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White etching cracks and other microstructural features have been investigated in two 100Cr6 steel bear-
ings failed after several years of service in wind turbines. It is found that cracks in these bearings prop-
agate predominantly through prior austenite grains in the tempered martensite structure. Both sharp and
gradual transitions between the tempered martensite structure and white etching matter adjacent to the
cracks are observed. Furthermore, it is suggested that structural refinement of carbide particles present in
the microstructure of the wind turbine bearings occurred at a late stage of white etching matter
formation.

� 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

A common cause for maintenance and downtime in the wind
energy industry are premature roller bearing failures due to white
etching cracks (WECs). This is an aggressive and unpredictable
bearing failure mode, with breakdowns typically taking place
already after only 5–20% of the rated lifetime [1]. WECs are wide-
spread and particularly common in wind turbine gearboxes and
main bearings, but also present in other applications [1–3].
Although WECs have been intensively studied in the past several
years, with several test rig setups being able to reproduce WECs
with different test parameters [4,5], the root cause of this failure
mode is still not fully understood and no methods are available
to reliably predict their occurrence in wind turbines.

WECs initiate as subsurface crack networks below the bearing
raceway, and are named after the regions of altered microstructure
bordering the cracks. In the literature, such regions are normally
referred to as white etching areas (WEA) or white etching matter
(WEM) since they appear white in optical micrographs after etch-
ing. The WEM represents a deformed ferritic structure with
nanocrystalline grains [6] formed during exposure to rolling con-
tact fatigue. Literature data on WEC propagation in bearing steel
are, however, not consistent. For example, some EBSD studies indi-
cated that the WEC propagation was transgranular [7–9], while
other results suggested intergranular propagation [10]. Further-
more, some authors demonstrated a sharp transition between
matrix and WEM [8], while others have indicated a more gradual
WEM formation [7,11]. It is still debated how WEM develops and
whether the WEM forms before the crack, with the crack following
the WEM/matrix interface [7,11], or whether the crack forms first,
causing formation of WEM through rubbing of crack surfaces [8,9].

While several EBSD studies were carried out on test rig bearings
[6,7,10,11], studies of actual wind turbine bearings are limited
[8,9]. Therefore, the present work was undertaken to characterize
the formation of WEM and propagation of WECs in bearings taken
from operating wind turbines after several years of service.
2. Experimental

Two samples were obtained from standard through-hardened
martensitic 100Cr6 (52100) type bearings. One sample was from
the outer ring of a failed double row spherical roller bearing
(SRB) main bearing with an inner bore diameter of 630 mm. The
SRB was initially installed in a three-point suspension drivetrain
with one main bearing outside the gearbox in a 1.5 MW class tur-
bine. The bearing failed prematurely after six years of service, with
spalling observed on the raceway surface of the outer ring. The
other sample was from the inner ring of a failed radial cylindrical
roller bearing (CRB) with an inner bore diameter of 200 mm. The
CRB was initially installed in the planetary stage of a three-stage
planetary-helical gearbox in a 3 MW class turbine. The bearing
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Fig. 1. Branching WEC observed on the mechanically polished surface of the SRB sample: (a) optical micrograph showing crack-branching locations inspected in the SEM; (b)
SEM image from region 1 located ~1.7 mm below the raceway surface; (c) SEM image from region 2, where the rectangular frame indicates the area examined by EBSD.
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was removed prematurely after six years of service since spalling
was observed on the raceway surface during visual inspection [12].

Cross-sections of the SRB and CRB samples containing the
rolling direction (RD) and the normal direction (ND) were
ground and polished using a diamond paste and OP-S colloidal
silica and then investigated in an optical microscope and in a
Zeiss SUPRA 35 field emission gun scanning electron microscope
(SEM) equipped with the Channel 5 EBSD system. EBSD scans
were conducted at an accelerating voltage of either 15 kV or
Fig. 2. EBSD data for the SRB sample obtained in the area framed in Fig. 1c: (a) orientatio
are shown in light gray; (b) phase map, where TM is shown in blue, while the carbides are
EBSD patterns was not possible. Thin black lines indicate high angle (>15�) boundaries

2

20 kV. The working distance for EBSD was 13 mm and the step
size for orientation mapping was 50 nm. Post-processing of the
data included the use of the noise-reduction filter to fill non-
indexed points along individual boundaries with orientations of
neighboring points. The filtering was controlled so as to ensure
that clusters of the non-indexed points associated with WECs
and WEM remained in orientation maps after filtering. Prior
austenite grains (PAGs) were then reconstructed from these data
using the ARPGE software [13].
n map for TM (the IPF-ND color key is shown in the stereographic triangle). Carbides
shown in light gray. Black areas correspond to the microstructure where indexing of
and phase boundaries.
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3. Results and discussion

The SRB sample contained a very large crack extending over
7 mm in the inspected plane. The crack network contained one
main crack penetrating deep into the bearing and several smaller
cracks branched from the main crack (see Fig. 1a), with the side
branches propagating at different angles in respect to the raceway
surface. Two such branching points were chosen for a more
detailed investigation, marked 1 and 2 in Fig. 1a.

SEM analysis revealed no indication of large inclusions at the
branching points in these regions. Some spalling occurred during
sample preparation in region 1, thus the most interesting fea-
tures were lost here (see Fig. 1b). Despite this, heavy crack for-
mation can still be observed at the branch junction. Region 2
was better preserved through the sample preparation and also
showed heavy damage with extensive crack networks at the
junction (Fig. 1c).
Fig. 3. WEC in the CRB sample: (a) SEM image, where light areas around the crack corres
analysis shown in (b,c) and (d,e), respectively. Local differences in the EBSD pattern q
Different colors in (c,e) correspond to different crystallographic orientations in TM, while
boundaries, while bold white lines indicate PAGs separated by the WEC.

3

The results of EBSD analysis in this region are presented in
Fig. 2. In this figure, black areas correspond to the crack and
nanocrystalline WEM where orientations could not be measured.
It is evident that interfaces between the WEM and adjacent tem-
pered martensite (TM) are mostly sharp, as is also reported in
[8]. Nevertheless, there are also distinct islands within the WEM
where the microstructure appears either unaffected by deforma-
tion or is in different stages of structural refinement: some areas
still retain the TM structure, while other areas are refined to such
an extent that very few crystallographic orientations could be mea-
sured by EBSD. The presence of such variations implies that the
WEM does not always develop solely by moving cracks normal
to the crack plane [8] and that in some regions the WEM can
develop by gradual refinement of TM. Interestingly, although
indexing of EBSD patterns from the refined mictrostructure was
largely impossible, indexing of carbide (cementite) particles pre-
sent here was quite successful. This can be seen in Fig. 2b, where
pond to WEM. The rectangular frames indicate regions 1 and 2 chosen for the EBSD
uality are shown in (b,d), where dark regions correspond to poor pattern quality.
carbides are shown in light gray. Thin black lines in (c,e) indicate high angle (>15�)



H.K. Danielsen, C. Hong and O.V. Mishin Materials Letters 294 (2021) 129754
carbides with a size of up to ~1 mm resist deformation-induced
refinement in the areas where former TM is already well refined.
This indicates that the carbides decompose at a very late stage of
gradual WEM formation, although other authors [7] describe the
carbide dissolution as one of the early processes occurring during
WEM formation.

The WEC in the CRB sample is smaller than that in the SRB sam-
ple, most likely being at an earlier stage of development. The crack
shown in Fig. 3 has a wavy appearance, which is reminiscent of
crack propagation along grain boundaries. The WEM regions,
which appear slightly lighter in Fig. 3a than the unaltered
microstructure, are typically asymmetric with respect to the crack,
occasionally extending up to 10 mm from the crack. Several small
cracks branching off from the main cracks seem to have less
WEM associated with them. Some parts of the WEC are interrupted
with crack-free WEM zones. According to [8], such zones develop
due to crack fusing, although this cannot be verified for the given
bearing without a proper 3D characterization, such as in [11,12].
Compared to relatively straight crack segments, the WEM does
appear more frequent in locations where the crack changes direc-
tion or at crack junctions.

The EBSD investigation in this sample was conducted in regions
which were close to the crack tip and where the crack direction
changed with occasional branching. These regions, located
~0.5 mm below the raceway surface, are indicated by the frames
in Fig. 3a. As expected, the quality of EBSD patterns was mostly
poor in the nanocrystalline WEM (see dark regions in Fig. 3b,d).
However, in some areas within the WEM, orientation measure-
ments were possible (see Fig. 3c,e), which suggests that here the
nanocrystalline structure has not yet developed.

Bold white lines in Fig. 3c,e indicate boundaries of recon-
structed PAGs, which were separated by the branched WEC. In this
figure, at least 70% of the crack length was within PAGs, thus crack
propagation was predominantly transgranular. The transgranular
propagation of the crack is particularly clear in areas not affected
by WEM, where a considerable number of separated PAGs is
observed. This result is different from that reported by [10], but
is in agreement with several other findings [7–9]. It is significant
that the waviness and branching of the crack generally does not
seem to have any relations to the PAG or any other observable
microstructure features.

4. Concluding remarks

WECs in two martensitic 100Cr6 bearings have been investi-
gated after several years of service in wind turbines. It is found
that WEC propagation is mostly transgranular and does not seem
to be related to any observable microstructure features. Both
sharp and gradual transitions between the TM structure and
4

WEM adjacent to the cracks are revealed in the bearings, which
may correspond to different mechanisms of WEM formation. It is
suggested that structural refinement of the carbide particles in
the wind turbine bearings takes place at a late stage of WEM
formation.
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