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Abstract

Bearings of some wind turbine (WT) gearboxes experienced premature failures due to bearing steel
microstructural damage under rolling contact fatigue (RCF). However, the formation mechanism of
the microstructural damage and its progression to the final bearing failure is still being debated. In
this study, subsurface damage sustained in two bearing raceways of a failed gearbox from a field-
operated WT is investigated. The study provides evidence of damage initiation and progression from
non-metallic inclusions in the subsurface by using actually failed WT bearings as a case study. Damage
characterisation has found various microstructural damage in the raceway subsurface including non-
metallic inclusions, butterfly wing cracks, White Etching Areas (WEAs), and White Etching Crack
(WECs). Complex interactions between cyclic rolling contact loading with inclusions and cracks are
observed. Their roles in the formation of butterfly wing cracks, WEAs and WECs in the raceway
subsurface are evaluated. It has been found that the butterfly wing cracks initiated at damaged
inclusions is the original cause of the microstructural damage. The propagation of butterfly wing
cracks and WEAs to form subsurface crack networks, with WEAs to create WECs, under RCF loading
they have accelerated surface flaking and spalling of the raceways, leading to the final failure of the
bearings. The formation mechanism of the subsurface initiated WEAs and WECs is evaluated and a
damage progression hypothesis leading to the final bearing failure is proposed, including six stages
of the microstructural damage development.

Key words: bearing; rolling contact fatigue; microstructural damage; white etching area; white
etching crack.

1. Introduction

Wind Turbines (WT) gearbox bearings can fail prematurely, some with considerably shorter life than
their designed service life of 20~25 years. Existing studies suggested that this was caused by the
subsurface Rolling Contact Fatigue (RCF) initiated by non-metallic inclusions in the steel material of
bearings [1]. During the steel manufacturing, aluminium element could be added to the steel, which
worked as the deoxidiser to improve the steel toughness by controlling the growth of the austenite
grain boundary [2]. Aluminium was easy to be oxidised, especially when the temperature was
relatively high, and the oxidised Al,05 inclusions formed were hard and brittle [3]. Therefore, it
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could lead to localised cracks or voids in the subsurface of bearing raceways during the bearing
manufacturing process and loading during operational service [4]. Another non-metallic element,
sulphur, is also commonly found in the subsurface of the bearing raceways. Sulphur improves the
machineability and it can be found in the form of manganese sulphide (MnS) or iron sulphide (FeS)
in the subsurface of the bearing raceways. Non-metallic inclusions were found to affect the steel
quality [5] and reduced both fatigue endurance limit and fracture toughness of the bearing steel [6,
7]. Due to the stress concentration caused by these inclusions, the cracking in the subsurface of the
bearing raceways could occur easily and propagate rapidly in the bearing steel containing sufficiently
high numbers of aluminium and sulphide inclusions [8].

The existence of the subsurface inclusions influences the homogeneity of the steel material in the
subsurface of the bearing raceways and they can accelerate the crack nucleation and propagation
processes. A number of mechanisms of the inclusion initiated damage have been proposed. Firstly,
it could be caused by the differences of the thermal expansion coefficient between the steel matrix
and an inclusion during the heat treatment processes of the steel. When the thermal expansion
coefficient of the inclusion is greater or less than that of the steel matrix, it could lead to the boundary
separation or cavitation between the inclusion and steel matrix. Secondly, the differences in the
elastic modulus, yielding strength, and plastic deformation between the inclusion and steel material
could also lead to the subsurface damage. As reported in [9], the maximum contact pressure
generated on the planetary bearing surface of the WT gearbox could reach 3.2 GPa, which caused
large deformations of both the steel matrix and inclusion materials. As a result, the differences of the
corresponding deformation of the inclusion and the steel matrix could result in the formation of
cavities and the separation of the original perfectly bonded boundary between the inclusion and steel
matrix. In addition, the investigation in [9] also observed that the internal cracking of an inclusion
could lead to the generation of subsurface cracks. According to their microscope observations, it was
found that the internal crack of the inclusions had propagated from the inclusion to the steel matrix
[9]. In their follow-up study based on the twin-disc experiment [10], it was found that the internal
cracks of the inclusions were more likely to occur when the testing specimens were subjected to high
contact pressures and impact loading conditions.

The propagated cracks in the subsurface of the bearing raceways are found to be accompanied by a
hardened and phase transformed steel matrix, known as the White Etching Area (WEA). Existing
studies had shown that the presence of WEAs on the propagated subsurface cracks further led to a
reduced bearing life [8, 9]. Evidence obtained in [11] and [12] showed that WEAs had the body-
centred (BCC) carbide-free ferrite with an ultrafine nano-recrystallised structure. The dense grain
structure of a metallic material can impede dislocations between grain boundaries, thereby
increasing the hardness of the material. Therefore, the ultra-fine ferrite in the WEA region differed
from the ordinary ferrite material; its fine grain structure caused the hardness of this region to exceed
that of the martensite matrix [13]. Another study in [14] reported that different WEAs also had
different hardnesses. Such differences might be related to the grain sizes of different WEAs; with the
reduction of the grain sizes, the hardness of WEAs was increased. Many WEAs have been found
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within long crack networks in the subsurface of failed bearing raceways due to RCF loading. The long
crack networks surrounded or decorated by WEAs are commonly referred as White Etching Cracks
(WECs). A few studies suggested that WECs were initiated by butterfly wing damage from inclusions,
voids or other subsurface defects and propagated under RCF loading cycles [15, 16, 17, 18]. However,
some studies did not observe any inclusions within the WECs, indicating that the formation of WECs
under RCF could be independent of the inclusions in the subsurface [19, 20].

According to the observations of the microstructures from the damaged bearings reported in [21, 22,
23, 24], it was generally agreed that the white etching damage was always accompanied by the
occurrence of RCF cracks. Although the sequence between the white etching structure and RCF cracks
was still being debated, the findings from [8] suggested that WEAs could lead to the premature failure
of the bearings within 5% to 20% of their designed service life. A combined effect of WEAs under RCF
was observed to accelerate the failure of WT gearbox bearings [25]. However, the sequence of
formation between the WEA damage and RCF cracks has not been clearly established in published
studies. Investigations in [15, 26, 27] believed that the formation of subsurface RCF cracks could be
the root cause of the WEA damage. In addition, there could be the formation of Dark Etching Areas
(DEAs) before the RCF crack formation, which indicated that the stiffness of the material was reduced,
as evidenced in [28]. An investigation in [29] suggested that WEAs could be formed before the RCF
cracks; and it was because of the hardening of the material caused by WEAs that RCF cracks could
initiate from the specific region of the WEAs. Some other studies had shown that the WEA formation
depended on a variety of factors rather than just RCF cracks. For example, the effect of electrical
current was believed to have a significant effect on the formation of WEAs, reported in [30, 31].
Furthermore, the existence of hydrogen within the subsurface could also lead to an accelerated
initiation of WEAs, as reported in [32, 33, 34, 35].

Itis clear that the WEA and WEC related microstructural damage of WT gearbox bearings is extremely
complex and still under intense investigations. A clear understanding has not been established
regarding the formation mechanism of WEAs and WECs under RCF loading in WT operation condition,
which leads to the premature failure of some WT gearbox bearings. In this study, the subsurface
microstructural damage of two failed WT gearbox bearing raceways is evaluated to identify various
forms of subsurface microstructural damages, including inclusions, butterfly wing cracks, WEAs,
WECs, surface white structural flaking and resulting secondary crack networks. The root causes and
interactions of these microstructural damages are investigated which leads to new insights into the
formation mechanism of WEAs and WECs, and a new damage progression hypothesis that eventually
leads to the premature failure of the WT gearbox bearings.

2. Methods and Materials
2.1 Sample preparation for microstructure observation

In this study, the subsurface areas of two failed planetary bearings from the gearbox of a 2MW WT
operated in a wind farm in Europe are investigated to characterise microstructural damage. Both
bearing raceways are made of 100Cr6 steel. The chemical composition of the 100Cr6 steel is provided

3


https://doi.org/10.1016/j.wear.2025.206335

Wear 582-583 (2025) 206335 https://doi.org/10.1016/j.wear.2025.206335

in Appendix Table A.1. Fig. 1 shows the failed inner raceway of the upwind and downwind planetary
bearings of the gearbox, respectively. The damaged surface with spalling area and indenting area can
be seen clearly on the raceway surface. Each raceway has a concentrated damage area, caused by
the fixed loading zone of the raceway, as illustrated in Fig. 1a. For the planetary stage of the WT
gearbox, the upwind bearing is located on the rotor side of the gearbox, facing the wind, and the
downwind bearing is positioned next to the upwind bearing but on the higher speed side of the
gearbox. The upwind bearing raceway in Fig. 1b shows severe spalling damage than that of the
downwind bearing raceway in Fig. 1c. This is due to the different levels of the radial load acting on
each bearing. It is known that in the WT gearbox the upwind planetary bearing normally undertook
40% to 60% more loads than the downwind bearing [36, 37]. Accordingly, the upwind bearing
raceway shows a relatively larger area of surface spalling.

a Fixed loading zone of inner raceway of planetary bearings

Rotating outer
raceway

Fixed loading zone

Spalling damage‘

Fig. 1 Inner raceways of planetary bearings: (a) lllustration of fixed loading zone; (b) damaged raceway of
upwind bearing; (c) damaged raceway of downwind bearing
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To investigate three-dimensional structures of inclusions and crack networks in the raceway
subsurface, the spalled surface area of both the upwind and downwind bearing raceways is sectioned
along the axial and circumferential direction of the bearings respectively. After cutting, these small
samples are mounted onto conductive Bakelite mounts. Processes of grinding and polishing are
performed to ensure the smooth surface of the samples for observation. To observe the possible
white etching damage around inclusions and subsurface cracks, etching process of the sample
observing surfaces is performed by using the 2% Nital solution. In this study, both optical microscopy
and scanning electron microscopy (SEM) are used to investigate subsurface damages of the raceways.

2.2 FE modelling of stress variation at inclusion under rolling contact fatigue

To investigate the stress distribution in the raceway subsurface under rolling contact condition, finite
element (FE) models using Abaqus FE software platform are developed, representing a roller moves
over the contact surface of the raceway, as shown in Fig.2a. Sizes of inclusions observed in the
subsurface of the raceways are extremely small (in the range of 5~10 um) thus the computational
cost of using 3D meshing is excessively high, a 2D model has to be employed for effective FE
simulations. Furthermore, for roller bearings, the raceways can be considered as plane strain
condition in the axial direction of the bearings under RCF loading; therefore the 2D FE model in plane
strain is adopted in this study. A simplified rectangle raceway section is created with width of 8b and
depth of 4b, where b is the half contact width between the roller and raceway; this is based on the
consideration that the dimensions of 8b x 4b of the FE model are sufficient to avoid the effect of
model boundary conditions on stress conditions around the inclusion. Furthermore, the majority of
the subsurface damages from inclusions is observed within 1 mm to the contact surface of the
raceway. Considering the rated condition of the 2MW WT investigated in this study, the maximum
contact pressure and half contact width between the roller and raceway are calculated as 2.069 GPa
and 0.531 mm respectively by using the Hertz contact theory. The detailed calculation of the Hertz
contact parameters of the planetary bearings for the 2MW WT can be found in [38]. In the FE
modelling, the distributed contact pressure moves from the left-hand side to the right-hand side of
the rectangular raceway section with a constant speed of 6b/s, i.e. within 1s. To simulate the rolling
contact loading, two user subroutines in Abaqus are developed; the first one is a DLOAD subroutine,
which defines the magnitude and movement of the Hertz contact pressure distribution on the
raceway surface. The second subroutine is a UTRACLOAD, which defines the traction pressure
distribution on the raceway surface due to the effect of friction.

To investigate the effect of an inclusion on stress variation in the raceway subsurface, a MnS inclusion
is embedded in the subsurface area at 0.398 mm below the contact surface of the raceway. This is
because the maximum shear stress occurs at this subsurface depth (0.398 mm) under the maximum
contact pressure of 2.069 MPa thus the FE model investigates the most severe condition of an
inclusion for damage development. The inclusion has an aspect ratio of two, with length in major and
minor axes as 10 um and 5 um respectively. The selection of the inclusion sizes is based on the
average value of the sizes of inclusions observed in actual samples of the failed bearing raceways.
Three conditions of the inclusion are considered, perfectly bonded with the steel matrix of the
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raceway (undamaged), separated from the steel matrix with two gaps at the inclusion tips, and
internally cracked but perfectly bonded with the steel matrix. The conditions of the inclusion and the
choice of an MnS inclusion are determined from the microstructural damage analysis, which will be
presented in Section 3.

10.398 mm

4b <

1e-04 mm

0.001 mm
1e-04 mm

0.005 mm

Fig.2 Finite element modelling of raceway rolling contact with subsurface inclusion: (a) global
raceway model; (b) the global model mesh and partitions (on the left) and the sub-model mesh
containing the inclusion (on the right, in square dimensions in 30 um x 30 um). The numerical
values are the element sizes of the highlighted partitions of the FE meshes.

To obtain an accurate stress distribution around the inclusion, a sub-model of the global raceway
rolling contact model for each inclusion condition is created; the sub-model has a square geometry
in dimensions of 30 um x 30 um containing the inclusion with the size of 10 um x 5 um, the chosen
mesh size for the sub-model is 1e-04 mm, as shown in Fig. 2b. The global model is divided into
different partitions to facilitate the mesh divisions with extremely small element sizes, the
representative mesh size for each partition of the FE mesh is provided individually in Fig. 2b.
Regarding the boundary conditions, for the rectangular raceway section of the global model,
displacements in the x-direction are constrained on both sides of the model and the bottom surface
of the model is also fixed. The traction coefficient on the rolling contact surface is defined as 0.01.
For the global raceway model, the total number of elements is 93,000 and the number of nodes is
94,000. In the sub-model, the number of elements is 95,000 and the number of nodes is 96,000. The
raceway material is 100Cr6 steel with Young’s Modulus of 220 GPa and Poisson’s ratio of 0.3. The
MnS inclusion has Young’ Modulus of 120 GPa and Poisson’s ratio of 0.24. The stress-strain curves of
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the steel and inclusion from [39, 16] are included in Appendix A; with the yielding strength of 100Cr6
is approximately 2300 MPa [39] and the MnS inclusion is 325 MPa [16].

3. Characterisation of subsurface microstructural damage

Microstructures of the spalled and indented areas of the upwind and downwind bearing raceways
are investigated. The subsurface damages are evaluated by analysing observed inclusions, butterfly
wing cracks, WEAs, and WEC networks. The following sessions present a detailed analysis of these
damages.

3.1 Damaged inclusions

Fig.3 presents images of typical inclusion damage observed from the subsurface of the failed bearing
raceways. In general, when an inclusion is perfectly bonded with the steel matrix, as shown in Fig.3a
and Fig.3b, it is less likely to initiate the subsurface damage. However, when an inclusion is damaged
by either boundary separation from the steel matrix or inclusion internal cracking, micro cracks
initiate around these inclusions. Based on these observations, four different types of inclusion
damage are identified.

Undamaged inclusion Boundary separated inclusion

E
‘2%

Internally cracked inclusion

Crack propagation

Fig.3 Different types of inclusion damage: (a) and (b) perfectly bonded inclusions; (c) and (d)
boundary separation damage; (e) and (f) inclusions with internal cracks; (g) and (h) cracks
propagated from inclusion into matrix; (i) (j) (k) and () butterfly cracks with WEA formation
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The first damage type is the boundary separation of an inclusion, as shown in Fig.3c and Fig.3d. This
type of the inclusion damage is most likely to occur during the steel heat treatment process because
of differences in thermal expansion and contraction between the inclusion and steel matrix. In
addition, the contact pressure acting on the raceway surface may also lead to boundary separation
because the inclusion-matrix ionic bonds may be broken due to differences in deformation of the
inclusion and steel. The second damage type is the internal cracking of an inclusion, as shown in
Fig.3e and Fig.3f. The breakage of an inclusion is often caused by complex mechanisms. Firstly, the
separation of the inclusion boundary from the steel matrix may occur due to the steel heat treatment
or the loading from the rollers on the raceway. If the inclusion boundary is firmly connected to the
steel matrix, energy from thermal expansion and contraction cannot be released through the
debonding at the boundary. Hence, the relatively fragile inclusion may break internally itself because
of its poor loading capacity. The other mechanism is related to the chemical composition of the
inclusion. As shown in Fig.3f, in a compound inclusion of MnS+Al, 053, the MnS inclusion has been
fractured into three pieces due to the Al,0; particle located in the middle of the compound
inclusion. Therefore, internal cracks may also initiate from the compound inclusions because of their
fragile structures.

The third damage type is the internal crack propagation from an inclusion to the steel matrix, as
shown in Fig.3g and Fig.3h. In this form of damage, the connection between the inclusion boundary
and steel matrix is usually stable and firm. However, internal cracks of the inclusion may cause highly
localised shear stress between the cracked surfaces during the subsequent RCF loading
cycles. Therefore, the cracks may propagate from the inclusion into the steel matrix. Importantly, the
cracks in the steel matrix caused by an inclusion are not only related to the internal cracks of the
inclusion, but also influenced by any separated boundary or an excessive longitudinal ratio of the
inclusion geometry. These factors also affect the maximum shear stress levels and cause the stress
concentration localised at the inclusion when the raceway is subjected to a high contact pressure on
the surface.

The fourth damage type is related to the WEAs at cracks around an inclusion, as shown in Figs.3i, 3j,
3k, and 3m. WEAs may form around the cracks due to sliding and impact loading between the fracture
surfaces of these cracks [34]. Because the shape of the WEA damage is similar to butterfly wings, it
is known as WEA “butterfly wing” damage. The investigation in [6] suggested that it was the final
stage of the inclusion-initiated cracking. After the formation of WEAs at an inclusion, the local steel
matrix transforms from martensite structure into a harder and more brittle ferrite structure. This
undoubtedly provides favourable conditions for a rapid propagation of the cracks within the steel
matrix under subsequent RCF cycles. Typically, the WEA associated cracks can propagate rapidly from
the subsurface to the surface of the raceway and eventually cause the flaking of the surface material
leading to spalling of the raceway.

3.2 Butterfly wing cracks and WEAs at inclusion
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From the observation results within the subsurface of two failed bearing raceways (the damaged
surface areas are shown in Figs.1b and 1c), a total of 114 butterflies with inclusions are found. The
average length and the average width of the inclusions are 10.04 um and 5.12 um, respectively.
Cleanliness tests show that MnS inclusions exceed 90% of all inclusions observed and more than 89%
of butterfly wing cracks are associated with MnS inclusions. The butterflies are more likely to be
found in the circumferential samples than in the axial samples of the raceways. They are clustered in
the middle section of the spalled raceway surface, in both upwind and downwind raceways, shown
in Figs.1b and 1c. This is because the circumferential samples are aligned with the rolling contact
direction, butterfly wings are affected by surface traction in the circumferential direction, greater
than that in the axial direction of the bearing.

Rolling direction

Upwind sample
in depth of
0.37~0.46mm

Upwind sample
in depth of
0.3470.41mm

Downwind sample
in depth of
0.56~0.62mm

Upwind sample
in depth of 0.21,
0.48,0.79 mm

Fig.4 Butterfly wing cracks and WEAs at inclusions located at different depths in subsurface

To investigate factors affecting the propagation direction of butterfly wing cracks, Fig. 4 shows some
examples of butterfly wing cracks and WEAs at inclusions from circumferential and axial samples.
From Figs.4a,b,c, though these three butterflies are found at similar subsurface depths in the same
sample, the geometry and inclined angles of their inclusion are completely different. However, the
WEA decorated butterfly wings propagated from the inclusion are almost in the same direction, at
an acute angle to the rolling direction. Similar observations can be found from different samples in
Figs.4d,e,f and Fig.4g,h,i, when the butterflies are at the similar depths, their WEA decorated
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butterfly wings propagate in the similar direction. However, when inclusions are located at different
subsurface depths of 0.21, 0.48 and 0.79 mm, the WEA decorated butterfly wings propagate in
different directions, as shown in Fig.4j,k,l.

B Downwind

30 B Upwind
25
20
15
“’ ]

(%2}

Average length of two butterfly wings
(nm)

Boundary Internal Both damage No damage
separation cracking types
b 40
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Depth below surface (mm)

Fig.5 Average crack length of butterfly wings at inclusion: (a) Effect of inclusion damage types on
crack length; (b) Correlation of crack length with subsurface depth

Statistical analysis of the subsurface damage results, based on all inclusions found in the subsurface
of the damaged raceways, is conducted by relating the inclusion damage types to the average length
of butterfly wing cracks at an inclusion, as shown in Fig.5a. Because internal cracks and boundary
separations of inclusions can be found in the subsurface area at varied depths, the results of the
statistical analysis are processed to show the correlation of crack lengths of the butterfly wings with
the subsurface depth. It can be observed that the most harmful inclusion damage types to the
raceway subsurface are the internal cracking and boundary separation of inclusions. It has been
found that when an inclusion has both damage types, it creates the greatest average crack lengths of
the butterfly wings, propagated from the inclusion. If only one damage type exists at an inclusion,
the internal cracking of the inclusion has been found to be more harmful than the boundary
separation of the inclusion.

10


https://doi.org/10.1016/j.wear.2025.206335

Wear 582-583 (2025) 206335 https://doi.org/10.1016/j.wear.2025.206335

Most butterflies are found to be located in the subsurface depth from 0.2 to 0.6 mm, as shown in Fig.
5b. It can be seen that the average length of the butterfly wings increases first with the increased
depth but decreases towards greater depths. The maximum butterfly lengths are within the
subsurface depth of 0.4 to 0.6 mm. However, longer butterfly wing cracks are also observed in the
downwind raceway reaching to the subsurface depth of 1 mm from the contact surface. This may be
related to the change in the contact area caused by surface spalling of the raceway, which in turn
leads to higher stresses of the contact area. Section 4 will present FE stress analysis to explain these
observations.

3.3 Subsurface crack networks and WEAs

In this study, it has been observed that most subsurface cracks are initiated from inclusions in the
raceway subsurface. If an inclusion has either boundary separation or internal cracking or both
damage types, it is most likely to initiate micro cracks around the inclusion, providing nucleation sites
for them to connect and to form a large crack network. As shown in Fig. 6, these inclusions appear as
small black dots within the crack networks. The orientation of the crack networks is different in the
axial and circumferential samples cut from the raceways; most of the cracks of the axial samples are
directed horizontally but the cracks of the circumferential samples are mostly directed at an angle of
15~30 degrees to the contact surface of the raceway. Some of these circumferential crack networks
have propagated to the contact surface and/or have connected with other crack networks, as shown
in Fig.6¢c and Fig.6d.

gDirection

Fig.6 Subsurface crack networks: (a) upwind axial sample; (b) downwind axial sample; (c) upwind
circumferential sample; (d) downwind circumferential sample
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Fig. 7 White etching crack (WEC) networks: (a)(b) optical and SEM image of broken WEAs within
crack from downwind axial sample; (c)(d) white surface flaking from upwind axial samples

Many investigations of the bearing premature failure showed that the bearing surface spalling was
initially triggered by WECs from the subsurface areas [3, 8, 13, 35, 40]. Fig. 7a shows a WEC network
observed from a downwind axial sample; some broken WEA particles are found entirely within the
crack in the subsurface which is parallel to the raceway surface. The microstructure difference
between the original steel matrix and WEAs is clearly shown in Fig.7b. The broken areas surrounded
by WEAs in the crack have smooth surfaces, which means no carbide can be observed. However, for
the steel matrix above and below the crack, it exhibits a frosted texture because there are spherical
carbide particles within the steel matrix. Two examples of the white structure flaking (WSF) observed
from the spalled raceways are shown in Figs. 7c,d. The steel material above the WEC has already
been flaked away, thus only the cracks with decorated WEAs remain on the observed sample surface;
some of the WEAs are also broken and cracked, similar to that observed in Fig.7a.

A large number of WEAs due to inclusions is observed in this study, and this type of WEAs is often
accompanied by the micro cracks within the butterfly wings in the subsurface. However, WEAs
without being attached to any inclusion are also observed in the raceway samples. These WEAs are
often found in the subsurface crack networks and surrounded by longer cracks, examples of these
WEAs are shown in Fig. 8. To confirm whether these WEAs are caused by inclusions, the current
observation plane of the sample surface is subjected to an additional polishing process, followed by
an etching process, aiming to investigate whether any inclusions still exist beneath the current
observation plane. However, the crack network geometries remain unchanged after observing three
different planes of the sample, indicating that these WEAs may not be caused by subsurface
inclusions.

12
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Fig. 9 shows a WEC network found from a downwind sample; no inclusions can be observed from the
WEC and the crack has propagated to deeper region in the subsurface, approximately 5 mm below
the spalled surface of the raceway, indicating there may be other possible factors contributed to the
complex crack networks in the subsurface of the failed raceways.

Fig. 8 Subsurface crack networks without attached to any inclusions

Fig.9 WEC network propagated into deeper subsurface at 5 mm from the raceway contact surface
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To ascertain the formation of the subsurface crack networks is initiated from the raceway subsurface,
the subsurface microstructure of the raceway surface without flaking or spalling damage but only
with indents, as shown in Fig. 1c, is also investigated. Away from the fixed loading zone of the raceway,
no subsurface crack networks can be found beneath the surface without flaking or spalling damage.
However, four butterfly wing cracks at inclusions in the subsurface are still detected in
circumferential samples; all of them are caused by either boundary separation or internal cracking of
the MnS inclusions, as shown in Fig. 10. This observation confirms that the subsurface crack networks
are initiated from the damaged inclusions within the subsurface.

Fig.10 Butterfly wing cracks with WEAs at MnS inclusions of the subsurface of indented downwind

raceway without surface flaking or spalling

4. Discussion of formation mechanism of WEAs and WECs

From the microstructure damage investigation presented in the previous section, extensive butterfly
wings with micro cracks and WEAs at MnS inclusions are found in the subsurface of the damaged
raceways. Long crack networks with WEAs and WECs are also observed in the raceway subsurface
connected to surface flaking and spalling, while some WECs have propagated into deeper regions of
the subsurface of the raceways. In the following subsections, the damage initiated at inclusions
leading to the formation of butterfly wing cracks, WEAs and WECs, and secondary cracks in the
subsurface will be discussed.

4.1 Initiation of butterfly wings with micro cracks at damaged inclusion

The developed global FE model has produced results of subsurface stress variations when the roller
moves over the raceway surface. Fig. 11 shows how the Tresca stress varies over one rolling contact
loading cycle without considering an inclusion in the subsurface. In Abaqus, the Tresca stress is
defined as two times of the maximum shear stress. The maximum stress is located at the subsurface
depth around 0.4 mm and an elevated stress zone in the subsurface covers the subsurface depth
from 0 to 1.6 mm. Considering the bearings would undergo millions of loading cycles in operation,
any inclusions located in these subsurface areas will experience varied stress conditions which result
in fatigue damage to both the inclusions and the steel material surrounding them.
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Fig. 11 Variation of Tresca stress under one rolling contact cycle: roller located at left (0.251s),
centre (0.501s) and right (0.751s) of the raceway surface
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Fig. 12 Variations of orthogonal shear stress of boundary separated inclusion (four locations of
highest stress variations are highlighted) when roller at far left (0.001s), centre (0.501s) and far right
(1.001s) on raceway surface
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In addition to the rolling contact cycle induced stress variations in the subsurface, the existence of
inclusions causes stress concentration and further stress variations around the inclusions. The
developed FE sub-model of an inclusion has investigated three different conditions of the inclusion:
undamaged, boundary separated and internal cracked, as observed in Section 3.1. In the boundary
separation model, the friction coefficient between the steel matrix and inclusion is defined as zero;
this is because MnS can reduce interfacial friction when its size is typically small. In the initial state of
the FE model, the tips of the inclusion are separated from the steel matrix, but the middle part of the
inclusion is connected with the matrix. In the internal crack model, the inclusion is defined as
perfectly bonded with the matrix. The contact between the cracked surfaces of the inclusion is set as
frictionless, considering the low friction level of the small MnS inclusion considered in the model.

The FE modelling results show for each condition of the inclusion when the roller moves over the
raceway surface in one roller contact cycle, points 1~4 of the steel material immediate to the
inclusion experience highest variations of the orthogonal shear stress, as shown in Fig. 12. Fig.13
shows a comparison of variations of the orthogonal shear stress at point 3 of the steel matrix due to
different inclusion conditions. It can be seen that the maximum stress variation range of the internally
cracked inclusion is 1629 MPa (from -933 MPa to 696 MPa), greater than 1516 MPa (from -614 MPa
to 902 MPa) for the boundary separated inclusion. For the undamaged inclusion, the maximum stress
variation range is less than 1000 MPa (from -576 MPa to 400 MPa).

The FE stress modelling results support the observation of extensive subsurface butterfly wing
damage observed from the failed bearing raceways, as shown in Figs. 3, 4, and 10. The majority of
these butterflies are found at inclusions located in the depth of 0.4 mm to 0.6 mm, deeper than the
modelled depth of the maximum shear stress at 0.4 mm. Considering the flaking / spalling damage
of the contact surface of the raceways, the actual contact pressure may be much higher than the
rated condition (2.069 GPa) modelled in this study due to the uneven surfaces after the occurrence
of flaking / spalling damage. Higher contact pressure increases the depth of the maximum shear
stress, as well as the length of butterfly wings in the deeper subsurface region. Repeated large
variations of the orthogonal shear stress at the damaged inclusions, both internal cracking and
boundary separation, significantly increase the risk of initiating fatigue cracks at critical locations of
the inclusion (points 1~4), similar to that observed in the microstructure damage of the butterfly wing
cracks. With multiple inclusions in the subsurface, micro cracks propagating from various inclusions
can form crack networks in the subsurface.

Orientations of micro cracks of each butterfly at different subsurface depths can be different, as
evidenced in Fig. 4. This is because the depth difference of inclusions results in the difference of the
orthogonal shear stress distribution and variation around each inclusion. Therefore, under repeated
rolling contact cycles, developed fatigue cracks at butterflies have diverse geometries and crack
orientations. In the actual operation of a WT, a bearing raceway can be subjected to different levels
of contact loading and surface traction; affecting crack propagations along both circumferential and
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axial directions of the bearing. The surface traction of the cyclic movement of the bearing rollers
mainly affect shear stresses in the circumferential direction, without considering misalignments.
Therefore, the propagation of circumferential cracks is mostly directed at an angle of 15~30 degrees
to the rolling direction of contact surface of the raceway; while axial cracks approximately propagate
parallelly to the bearing raceway axis, as observed in Figs. 4 and 10.

Undamaged inclusion Boundary separated Internally cracked

4 4 4
3 3 3

1200
1000 — —Undamaged

800 +— Separated

600 Internal cracked

400
200 —
e
-200
-400
-600
-800
-1000
-1200

Orthogonal shear stress (MPa)

0 01 02 03 04 05 06 07 08 09 1
Time steps (second)

Fig.13 Variations of the orthogonal shear stress caused by different inclusion conditions

4.2 Formation mechanisms of white etching areas

The microstructure of WEAs was identified as the nanocrystalline ferrite that was supersaturated
with carbon [41, 42]; and the grain sizes of the WEAs were reported to be ranged from 20 to 30 nm
[43]. To investigate the microstructure differences between WEAs and the original martensitic
structure, a WEA on a crack in an axial sample from the surface flaking area is investigated by using
SEM, as shown in Fig.14. Four regions are selected; Zone 1 is the WEA; Zone 2 shows the
microstructures on both sides of the crack; Zone 3 is the original martensite structure of the steel;
and Zone 4 is the microstructure of the transition zone from the martensite to the WEA which locates
below the crack.

As can be seen from Zone 3, the martensite in the original structure has a needle-shaped
structure. Because carbon is added during the steel manufacturing, some circular carbides, with the
chemical composition M5C, can also be observed around the acicular martensite. In general, the
carbides will absorb some of Fe element to form Fe3;C, named as cementite. Comparing the images
of four zones in Fig.14, it can be seen that the circular cementite disappears in the microstructure of
the WEA in Zone 1. Although the cementite can still be found in the transition region of Zone 4, they
become extremely rare in the WEA in Zone 1. This can be seen more clearly in Zone 2, where the
distribution of cementite is mainly concentrated in the region below the crack.
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Zoom in

D1:26.35 ym

Fig.15 WEAs in butterfly wing cracks from circumferential samples of upwind raceway: (a) with
elongated cementite; (b) without elongated cementite (the enlarged images are on the right)

The investigation in [9] attributed the disappearance of cementite in the WEA to the effect of the
shear stress on the formation of butterfly wing cracks. Due to the high strain-rate shear deformation,
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elongated cementite can be broken up and dissolved during subsequent rolling contact loading cycles.
From this study, elongated cementite elements can be observed in the butterfly wing cracks from a
circumferential sample of the upwind raceway, shown in Fig.15a. However, in this study, not all the
WEAs are found to contain the elongated grains in the microstructure. An explanation in [44]
suggested that there might exist a thermal-mechanical mechanism that resulted in the dissolution of
the cementite because an increase of temperature of the microstructure was observed during the
WEA formation process. Furthermore, the interaction between the dislocated grain boundary and
the cementite might also lead to the damage and dissolution of the cementite, as reported in [45].

From the microstructure of another circumferential sample of the upwind raceway shown in Fig.15b,
a WEA is observed alongside a crack network in the subsurface area. From the SEM image shown on
the right, it is clear that the microstructure of this WEA is the compact ferrite without the elongated
grains, highlighted by a red cycle. Moreover, the boundaries of the grains in Fig.15b are clearer than
those in Fig.15a. These differences may be because under the rolling contact loading, the triangular
WEA in Fig. 15b, surrounded and in contact with three cracked surfaces of the crack network, is
subjected to shearing deformation applied to the area in three different directions. Accordingly, the
interactions between the grains in Fig.15b is multidirectional, which may be the main reason for the
formation of dense ferrites. However, for the WEA in Fig.153a, it only has one surface interacting with
the butterfly wing crack, under the rolling contact loading, the WEA is only subjected to one
dimensional shear deformation affecting the formation of ferrite grains, mainly oriented along the
crack direction of the butterfly wing. This confirms that the formation of WEAs is caused by a variety
of mechanisms, not only due to the existence of damaged inclusions.

4.3 Formation mechanisms of WECs and secondary cracks

In addition to the observation of extensive WEAs attached to micro cracks of the butterfly wings at
inclusions, the long crack networks surrounded or decorated by WEAs in the subsurface, termed as
WECs, are also observed, such as those shown in Figs. 7 and 9. The formation of subsurface crack
networks and WECs is observed to be the most harmful magnification of the subsurface damage,
eventually leading to the final failure of the bearings.

A few studies suggested that WECs were initiated by butterfly wing damage, voids or other
subsurface defects [21, 33, 34, 35]. In this study, it has been found that the butterfly wing cracks
connect with each other in the subsurface area to form the WEC networks. However, some studies
did not observe any inclusions within the WECs, indicating that the formation of WECs could be
independent of inclusions [36, 37]. Currently there were three main hypothesised mechanisms of the
formation of WECs [21]. The first hypothesised mechanism was the rubbing theory of cracked
surfaces, which suggested that two surfaces of an existing crack could rub against each other under
cyclic loading. The accumulated friction energy could lead to the atom dislocations of the steel matrix,
and eventually the formation of WEAs on the crack. This formation mechanism may be similar to the
growing process of WEAs of the butterfly wings at damaged inclusions. The second hypothesised
mechanism was related to the Adiabatic Shear Bands (ASB) theory [26]. It considered that the impact
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loading could lead to the high strain rate deformation and subsequent heating of the steel material
in localised areas, making it easier for the microstructure to transform from martensite to ferrite [19].
The last hypothesised mechanism suggested that the lubricant could enter cracked gaps to generate
electrical discharges under certain conditions. Accordingly, the local areas may be heated and
corroded by the electrothermal effect, leading to the initiation of WEAs on the crack [8].

Fig. 7 shows examples when the steel material above the WECs has already flaked away, thus only
the cracks with decorated WEAs can be observed; where some of the WEAs are also fractured. It can
be seen that the WEA does have the finer grains compared with the original martensite matrix. This
is because the hardness of WEAs is 30% to 50% higher than that of the martensitic structure [46], the
ductility and toughness of WEAs are lower than the martensite, thus the WEAs are prone to be
cracked and shattered. Under subsequent rolling contact loading cycles, the surface areas where
flaking or spalling already occurred may be further hardened, causing further surface flaking and
spalling damage. In addition, when the surface material has already flaked away, the damaged
surface material may be directly in contact with the lubricant, which could lead to localised hydrogen
embrittlement. Undoubtedly, both the strain hardening and hydrogen embrittlement may further
reduce the ductility of the already damaged surface material. When higher contact loads occur, such
as under impact loading, the secondary cracks may form beneath these spalled surface areas into
deeper regions of the subsurface, accelerating crack propagation which leads to the final failure of
the bearings.

Similar to the subsurface micro cracks initiated from inclusions, the secondary cracks may also
contain WEAs. The WEC crack network shown in Fig.9 is observed in the circumferential direction of
the raceway. Because no inclusions can be found associated with the crack network, which has
propagated into the deeper region below the spalled surface, this crack network is identified to be a
secondary crack. At the depth of 5 mm where the crack network is propagated to, the stress
magnitude caused by the contact pressure at the raceway is typically small. Therefore, the formation
of WEAs in the WEC crack shown in Fig.9 could not be caused by the damage initiated at inclusions
due to cyclic stress alternation. There may be three possible explanations for the WEA initiation
process in the secondary cracks. Firstly, lubricant may leak from the contact surface into the
subsurface alongside the secondary crack to the deeper region in the subsurface, resulting in the
localised electrical current discharge and heating. Secondly, WEAs may easily form due to the
localised shearing and heating if these areas are adiabatic, according to the ASB theory. Thirdly, the
rubbing and squeezing between the cracked surfaces under cyclic rolling contact may lead to the
accelerated recrystallisation of the steel matrix from martensite to ferrite. All these possible
mechanisms suggest that the WEAs could have formed after the occurrence of the crack network,
considering the subsurface depth of this crack network. Compared with the WECs observed in Fig.7,
the area of WEAs of the WEC in Fig.9 is relatively small. This may be because the secondary crack
network has occurred after the spalling of the raceway surface, thus the formation period of WEAs
in Fig.9 is relatively short, when compared with the WEAs formed at subsurface micro cracks initiated
from inclusions in Fig.7.
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Based the evaluation of the microstructural damages presented in Sections 3.1, 3.2, and 3.3 as well
as the discussion of the damage initiation and propagation mechanisms presented in Sections 4.1,
4.2 and 4.3, this study concludes that the failure of the two bearing raceways is initiated from the
subsurface. A damage progression hypothesis of the failed bearing raceways is proposed, including
six stages, as shown in Fig.16. It can be concluded that the butterfly wing cracks at damaged inclusions
is the original cause of the raceway failure. Due to the propagation of micro cracks and the formation
of WEAs of the butterfly wings at damaged inclusions, the WEC networks are formed and propagated
to reach the raceway surface to cause white structure flaking. The following RCF loading cycles result
in the formation of further secondary WEC networks in greater subsurface depths and severe
damages to the surface, leading to the final spalling failure of the raceways.

Stage 1: Formation of Stage 2: Formation of Stage 3: Formation of
butterfly wing cracks subsurface crack networks WEAs and WECs

Cydlical rolling of rallars Cyclical rolling of rollers Cyclical rolling of rollers

= A=A AN
1 v ¥ rtrey T YT LN Y v vy
Initiation and Rubbing & heating between

propagation of cracks cracks and hydrogen effect \ WEC
WEA

Surface material removal
due to subsurface cracks

WEC - WEC WEC

WEC
2 B failure under WEC
i ‘ ' cycle fatigde Impact loading and higher contact
- Secondary cracks stresses on rougher surfaces
Stage 6: Spalling failure Stage 5: Formation of Stage 4: Surface White
of bearing raceways secondary cracks and WECs Structure Flaking (WSF)

Fig.16 Damage progression of bearing raceways under rolling contact fatigue

5. Conclusions

In this study, damage characterisation and evaluation by employing optical microscope and SEM, and
FE stress analysis under rolling contact loading condition are conducted to investigate the
microstructural damage of the failed WT gearbox bearings. The study identifies butterfly wing
cracking, WEAs and WECs, and secondary cracks and proposes a new hypothesis of damage
progression which leads to the premature failure of the bearings. The key conclusions can be drawn:

1) When inclusions in the subsurface are damaged by separated boundaries and/or internal cracks,
the risk of crack initiation and propagation at those inclusions increases greatly. An internal
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2)

3)

4)

5)

6)

cracked inclusion is generally more harmful than an inclusion with boundary separation; because
of increased average crack lengths of butterfly wings from the inclusion.

Subsurface crack networks are observed and the average length of these crack networks is
generally less than 1 mm, and inclusions are found to be the connections between the shorter
cracks. It can be concluded that these crack networks are generated by the propagations of the
micro cracks at butterfly wings initiated by multiple inclusions.

WEAs are found in micro cracks of the butterfly wings and the subsurface crack networks to form
WECs. Some WEAs are generated by the subsurface inclusions, while some are affected by the
cracked surfaces within the subsurface crack networks. It is clear that the formation of the WEAs
involves the dissolution of the cementite and the transformation of the steel microstructure from
martensite to ferrite, although the initiation causes of the WEAs are different.

Due to the higher hardness and poor ductility of WEAs, some of them are fractured under
subsequently repeated rolling contact loading cycles. Therefore, the damage of the subsurface
areas is intensified, leading to the accelerated material flaking and spalling of the contact surface
of the bearing raceways, eventually leading to the bearing premature failure.

Following the occurrence of the raceway material flaking or spalling, some secondary cracks are
formed in deeper regions of the subsurface due to the impact loading or higher stresses occurring
on flaked and spalled surfaces of the raceway. In some cases, WEAs may form after the
occurrence of the secondary cracks, because of interaction of the cracks with lubrication, and
thermal-mechanical effects between the cracked surfaces.

The damage progression hypothesis of the failed bearing raceways can be concluded to include
six stages. The butterfly wing cracking at damaged inclusions is the original cause of the raceway
failure. It leads to the propagation of micro cracks and the formation of WEAs at the butterfly
wings to form the subsurface WEC networks. These crack networks are propagated to reach the
raceway surface to cause white structure flaking, which results in further secondary crack
networks and WECs, leading to the final spalling failure of the bearing raceways.
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Appendix A.

Table A1 Chemical composition of 100Cr6 steel material [9]

Component C Si Mn P S Cr Ni Mo Cu
Content (wt%) 0.95- | 0.15- | 0.25- | 0.025 | 0.025 | 1.40- | 0.30 0.08 | 0.20
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Fig. A1 Material stress-strain curves: (a) 100Cr6 steel [38]; (b) MnS inclusion [39]
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