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Abstract

In this study, a failed bearing in planetary gear stage of
a sub megawatt wind turbine gearbox is destructively
investigated to identify different stages and features of
the premature damages induced. The focus is on the role
of Manganese Sulphide (MnS) inclusion in subsurface
initiated damage of White Etching Areas (WEAs) and
White Etching Cracks (WECs). The main types are
grouped as (1) undamaged MnS inclusions; (2)
inclusions separated from the matrix by gaps; (3) internal
micro cracks of the inclusions; (4) micro cracks initiated
from inclusions into the steel matrix; and (5) WEA around
the inclusion (Butterflies). Alongside this work, the load,
maximum contact pressure and subsurface stresses are
calculated for the planetary bearing of NREL (National
Renewable Energy Laboratory) 750 kW wind turbine
during three operational conditions: shutdown, start up
and normal operation. The high subsurface stress levels
due to transient loading and the stress concentration
around the MnS inclusion are correlated to the yielding
of the material. The depth of the maximum shear stress
is correlated to the dominated depth of the subsurface
micro cracks. This study highlights the role of the
separation of the MnS inclusions and surface traction in
the subsurface initiated damage of wind turbine gearbox
bearings.
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1. Introduction

The reliability of wind turbine plays a significate role in
reducing wind energy costs. Maintenance and downtime
need to be reduced to the minimum. This could be
achieved by improving the endurance of the most often
replaced parts. Although the failure rate of bearings in
wind turbine application is less than other components,
the costs for their replacement and maintenance and the
downtime caused by their failure put their reliability as a
priority among other components [1]-[4]. Therefore,
bearings still require further investigation to reach a
satisfactory operation life.

Premature bearing failures have been frequently
observed in wind turbine gearboxes. The failures may
initiate either on the surface or near the surface of
contact in the bearing raceways [5]-[7]. The surface

initiation hypothesis suggests that cracks could be
caused by surface flaws and worsen by loading
conditions [6], [8], [9]. On the other hand, manufacturing
factors such as the non-metallic inclusions could serve
as damage initiators, according to the sub-surface
hypothesis [10]-[12]. The various hypotheses have
been proposed including the effect of hydrogen, plastic
deformation, brittle fracture due to high traction on the
surface, and unconsidered loadings, such as impact
load, causing lubrication failure [13]-[16]. However, a
clear explanation with sufficient evidence based on both
the effecting factors such as the high loading during the
transient operation events and the observed premature
damages such as the White Etching Cracks (WEC) is not
established.

In this study, a destructive investigation of a failed sub
megawatt wind turbine planetary bearing is carried out.
The aim is to investigate the effect of Manganese
Sulphides (MnS) inclusions on the initiation of
subsurface damage. The characteristics of the damaged
inclusions and micro cracks are analysed and correlated
to the subsurface stresses. To investigate the effect of
surface traction, the load on the planetary bearings is
calculated at different operation conditions and linked to
the observed depth of subsurface damage.

2. White Etching Cracks and Rolling
Contact Fatigue

Before studying the premature failure of White Structure
Flacking (WSF), the final stage of White Etching Cracks
(WECsSs), it is necessary to consider damages resulted
from classical Rolling Contact Fatigue (RCF) failure.
Therefore, the damage features, loading conditions and
occurrence time for each of the damages are outlined in
this section. The White Etching Area (WEA) represents
microstructure changes in high strength steel when
observed under the microscopic examination. This can
be observed after the sample is polished and etched with
nital (~ 2% nitric acid in ethanol) or picral [6], [17], [18].
Comparing to the RCF induced WEAs, the
microstructure changes shown in the premature WSF,
are not uniform in shape or distribution, that is why it is
also called the irregular White Etching Area (irWEA) [16],
[19]. While in the RCF, it shows a structure of 30° or 80°
inclined angle to the rolling direction and it is usually
called flat or steep White Bands (WBs). In addition, their
density of occurrence is much less than that in the RCF
[16], [18], [20]-[22]. Many studies were conducted to
investigate the onset values of contact pressure P and
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number of cycles Nc required to start WEAs in the RCF.
It has been proven that the microstructure changes to
cause WBs starts at P> 2.5 GPa and Nc >107 cycles [22],
[23]. On the other hand, the premature failure by WSF
could happen at moderate number of cycles [23].

3. Destructive investigation of a failed
bearing

The investigated bearing was used in a planetary stage
of a sub megawatt wind turbine. The visual observation
showed extreme surface damage in the inner race
comparing to the outer race. The inner race is
destructively investigated by preparing samples for
microscopic examination. The first step in sample
preparation is to section the inner race to smaller parts
where the subsurface of radial and axial sections can be
examined. Figure 1 shows the sectioning pattern
adopted. A variety of sections from different locations of
the bearing has been created such as the severely
damaged surface, the lightly damaged surface and the
visually non damaged surface. After the grinding and
polishing up to the mirror like surface, the samples have
been etched with nital. The microscopic examination of
the subsurface area covered more than 1 mm depth from
the surface. Because the structure of the WEA differs
from the non-altered area, these WEA will appear in a
lighter colour under optical microscopy. Etching is
important to reveal the microstructure alternation such
as WEA and WECs but it is not recommended to reveal
other features such as the separation of the inclusion
from the steel matrix. Although most of the images
analysed have been acquired by using optical
microscopy, images of more detailed microstructure
features have been acquired using Scanning Electron
Microscopy (SEM) which reveal the size and the
topography of the WEA as well as the size and the
directions of the micro cracks inside the inclusion and the
matrix. Further characterization of the separation of the
inclusions from the matrix and the chemical elements of
the inclusions is curried out using the Energy Dispersive
Spectroscopy (EDS). Also, the Atomic Force Microscopy
(AFM) is utilized to show clearly the gaps or separation
attached to the MnS inclusion, as well as the micro
cracks.

4. Load and stress on surface and
subsurface of planetary bearing

In this study, a simplified calculation procedure is
proposed to calculate the load on the planetary bearing
of the NREL 750 kW wind turbine. This calculation
method is validated against the Gearbox Reliability
Collaborative (GRC) project [24]. An exact comparison
is not possible because the numerical values of loads are
not provided in the report of NREL. However, the
estimated average values are used in the comparison as
shown in Table 1. The simplicity of the proposed

calculation method and the relatively small percentage
error show a good compromise between calculation
complexity and accuracy.

Table 1: Comparison for the average planet—sun gear
contact load levels

Loads (kN)

Circumferential | Radial Axial

This study 180.56 66.284 | 23.771
Average of

GRC results 175 70 23
Approximate

percentage 3.1771 5.3086 | 3.3522
error

The torque and speed measured at the low speed shaft
are used to calculate the radial load acting on each
planetary bearing as shown in Equation 1.

T .
F = orquej, * we (1
3 * Rg * wg

The radial load on the upwind bearing is calculated
assuming 50% more than that on the downwind bearing
[25]. The maximum contact pressure on the inner race is
calculated based on the Hertzian contact theory,
Equation 2. In this equation Q, is the maximum roller-
raceway normal load, b is the half width of contact and L
is the contact length. Equations 3 and 4 are the
subsurface stress components calculated from the
maximum contact pressure. The maximum subsurface
shear stress t, is calculated from Equation 5 with t,, =
0 at the middle of the contact [26].
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Figure 1: Main sections and subsections of the failed bearing

5. Observed MnS inclusions

The light grey inclusions found in this bearing steel is
classified according to the British standard E45 as Type
A-Sulphide which could be manganese sulphides or
aluminates embedded in manganese sulphide [27].
Determining the exact components of these inclusions
was performed using energy dispersive x-ray analysis
and showed Manganese (Mn) and Sulphur (S). No
Aluminium (Al) is found at the dark tips of the inclusions
which are found to be gaps/separations using AFM and
SEM. In radial sections, the general features of the
observed inclusions are an elliptical shape of different
length and width with pointed ends, inclined at different
angle to the surface, and at different depth from the
surface. Comparing to the radial sections, the difference
observed in the axial sections is that the inclusions have
less uniform shapes and in most cases, they are ellipses
of less inclination.

6. Subsurface damages and
statistics

The observed damages vary between surface and
subsurface as shown in Figure 2 (a). The failures may
initiate either on the surface or near the surface of
contact in the bearing raceways. In this study, the
examination is focused on the subsurface initiated
damage at the MnS inclusions and the surrounding steel
matrix which are marked in Figure 2 (b) and (c). The
observations are classified into five types which are
undamaged inclusions, inclusions separate from the
matrix by gap(s), internal cracks of the inclusions, cracks
initiate from inclusions into the steel matrix, WEA around
the inclusion (Butterflies). Statistical study associated
with each specified damage type is carried out. Figure 3
shows the percentage of each of the observed damage
types out of more than 200 MnS inclusions. Figure 4 (a)
and (b) show some of the characteristics of the micro
cracks associated with MnS inclusions. It can be seen

that the dominant crack angle in the axially sectioned
samples is almost zero and in circumferentially
sectioned samples is closer to the inclusion angle. Also,
cracks in circumferentially sectioned samples are more
proportional to the inclusion size than cracks in the
axially sectioned samples. The investigation on the MnS
inclusion in the literature is less reported than the harder
inclusions such as Al203 because it is assumed that the
MnS inclusion always deforms without causing gaps
attached to it. However, in this study, the results of the
AFM, Figure 2 (c), shows that this is not always the case.
Because the MnS inclusion separation from the matrix
occurred at different depths to the contact surface,
sometimes far from the loaded zone, it could be
considered that the material defect is caused by the
different coefficient of thermal expansion [20]. However,
other types of separation could be caused by impact
loading [28]. The non-perfect bonding and separation of
the MnS inclusions result in high stress concentration
around the inclusions [29]. WEA is a microstructure
alternation which is expected to occur at the location of
high stress concentration, eventually causing the
material yielding. This explains their irregular shapes
which differ from the flat or steep White Bands (WB)
occurred due to the RCF. This also explains the
association of high percentage of the observed WEA,
butterflies, with the separated inclusions. Another
interesting observation is the internal cracking of MnS
inclusions. It is found that inclusion cracking could be
accompanying by other types of subsurface damages.

7. Contact pressure and subsurface
stress under different operation
conditions

In this study, the 750 kW NREL wind turbine is used to
calculate the load and stresses induced on the bearing.
The maximum contact pressure on the inner raceway of
the planetary bearing during different operational
conditions can be seen in Figure 5. These results show
that the maximum contact pressure exceeds the
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maximum contact pressure recommended in the design
standards [30] and [31]. However, this contact pressure
will not cause a subsurface yielding of the through
hardened bearing steel if the effect of inclusions and
gaps is neglected. It is generally assumed that bearings
working under lubricated condition are exposed to low
traction force. Nevertheless, during the transient events
a very low lubricant film thickness, relative to the bearing
surface roughness, could occur that elevates the traction

force. This surface traction results in additional
subsurface stress and brings the location of the
maximum shear stress closer to the surface. It has been
found that the maximum shear stress, from the
calculations of the subsurface stresses, is located
deeper than the dominated depth of the micro cracks,
from the failed bearing examination as shown in Figure
6. This shows the significant effect of the surface traction
on the subsurface initiated damage.

a
EA
Subsurface damage
N x1.5k 50 ym
b
C

MnS inclusions are

separated from the steel
matrix with gaps

NL x40k 20 pm

Figure2: Surface and subsurface damages in the failed wind turbine bearing
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= Undamaged inclusions

® Inclusions separated from the steel matrix by gap(s) ‘ l
» Cracked inclusions

m Cracks initiated from inclusions into the steel matrix

m Butterflies with WEAs attached to inclusions

Figure3: Observed subsurface damage types at MnS inclusions
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8. Conclusions

The distractive investigation of a wind turbine bearing
failed prematurely provided insight to the subsurface
initiated damage at the MnS inclusion. In addition to the
surface damage of pitting, spalling and wide and shallow
cracks initiated on the surface, four types of subsurface
damage are observed which are expected to be the
reason for the bigger spalls and the faster deterioration
of the bearing life. These are inclusions separated from
the matrix by gaps; internal micro cracks of the
inclusions; micro cracks initiate from inclusions into the
steel matrix; WEA around the inclusion (Butterflies). The
analysis of these observations helps drawing up the
following conclusions.

1. Itis found that the separation of MnS inclusions from
the matrix occurs at different levels of depth to the
contact surface, sometimes far from the load zone.
Accordingly, it is possible that this defect is caused by
the different coefficient of thermal expansion during
manufacturing although it is believed that other kind
of separation could be caused by loading.

2. If the non-perfect bonding, separation, of the MnS
inclusion is considered in stress calculation around
the inclusions, local vyielding may occur which
matches the observed WEA around the separation
and inclusions.

3. Load and contact pressure calculation showed higher
level than the recommended values. However, the
subsurface maximum shear stress at the highest load
during transient events is still less than the yielding
value. This highlights the effect of gaps, separation,
in concentrating and increasing the stress to the
critical damaging level in the form of WEA or micro
cracks.

4. Correlating the depth of the subsurface damage of
micro cracks on the MnS inclusions to the depth of
the maximum shear stress revealed the occurrence
of considerable surface traction. The surface traction
brings the location of the maximum shear stress,
potentially subsurface damage location, closer to the
contact surface.
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