithmetical mean roughness (Ra), which represents the
average height deviation of the surface asperities from a mean line, was measured for the investigated surfaces. The mean roughness
was calculated for at least five measurements (4 mm length). These five measurements were conducted outside and inside the loading
regions of the bearing to increase the measurement accuracy.

MITUTOYO®SJ.400 contact profilometer and non-contact type Contour GT® Veeco were used. The former can make a curvature
radius compensation, i.e., measuring the roughness on curved surfaces, while the latter has higher accuracy.

For comparison, the average roughness in the region between the rollers’ strikes was considered as the inner race roughness before
use. In contrast the roughness within the rollers’ strikes was considered after-service roughness. The roughness in both circumferential
and axial directions was reduced after service from ~0.22 pm to ~0.16 pm and from ~0.17 pm to ~0.1 pm, respectively [6]. The
asperities in the circumferential direction underwent more deformation due to the effect of the rolling direction.

8. Discussions

Designing the wind turbine gearboxes includes a single or multiple planetary stage(s). The non-rotating pins in this stage usually
have two roller bearings where their inner races are set on the pin. The planetary bearings suffer from premature fatigue failure below
their design life of 20-25 years. Studying this issue has two impacts: The first is scientific due to the need to recognize the leading
causes and mechanism of failure initiation and propagation. The second impact is economic due to increasing maintenance and energy
cost, that reducing investment in this field. Most previous research focused on the subsurface investigation of damage patterns and
their evolution; however, the causes of subsurface damage also reflect on the bearing contact surfaces. Different surface damage
patterns have been observed on the investigated non-rotating inner races, including roller strike patches, severe damage regions, and
indentations. Hardness due to overloading had been investigated by measuring it along the axial and circumferential directions, and
this can confirm the occurrence of hardening phenomena, which only occur when the contact overloading stress is beyond the bearing
material yield stress. The hardness variation within the overloading regions can point out the loading distribution in these regions.

Measuring surface roughness also provides valuable information about the slipping, which is postulated as one of the leading causes
of the bearing’s failure. The shape of the roller’s strike patch confirms the skewing and misalignment throughout the bearing rotation;
these regions underwent a careful investigation. The indentation distribution depends on the contact pressure more than the debris’
size. Furthermore, the concentrating of the severely damaged region on a unique location and the increasing indentation frequency
towards this location, in addition to the trend of hardness variation to this location, confirm the non-rotating inner race failure due to
concentrating the load in this unique location and pointing the weak design of this component (as non-rotating). Several conclusions
and recommendations are postulated to elongate the fatigue life of the planetary WTGBs, which will be presented in the next section.

9. Conclusions and key findings

The non-destructive surface investigations of two failed races of the planetary WTGBs have been conducted, and the following
conclusions and key findings can be pointed out.

e This study is the first one that depends only on investigating the bearing surface, including surface roughness, hardness, indentation
distribution, and other damage patterns, such as the roller’s strike patch; these damage patterns reflected from the bearing
overloading and the turbine operating conditions. The surface study can provide fruitful information about the causes of premature
failure of WTGBs; for example, indentation distribution and surface hardness can be used to estimate the loading distribution and
level on the inner race of the bearings by using low-cost investigation.

e The hardening of the contact surfaces within the bearing loading regions confirms that the contact pressure on them exceeds the
compression yield stress of the bearing material. Therefore, the selection stress of the planetary WTGBs in the design standards
requires re-evaluation depending on the actual service loading.

o The bearing loading distribution differs from the ideal bearing contact condition on which the designer selects the WTGBs—the
Taper Roller Bearings (TRB) are probably more suitable for the WTG planetary stage due to less skewing in it.

e The increasing indentation frequency towards the severely damaged regions confirms the high possible role of the indentations in

bearing damage by flaking. It occurred due to the extreme contact loading levels of introducing hard particles (debris) between the

contact surfaces. Furthermore, improving of lubricant filtration system in WTGs is beneficial to elongate the fatigue bearings’ life.

The skewing and misalignment have been confirmed in both of the investigated bearings. The stresses due to these extra loadings

should be considered throughout the bearing selection and gearbox design stages.

e The non-rotating pin in the gearbox planetary stage concentrates the operating and transient loadings at a unique location. It is one
of the leading causes of the premature bearing failure in the planetary stage. Improving the planetary stage design, for example, by
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making the planetary pins as rotating components and introducing additional pins without planet gears, i.e., to support the two
enclosed parts of the planetary gears, can be applied to reduce the misalignment. This will be very useful to elongate the bearings
service lives by reducing the bending in the planetary pins.

o Surface roughness affects the contact stresses at the micro-level, and improving the circumferential surface roughness to Ra ~0.1
pm probably increases the bearing fatigue life by reducing the deformation of the contact surface asperities. The contact profil-
ometer gives approximately the same results as the non-contact one. The first type is recommended due to its low cost and its
facilities of curve compensation for measuring the roughness on curved surfaces.

10. Recommendations

The following recommendations for future works and investigation can be drawn to overcome the premature failure issue in
WTGBs.

1) Investigating the depth of the indentations using different debris sizes and compression loading to confirm the actual overloading
levels within the service of the WTGBs.

2) Improving the surface roughness of the bearing components and studying its effect on the bearing service life.

3) Improving the design of the gearbox planetary stage and selecting a more efficient bearing type to elongate the bearing service life.
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