LITERATURE REVIEW

White structure flaking (WSF) in wind turbine
gearbox bearings: effects of ‘butterflies’ and
white etching cracks (WECs)

M.-H. Evans*

The actual service life of wind turbine gearboxes is often well below the desired 20 years. One of
the prevalent failure modes in gearbox bearing raceways is white structure flaking (WSF) by the
formation of butterflies and white etching cracks with associated microstructural change called
white etching areas. Despite these failures having been observed for two decades in various
industries, the detailed reasons and mechanisms for their formation are not fully understood. In
this review, white etching area formation mechanisms are discussed, specifically grain
refinement, and effects of carbon/carbide in a range of bearing steels of widely differing carbon
content. The review also highlights the severe transient, cyclic loading and tribochemical
operating conditions of gearbox bearings and explains how these may act as drivers to produce
WSF. Much previous research has focused on the detrimental effects of hydrogen, but other work
suggests that hydrogen is not the only cause for WSF. Possible methods for preventing WSF are
discussed, with attention paid to special steels such as high chromium steels, low carbon
stainless nitrogen alloy steels and carbonitrided steels. Beneficial compressive residual stresses,
surface coatings and enhanced lubrication and additive packages are shown to offer degrees of
prevention, although the mechanisms leading to improvements are not fully understood.
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at as little as 1% of Ly life,> but more commonly at 5-
10% of Ly, life>> ‘White structure’ refers to the
appearance of the altered microstructure when cross-
sections are polished and etched with nital (~2% nitric
acid in ethanol) or picral, and examined under reflected
light, due to the non-etching nature of the altered material
(Fig. 1).° White structure flaking (Fig. 2)° is caused by the
formation of so called butterflies and white etching cracks
(WECs) subsurface to a depth of just over 1 mm in the
bearing raceways (Fig. 3) (gearbox model reconstructed
from Ref. 7). White etching phenomena occur in many
applications: on hard turned surfaces,®'® rail track
surfaces,'' !> as adiabatic shear bands in ordnance and
machining processes,'®!” and in rolling element bearings
as white etching bands,'®?' butterflies and WEC. The
steel type varies widely between these applications: white
etching layers (WELs) from hard turning,”'® adiabatic
shear bands, white etching bands and butterfliesss WEC
have been found in standard bearing steel AIST 52100 for
example, which has been used for over 100 years (see
Tables 1 and 2). Rail steels are typically pearlitic steels
(0-:65-0-8 wt-%C) or bainitic steel (0-2-0-55 wt-%C) with

Introduction

The wind energy industry is experiencing an increasing
interest from governments worldwide as they aim to meet
their ambitious renewable energy targets. However, it is
well established that the actual service life of wind turbine
gearboxes is often well below the desired 20 years. Wind
turbine gearboxes tend to fail predominately at several
critical bearing locations, by the modes of micropitting,
smearing and white structure flaking (WSF).! The ‘L,
life’ of a bearing characterises the rolling contact fatigue
(RCF) life of a bearing for a given operating condition, at
which statistically 90% of bearings survive. Normal RCF
failures typically exceed the L life and eventually fail by
spalling failure (flaking of the steel surface) which is
unavoidable and will always eventually occur in bearings.
Premature bearing failures in the form of WSF are
another type of spalling which differs from the conven-
tional subsurface slow material decay caused by RCF.
The WSF type of flaking is not reserved to any one type of
bearing, is unpredictable and has been observed to occur
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manganese additions.'"'*!> Surface WELs from hard
turning are typically a few micrometres deep, with hard-
ness of 900-1200 HV,>'° whereas WELs on rail tracks
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1 Optical images of axial sections through wind turbine inner ring bearing raceways showing WEC. 100CrMo7-3 bainite
steel, double row spherical roller bearing, oil lubricated.’ Copyright M.-H. Evans

form at the surface to a depth of ~100 pum, with a
hardness of ~1200 HV.!!

In bearing steels, white etching area (WEA) formation
as butterflies and WECs occurs in martensitic through
hardened steel,”>* bainite steel,”* case hardened steel,>**
high chromium steel,**>33% tungsten tool steel,*! high
speed tool steel,®! graphite steel® and steel containing no
carbides.> White etching area consists of almost equiaxed
nanoferrite grains 10-100 nm in diameter,>*>27 3038404546
is free of large carbides®!>}2>28.29404647
saturated with carbon to varying weight percentages.
White etching area typically has hardness 30-50% higher
than the matrix. %74

Significant subsurface WEAs were reported several
decades ago,'®%314041 byt it was not until just
over a decade ago that WEC started to be widely
reported, |3 -5:24:28.30.32-39.41-4448-58 Tho WEC has many
synonyms: white structure, WEA, white banded flaking,
irregular white etching area, unusual microstructural
change, bright etched regions, exfoliation, peculiar
microstructural change, flaking at early stage, white
etching constituent (also WEC), subsurface initiated
flaking, white etching bands, white layers, brittle flaking
and hydrogen embrittlement. White structure occurs in
wind turbine gearbox/main bearings,'>*® hydrogen fuel
cell system bearings,*®> marine POD drive bearings,
automotive alternator, electromagnetic clutch, inclusion
pulley, air conditioner compressor, water pump and
driveline transmission bearings,****1-3*7-38 ro]ling mem-
bers of toroidal continuously variable transmission,”
aircraft turbine bearings,*' crane lifting devices,’ gears,
among others. However, despite these failures having

and is super-
4243

2 Optical image of material removal by WSF on wind tur-
bine bearing inner raceway. Copyright M.-H. Evans
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been observed for two decades in various industries,
their formation mechanisms and preventative solutions
against them are either inadequate or not completely
understood.

Gearboxes and their failure

Most wind turbines have a horizontal axis with a drive
train incorporating a gearbox with ~15 bearings to
step up the 20-35rev min~' rotor input to 1500
1800 rev min~ ! (50-60 Hz) output for AC generation
(Fig. 3). The high rate of growth in wind turbine size
and capacity is resulting in more extreme operating
conditions, resulting in more challenging design options,
yet forced to incorporate materials which are already
inadequate.®® Hence, gearboxes are failing prematurely
from 2 to 11 years,**"%> where these failures often
initiate at critical bearing locations, namely the planet
bearings, intermediate shaft locating bearings and high
speed locating bearings.*®® Gearbox replacement can
cost up to £300k (2009);°*%7 therefore, their high failure
rates are resulting in a higher cost for wind energy.

Gearbox operating conditions

Gearbox bearing failures are typically caused by the
severe tribological environments and dynamic multiaxial
loads faced."*® For example, gearbox oil often over-
heats in service, contamination by particles and moisture
is frequent and wind turbines are used all over the world
in varying climates. One oil lubricates both gear and
bearing contacts throughout widely differing speed and
load operating conditions, leading to bearings often
running in mixed and boundary lubrication regimes, and
oils are often not completely changed out until 25 000—
50 000 operating hours,”® though online filtration is used
and often oils are topped up with additives. An ever
fluctuating torque is characteristic from the turbulent
nature of wind (where for large wind turbines, this
variation is relatively fast compared with rotational
speed), resulting in accommodating drive train move-
ment; hence, planet bearings for example are misaligned
a number of times during a single revolution.®! Gearbox
bearings in general are subjected to various transients
during operation such as wind gust loading, misalign-
ment (i.e. excessive axial movement), sliding in between
elements and race, inertia forces, braking loads, torque
reversals from electrical grid fluctuations and severe
vibrations.””®* Premature engagement of the wind
turbine to the electrical grid results in accelerations
and decelerations, overloading and instantaneous torque
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3 Butterflies and WECs leading to WSF failure in typical AISI 52100 martensitic through hardened steel. Typical gearbox
configuration for 500 kW turbine with bearings highlighted in red. The first stage of the gearbox is a planetary system,
where the sun pinion drives a parallel low speed shaft, driving an intermediate stage which in turn drives the high
speed shaft. Wind turbine CAD model constructed from Ref. 7. To interpret the colour figure legends, the reader is
referred to the web version of this article. Copyright M.-H. Evans

reversals, where turbines can typically experience ~ 3000
start-up/year with about five torque oscillations at each
start, resulting in ~15 000 overloads/year.®® Torque
reversals can indirectly relocate load zones on bearings,
where impact loading on sliding and misaligned
elements cause peak stresses at certain element contact
points." Wind turbines often experience idling or long
standstills either before electrical grid connection or
during service, suffering tribological and loading pro-
blems at these times. The essence of the problem is that
severe transient and tribological operating conditions in
wind turbine gearbox bearings are still mostly unknown
and thus bearings are not designed to sustain them.

Bearing steels and surface engineering

Bearing steels

Bearing steels must have high fatigue resistance against
alternating shear stresses, resistance to wear and high
elastic limit to prevent excessive deformation under load.!

Tempering temperatures of common through hardened
bearing steels, such as AISI 52100 and AISI 440C high
carbon martensitic stainless steel (about 160-200°C), are
well above the typical operating temperatures (90°C max.)
of wind turbine gearboxes (though oil flash temperatures
at asperity contacts will be significantly higher), and with
their low cost, make them suitable for most bearing
applications. Hardened bearing steels possess a complex
microstructure: retained austenite, primary carbides,
temper carbides and tempered martensite™ (Fig. 4).”
Non-metallic inclusions, voids, microcracks and carbide
stringers can act as crack initiation points. With the
increased cleanliness of steels, normal subsurface rolling
contact initiated spalling from defects has decreased in
occurrence, i.e. a tenfold life improvement from reducing
oxygen content in steel from ~30 down to 5 ppm.’®”’
Maximum size of inclusions in steel has a large influence on
the rolling contact fatigue life. For example, large rolling
bearings made from bainitic steel typically have larger
maximum inclusion sizes (about 50-80 pm) than

Table 1 Weight percentage composition of martensitic through hardened bearing steel 100Cr6, AISI/SAE-52100, JIS-
SUJ2, EN31*

C Mn Si P S Cr Mo

0-98-1-10 0-25-0-45 0-15-0-35 0-:025 max. 0-:025 max. 1-30-1:-60 0-00-0-10

Table 2 Mechanical properties of 100Cr6, AISI/SAE-52100, JIS-SUJ2, EN31 steels*

Yield limit (tension) Yield limit (compression)
00-2, 002

Fracture
toughness K.

Fatigue threshold

stress intensity AK, Vickers hardness

1220 MPa 2550 MPa

18 MPa m'”?

4.5 MPa m'? 800430 HV

*Reproduced from Ref. 23.
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Tribofilm

. ¢ steel surface

4 Transmission electron microscopy (TEM) cross-sections of wear track, where the ball rolled across the horizon of the
image. a AISI 52100 steel showing tribofilm with a non-uniform thickness and structure, cracking, tribofilm penetration
into the surface and surface particle detachment. White arrow indicates where two images are spliced together. b
AISI 3310 case carburised steel (0-11 wt-%C, 0-53 wt-%Mn, 1-58 wt-%Cr and 3-5 wt-%Ni) showing uniform, thick and
intact tribofilm of ~200 nm thickness with a sharp smooth interface with the matrix. Adapted from Ref. 75

AIST 52100 steel (about 10-15 um). Since Murakami and
co-workers” have shown by a fracture mechanic type
approach that fatigue life is inversely proportional to the
square root of the size of inclusions (yarea parameter
model), these large inclusions would adversely affect the
fatigue life of large bainite bearings. The Jarea parameter
model, however, does not take directly into account the
orientation, morphology and location of the inclusions,
which is discussed in the later butterfly initiation section.
For WSEF failures, however, some studies have shown that
super clean grade steels have no or limited improvement in
life. In through hardened bearing steel, fatigue properties
increase with degree of hot working reduction;”® how-
ever, it has been noted that heat treatment conditions do
not significantly affect development of butterfly wing
formations®* (see later). Compared with carburised steel,
through hardened steels have better dimensional stability
and can sustain higher loads because of lower quantities of
retained austenite, as austenite transforms to martensite
under load with an associated volume increase.*® Residual
stress induced from manufacture differs between martensi-
tic, bainitic and case hardened steels, which have tensile,
compressive and high compressive residual stresses respec-
tively from just below the surface to a depth of ~0-3 mm.>
Compressive residual stresses subsurface in case hardened
steels are beneficial in retarding crack development by
decreasing the effective applied stress,*° and are therefore
used to negate tensile stresses in bearing rings that require
tight interference fits.®""%? Carburised steel which reduces
bending stress in bearing outer rings due to compressive
residual stresses,*? and carbonitrided steel® can increase
WSEF life. Impurity atoms interact with dislocations and
grain boundaries, trapping vacancies thus decreasing
vacancy diffusion. Since carbides have been shown to
dissolve as part of WEA formation, replacing these with
more stable carbonitrides, Cr carbides’! or transition metal
carbides such as Mo prolongs their decay. Additions of Si
and Ni which strengthen the matrix and grain boundaries
may also delay microstructural change.>” AISI 52100 near
surface material structure has a more coarse grain structure
and spheroidal carbides typically an order of magnitude
larger (about 1-2 pm compared with about 0-1-0-5 pm)
than that of case carburised steel (Fig. 4).%* AISI 52100 has
been shown to be more susceptible to tribochemical wear
than AISI 3310 case carburised steel (Fig. 4). Average
carbon content in steels can influence WSF propensity.
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AISI 52100 has carbon content of 0-9-1-1 wt-%C, case
hardened steels 0-1-0-3 wt-%C (0-65-1-1 wt-%C in the
case hardened zone), whereas hardened steels contain-
ing 0-4-0-8 wt-%C show reduced occurrences of white
structures.> AISI 440C high carbon martensitic stainless
steel (1 wt-%C—17 wt-%Cr) is typically used in mildly
corrosive environments. However, compared with AISI
52100, the dynamic load bearing capacity is lower and the
steel contains coarse eutectic carbides which can act as
crack initiators and chromium concentration sites.**%*
Martensitic stainless steel ESI°"* has a lower carbon and
chromium content than AISI 440C to suppress eutectic
carbides and has a comparable hardness to AISI 52100.
ESI is alloyed with nitrogen which forms carbonitrides,
strengthens the matrix and provides corrosion resistance, all
the above enabling a tenfold increased WSF life compared
with AISI 52100.°" Martensitic stainless steel has a much
lower hydrogen diffusivity rate than through hardened steel
due to high contents of chromium, forming a passive film on
its surface, which inhibits hydrogen diffusion and provides a
strong hydrogen trap.>*® Additions of chromium which
results in Cr carbide formation and chromium in the matrix
prevent the generation of freshly exposed surface area
during slip, preventing hydrogen generation and diffusion
by passive chromium layer formation on the surface.>!

Martensitic stainless steel exhibits a longer fatigue life
under hydrogen testing,®> generally (but not always)
increasing WSF life compared with AISI 52100*%% by
as much as fourfold,’! where increases in chromium
content to 13 wt-% can increase WSF life.*3>3¢ A
hardness of >62 HRC in the ~1 mm surface zone is
cited to increase WSF propensity due to the lattice strain
and dislocation density being high, and the steel will
temper as carbides will be in an unstable position,
thereby the material will become unstable.” Although
some residual austenite extends normal RCF life, in high
amounts this increases WSF propensity and hence
should be limited to 7-13%.%

Compressive residual stresses from rolling contact are
induced in the circumferential®®®® and axial®®*® direc-
tions. The absence of high residual stresses in low load
operation may increase WEC propensity. As it stands,
carbonitriding, low carbon steel, high chromium steels
and low carbon stainless nitrogen alloy steels may offer
extended life, and research into tribofilm, compressive
residual stress and carbide influence should be furthered.
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5 Line contact shear stresses present in material subsurface relative to Hertzian contact pressure P, where b is the
semiwidth of the contact geometry in the rolling direction. a Maximum stressing according to orthogonal shear stress
occurs at a depth of 0-5b and at a distance of y=+0-87b from the centre of the contact area, which acts parallel and
normal to the raceway, alternating in sign. The stress from unidirectional shear stress acts at a depth of 0-78b and in
the centre of the contact area, forming an angle of +45° with the tangent of the raceway. b Two-dimensional illustra-
tion of cyclic nature of subsurface shear stresses at one depth with three rolling element positions. Assumes steel
with a Poisson’s ratio of 0-3 and no friction in the contact. Adapted from Refs. 18 and 97 respectively

Surface engineering

An ~3 pm thick electroplated nickel film that diffuses
into the raceway under rolling contact induced heat and
stress,* and highly dense preformed trioctyl phosphate
film,** prolong time until WSF by about fivefold** by
prevention of hydrogen diffusion. Engineering surfaces
with isotropic finishes and ~1 pm tungsten carbide
incorporated amorphous hydrocarbon coated surfaces
(WC/a-C:H) which reduce shear stress through sliding
and prevent adhesive wear under high slip in boundary
lubrication are cited."®® Black oxide treatment on
bearings prevents damage from smearing, increasing
resistance to slippage and damage during alternating,
low load conditions.”® Black oxide is a mixed iron oxide
produced in a dip solution, providing a soft 0-4-2 pm
layer that increases film thickness, reduces traction
coefficient and provides damping, being highly resistant
to bending and stress,®>*!? offering protection against
detrimental surface reactions from aggressive lubricants.
Though black oxide wears off in operation, it typically
prolongs WSF in wind turbine gearboxes; however,
preventative mechanisms are not fully understood and
the long term effects on gearbox components are
unknown.

Cyclic rolling contact stresses

RCF is very different from classical fatigue. The state of
stress in non-conformal contacts is complex and multiaxial.
Although rolling bearings are not perfectly smooth and are
lubricated, if oil film thickness is large compared with
roughness, then Hertzian theory for determining contact
pressure and subsurface stresses is still applicable with
reasonable accuracy.” Actual contacts are rough and thus
the stress field is more complex than a simple Hertzian type
approach, as peak contact pressure will be experienced at
raised asperities.”> Hoop stresses (generally tensile) in
bearing rings will be present from interference fits which

reduce fatigue life,*'** and subsurface residual stresses are

induced during overrolling.'*%¢%%* An isotropic hydro-
static stress component from the weight of the material
above the point concerned is present, which is absent in
classical tension—-compression or bending fatigue.”> Contact
stresses are compressive in three axes with differing values
(principal stresses), which constantly change in direction
during a stress cycle, resulting in the planes of maxi-
mum shear stress also changing.” The Lundberg-Palmgren
theory™ for bearing life ratings is based on twofold
maximum orthogonal shear stress as the stress initiating
material alteration, which acts parallel and normal to rolling
direction, at +0-87y/b and 0-5z/b (Fig. 5).”” Unidirectional
shear stress acts at +45° and at 0y/b and 0-78z/b. The
WECs have been observed to propagate into the depth
direction and form in a large range of depths (0-1-3 mm)
and thus often do not correspond to the depths of calculated
maximum shear stresses; hence, the stresses governing WEC
are not yet clear.

The distortion energy hypothesis and unidirectional
shear stress acting at 0-7-0-78b are thought to be the
most robust ways of characterising RCF.'® It is not
thought that subsurface cracks develop at the instant of
largest calculated material stressing in the load cycle, as
this coincides when hydrostatic pressure is at a
maximum, rather cracks probably develop at the relief
phase of the load cycle (P=max. changing to P=0),
when hydrostatic pressure is at its lowest.'®*® The
energy distortion hypothesis states that compressive
residual stresses induced parallel to the raceway
continually reduce material stressing; however, these
residual stresses have little influence on the orthogonal
shear stresses. Stress can be tensile in one of the three
compressive principal stresses when hydrostatic pressure
is deducted;® thus, tensile stress can act perpendicular
to the direction of maximum compressive stress (i.e. into
the depth direction). Tsushima® calculated shear
stresses to be insufficient in high hardness steel for
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6 Circumferential section of 100Cr6 martensitically through hardened steel RCF roller specimen. a Optical image of but-
terfly, etched with 2% nital, where white structure can clearly be seen (image stitched together). b Scanning electron
microscopy (SEM) image of butterfly in the as etched condition shown in a. Focused ion beam (FIB) cross-section is

shown in Fig. 7. Copyright M.-H. Evans

crack development in the depth direction (under the
weakening influence of hydrogen, see later section); thus,
it is suggested that tensile stress can be large enough for
crack development in the depth direction.

From the stresses induced by rolling contact, the
material degradation due to normal RCF leading to a
subsurface initiated fatigue spall in bearings can be
described as a three stage process: shakedown, steady
state elastic response and instability;19’87’88’94’95 however,
if white structure formation leading to flaking obeys this
process, it must occur very prematurely in the third stage.

Butterflies and WEC

Butterflies

Butterflies are small cracks with altered microstructure
wings, 10-250 pm in length, forming at depths of up to
1-5 mm>** (Fig. 6) and are three-dimensional struc-
tures that sweep around their initiator>>>*%° (see Fig. 7).
Butterflies form at shallower depths in earlier periods of
overrolling and at increasingly deeper depths with
further overrolling, increasing temperature and increas-
ing contact pressure.”® Normal subsurface spalling is
the formation of microcracks at non-metallic inclu-
sions (with or without associated WEA butterfly wing
formations) that eventually propagate to the surface
causing spalling. What distinguishes WSF from normal

subsurface spalling is that the cracks which may or may
not propagate beyond the butterfly WEA wings may be
of the WEC variety, forming WEC branching networks,
not of the normal crack variety. Butterfly wings and
cracks lie predominately at 30-50° (and 150-130°) to the
direction of overrolling;23’25’29’40’45 thus, unidirectional
shear stress acting at +45° may be significant to their
formation. The WEA wings consist of nanoferrite
grains,23’24’2@29’40’46 with smaller grains (10-50 nm)
close to the cracks, and larger grains (50-100 nm) close
to the butterfly boundary.”’

Butterfly initiation

Butterflies initiate at defects, such as inclusions,
voids,?®?° microcracks, > grain boundaries,"! large
carbides,””***! carbide stringers and porosity.>® For
current bearing steels, sulphides, complex oxysulphides,
oxides and titanium carbonitrides are typically
present, > where butterflies preferentially form at
oxides.?>?* Figure 8 (Ref. 99) shows microstructurally
altered material beside a Al,O5 inclusion, also observed
by TEM around carbides.*’

High quality bearing steels contain <10 ppm oxygen
and therefore have few pure oxide inclusions,%%1°" put
do contain duplex oxysulphides. Keeping the size of
oxide inclusions as small as possible decreases propen-
sity for butterfly initiated WEC.>

—

Carbon ceating

Carbide’ =

4—"Butterfly crack

7 Focused ion beam (FIB) cross-section of butterfly wing in position highlighted by dotted line in Fig. 6. Carbon deposi-
tion acts as protection, Ga™ source. The microstructural changes as nanograins forming the butterfly wing (WEA) are

clearly distinguishable from the martensitic matrix. This highlights the three-dimensional

Copyright M.-H. Evans and J. C. Walket
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nature of butterflies.
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debonding ‘

N

8 a SEM image of Al,O; inclusion debonded at areas ‘A’ and ‘B’. Area ‘C’ presents the region with deformed material at
the inclusion/steel interface. b SEM image of detail ‘C’ showing the deformed interface region. ¢ FIB cross-section of
the lamella containing deformed region of fine granular structure along the inclusion interface. Depth=400 pm, contact

pressure=2-6 GPa. Adapted from Ref. 99

Synchrotron X-ray microtomography revealed that
orientation of inclusions with their associated cavities
(gap between inclusion and matrix) influences the zone
of material stressing,'®> where the presence of cavities
may control the severity of inclusions.'**'%* Hashimoto
et al.'® showed that closing AlLO; inclusion/matrix
cavities in JIS-SUJ2 steel by hot isostatic pressing
extended RCF crack initiation life. Calcium additions
acting as deoxidisers in bearing steels have detrimental
effects,”® e.g. oxide inclusion composition affects butter-
fly formation and RCEF life in the order of increasing
severity as follows: SiO,-Al,O;, Al,O; and AlL,Oz—
Ca0.”'% Coefficients of thermal expansion (CTE) vary
depending on inclusion type, where soft inclusions (e.g.
MnS) have large CTE and hard inclusions (e.g. Al,O3)
have small CTE compared with typical bearing steel
microstructures; thus, compressive and tensile stresses
respectively are induced surrounding the inclusion.'®
These induced residual stresses around inclusions are
cited to enable initial crack growth relatively easily when
combined with the overall cyclic shear stress field from
rolling contact. These induced residual stresses will
eventually reduce to zero with distance from the
inclusion; however, cracks would still be able to grow
from the overall cyclic shear stress field. In low
temperature tempered (<400°C) bearing steels, cracks
can initiate around non-metallic inclusions without
externally applied stress'® which could be prerequisites
for butterfly formation.

Referring to Table 3, preferential butterfly formation
at oxide parts of inclusions is due to the inclusion being
hard and brittle, often displaying an incoherent interface
with the matrix and debonding,’.26’79’108 Softer, more
ductile inclusions such as sulphides have a semicoherent
interface with the steel matrix and can encapsulate
non-metallic particles, so they do not act as stress
concentrators.”>*%7*19 Sulphides rarely initiate butter-
flies according to older literature,>>**” on the other
hand, in recent literature, MnS inclusions are said to
initiate most butterflies.!'” Hence, the adhesion property
and coherence between the inclusion and steel matrix is

thought to be important in controlling the severity of the
inclusion type.2325:27:40.79.111

Butterfly initiated WSF from defects is likely to occur
in the near surface zone of the total ~1 mm depth
quoted. Thus, potential failure will be based on the
probability of defects in this zone. Hence, an important
distinction between small test samples/bearings and very
large bearings in wind turbine gearboxes is the prob-
ability of a critical defect lying in this stressed zone.

Butterfly formation

Butterfly formation
extensively in early literature,
where areas of disagreement with the latest work, 3262
are inclusion debonding, dislocation movement during
plastic damage accumulation and which one forms first
with regard to the butterfly crack and wing.*®

The elastic modulus differences, differing CTE and/or
the weak interfacial energy between the inclusion
and matrix generate tensile and shear stresses in the
locally surrounding matrix,'®4*7°% causing deforma-
tion and crack generation extending in the direction of
the unidirectional shear stress, perhaps due to its
influence.'®!97!13 Reversing rolling direction after a
period of overrolling forms a second pair of wings in the
symmetric orientation;’® thus, microstructural change is
not thermal, but stress induced.*

A microcrack being a prerequisite for the formation
of butterflies has been postulated.'32>2113 As WEA is
hard, cracks may nucleate within prior formed WEA to
relax localised stress during cycling, as it cannot
plastically yield like the surrounding matrix,** or cracks
may nucleate when a critical density of dislocations is
reached,'”” though the later does not relate to other
observations.?>?>?43%80  Ogterlund et al® proposed
successive grain nucleation out into the matrix, at the
stress concentration zone on the interface of inclusion/
matrix, this stress concentration zone propagating ahead
of newly formed grains. It is thought that the butterfly
initiation mechanism differs between different inclusion
types. The latest theory of butterfly formation from hard

theory has been discussed
18,25.40,41,45,79,80,107,109,112,113

Table 3 Young’s modulus E and hardness H of typical inclusions found in 100Cr6* (Young’s modulus of 100Cr6 steel is

210 GPa with hardness of 8 GPa)

Aluminium oxide Titanium nitride  Spinel Calcium aluminate | Calcium aluminate I Manganese sulphide
E/GPa 375 380 279 195 126 103
H/GPa 322 215 266 182 96 34

*The compositions of calcium aluminates | and Il are (Al,O3)s—(Ca0) and (Al,O3),—(Ca0). Adapted from Ref. 107.
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9 Schematic diagram of butterfly formation with overrolling
from left to right. The gap from debonding of the oxide
inclusion from the matrix is shown, as well as cyclic global
stress field, which induces local rubbing between inclusion
and matrix. The initial nanometre scale rubbing induces
local shear damage accumulation and gradual material
transfer across the gap and onto the inclusion surface. The
initial gap (first dotted line) moves out into the steel matrix
progressively from material transfer across crack faces and
evolves into the main butterfly crack. Adapted with permis-
sion and courtesy of A. Grabulov?®

10 Image (SEM) of etched parallel section of AISI 52100 steel with
overrolling left to right. Crack traces represent earlier positions
of the butterfly crack. Image courtesy of A. Grabulov®

oxide type inclusions is cooperative growth of WEA
wing and crack®® (Fig. 9). Briickner et al.''® proposed
that butterflies initiating from MnS inclusions form first
by the inclusion cracking through its length due to the
subsurface stress field, with the crack subsequently
extending into the matrix with cooperative WEA
formation in the same way as that of oxide inclusions
described in Fig. 9.

Butterfly propagation

The crack initiation stage is regarded to occupy ~99%
of the total fatigue life in RCF,'% only in the latest stage
linear elastic fracture mechanics may be used to explain
their further growth. Secondary microcracks®™ and
voids'®27304580 which lead to formation of cavities
and pores?*? are also observed within WEA, where
cavities may grow and coalesce into a central crack
which propagates along localised shear planes at 45°
into the matrix.”> A gradual sidewise crack migration
mechanism has been proposed”® (Fig. 10); however, if
the butterfly formation process did not follow that in
Fig. 9, this would suggest that perhaps the main crack
has repeatedly healed, or that the crack is moving due to
diffusion, perhaps driven by compositional differences
in carbon.

Butterfly wings typically increase in length with
overrolling,’* though not always.”® With increased
amounts of overrolling, the frequency of butterflies
and size of the zone in which they generate increase,”
and their growth is suppressed in these same areas by
formation of dark etching area (damage by slip motions
having occurred) by plastic deformation which reduces
the stress concentration, hence suppressing microcrack
formation.>>%" Butterflies could be classed into two
categories: those that do not propagate significantly thus
not causing failure, and those that do propagate to a
length which is critical, forming into cracks in the
traditional sense or WEC (Fig. 11). Factors which could
control whether butterflies are propagating or not are
explored in later sections; however, in general, they can
be thought of as stress transients above crack propaga-
tion thresholds (i.e. cracks repeatedly growing small
amounts from higher than usual loading) and other
influences which reduce thresholds for crack propaga-
tion such as weakening effect of hydrogen or tensile
hoop stress.

Figure 12 shows a summary of butterfly character-
istics and formation conditions.

Multiple cracks

a optical and b SEW images of multiple cracks passing through a WEC in a wind turbine gearbox planet bearing.

11 Sample etched with 2%nital. Copyright M.-H. Evans.
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Grains not to scale

~50nm ferrite grains
increasing to ~100nm
towards boundary.?®

~10-50nm
ferrite grains.?®

Main butterfly crack
Boundary

Formation conditions:
Contact pressure: ~1.5GPa +
Stress-cycles: ~0.01x10°

Non-metallic inclusions (primarily oxides & oxide encapsula-
tions, voids, defects, microcracks, carbide stringers.??23:2%
40,41,79,103,105 Tynijcally larger inclusions are more severe.

WEA butterfly wing:

- WEA resists Nital etching, appearing white optically.

- Butterfly wing is 3D, sweeping around defect.?5:29:%

- WEA is 30-50% harder than matrix.23274°

- Carbides break-up/dissolve,?!30:4042:46,47,107 ghear flow
towards crack and WEA/inclusion interface,!8:25:28,29.45

High local stress induced around inclusion from differing

thermal expansions and thus induced compressive/tensile

stress, and elastic modulus difference,84°:79,80,105,107

- Debonding of hard inclusions from matrix,?3:26:29.7%.108

- Rubbing damage at inclusion/matrix interface.??:?%:?°

- Areas of high misorientation may initiate crack.??

- Butterfly wing & main crack may evolve separately!8:2528
40,107,113 or COOpeI’atiVely.23’26’29'

- Cavities and voids may coalesce into central crack
propagating along localised shear planes at ~45°,%7

> WEA: equiaxed nano grains varying in size:?3:24:2629,40,46

- Microcracks, cavities, pores & voids surrounding main
crack, created by deformation & stress,!®2326.29,30,45,80

- Amorphous zones contain smallest grains, and areas
between amorphous zones have largest grains.?%*°

- Microcracking between amorphous zone interfaces.™

Theories for formation of nano-grains:

- Critical dislocation density is reached, a dislocation cell-
like structure forms to release the strain energy, then
dynamic recrystallisation forms minute grains.?°!1¢

- Polygonisation: the generation of sub-grains through
clustering of dislocations in networks.*

- Hydrostatic pressure causing nano-crystallisation.?8:**

- Low-temp recrystallisation between stress events,2%27:28

12 Butterfly characteristics and formation summary diagram. Overrolling plane of element across race is designated as

y. Schematic is not to scale. Copyright M.-H. Evans

White etching cracks

White etching cracks are straight or branching crack
systems with associated white structure borders, typi-
cally several millimetres in length when viewed as a two-
dimensional section (Fig. 1).

White etching crack initiation, formation and propagation

White etching cracks probably initiate subsurface, but
cross-sections are two-dimensional; thus, somewhere in
the three-dimensional crack network, surface inter-
action could occur. Many authors have suggested that

butterfly cracks continue to propagate forming WEC
and flaking.?***" However, there is little experimental
evidence to support that butterfly cracks propagate into
WEC. A three-dimensional view could reveal butterfly
initiators which would be otherwise missed. The WECs
may also initiate from defects within the microstructure,
or possibly independently.

Referring to Fig. 1, WECs do not form in directions
specific to any maximum shear stresses, seemingly
forming in either parallel or branching networks. In
one study, two types of WECs were found to occur,*

a SEM image of lined microstructure; b TEM image of lined microstructure; c diffraction pattern of lined microstructure
revealing nanograined structure; d diffraction pattern on matrix beside lined microstructure

13 Microstructure close to flaking in hydrogen charged (0-4 ppm pretest) specimen which was a thrust bearing lower
race. Cycles=3-4x107, max. contact pressure=3-1 GPa, rotational speed=1000 min . Adapted from Ref. 38 with kind

permission from the Japanese Society of Tribologists
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14 a Image (SEM) of a butterfly wing around inclusion. The marked area (containing the steel matrix and the butterfly
wing) marks the electron backscatter diffraction investigation location. b Automatic crystal orientation mapping: com-
bined image quality and phase map showing the fine granular WEA and black unindexable area with grain diameter
<50 nm, also displaying martensite (blue) and carbide (yellow) phases. ¢ Colour coded kernel average misorientation
(KAM) map displaying higher local misorientation in martensite matrix than in the butterfly wing. d Detailed view of
box highlight from c consisting of fine grains with very low KAM inside the volume (blue) with a jump transition to
the highest KAM next to the grain boundaries (red). Often such regions are situated next to the carbides (black). (To
interpret the colour figure legends, the reader is referred to the web version of this article). Adapted from Ref. 99

which often contain voids.** Cracks typically follow the
white structure/matrix boundary or can pass through the
white structure (Fig. 11).

In one study, thin cracks of 2-5 um length without
microstructural change are thought to be the prerequi-
site to WEC, forming by localised microscopic plastic
deformation.®* Other studies found thin lined micro-
structures only observable by SEM (Fig. 13a) consisting
of ultrafine grained structures (Fig. 13b), which are
thought to be the early formation of WEC.*®

The WEC formation has mostly been attributed to
hydrogen embrittlement,>*30-3238:4344.51=55.57.100 g1y
little mechanistic theories suggested. Some researchers
supposed that microcracks and subsequent WEA for-
mation generate everywhere just below the raceway,
eventually uniting to result in flaking,®*° or that
butterfly/independent crack initiation, subsequently
grows into a crack system from multiaxial stresses,
where WEA is perhaps just a consequence of material
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transfer by rubbing across crack faces.> Further
research is clearly required to clarify mechanisms of
WEC formation.

White structure formation mechanism

White structure has essentially the same morphology in
butterfly wings and WEC. Some regions in butterfly
wings consist of grains in diameter between 10 and 50 nm
(Fig. 14b),” visible as black unindexible zones, which are
usually associated with severe lattice distortions or
increased dislocation density, and other coarser regions
with well indexible body centred cubic grains, which were
thought to originate from fragmented martensite lamel-
las. Figure 145 shows tempered martensitic phase and a
second phase of precipitates (cementite) within the WEA,
which was also observed in another study by dark field
TEM;* in addition, inverse pole figure map showed
that WEA exhibits no preferential crystallographic
orientation.® Kernel average misorientation (KAM)
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15 Secondary electron images of cementite dissolving
into WEA towards microcrack in JIS-SUJ2 high chro-
mium bearing steel prepared by powder metallurgy to
contain voids. Black arrows point to apparent cemen-
tite dissolution. Thrust type rolling contact fatigue tes-
ter, cycles=5x105, max. contact pressure=3-92 GPa,
depth=80 pm. Adapted from Ref. 115

maps (Fig. 14c¢) revealed that the local misorientation is
smaller inside the WEA (does not exceed 0-7°) than in the
matrix (average 0-88°), and comparison of grain size
showed ~300 nm average grain diameter in WEA and
~900 nm in matrix. Areas of high local misorientation
close to grain boundaries (red areas marked with arrow in
Fig. 14d) may be crack initiation sites.

Diffraction patterns show WEA to be a body centred
cubic structure,?***3%34% which is a supersaturated
cubic ferrite structure. Since carbon has poor solubility
in ferrite, carbon must be accommodated by lattice
defects such as vacancies, vacancy—carbon complexes,
dislocation cores forming Cottrell atmosphere and the

- .'_ — - o
- L4 i X '.1.' ’.

(a) e W, i . -

- I3 » ! ¥ |

16 Microstructural changes in roller on disc specimens. a
Optical image, black arrows show acicular structures. b
Scanning ion microscopy (SIM) image of black acicular
structure in plane of OM image in a. ¢ SIM image of
cross-section of dotted line in b, the dotted line sur-
rounds microstructure which seems to have changed,
which was confirmed by TEM/selected area diffraction
patterns  (SADP). Cycles=47x10°, max. contact
pressure=4-2 GPa, speed=3000 min ', slip ratio of 14%
applied by spin. Adapted from Ref. 30
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17 Bright field image (TEM) and selected area diffraction
patterns (SADP) of WEA. Selected area diffraction pat-
terns of microstructural areas A, B and C are shown
in photos a, b and c respectively. B and C contain
granular structures whereas A is absent of these.
Selected area diffraction pattern of a corresponds to
A showing halo rings, thus indicating an amorphous
structure, whereas b and c are a mixture of ring and
spot patterns consistent with ferrite and nanograin
structure3®

large grain boundary area.”**”:!'* Dislocation density of
WEA in butterfly wings is estimated as about 10'°-—
10" m~%% however, a high dislocation density is not
observed within nanoferrite grains themselves* due to
their small size; thus, it is suggested that dislocations are
mostly accommodated at grain boundaries (dislocation
networks)*> where enrichment of carbon at grain boun-
daries will occur as dislocations migrate from grain
interiors to grain boundaries, dragging along carbon
atoms. However, as a high carbon concentration is
detected within nanograins, a certain level will be
interstitially dissolved in the ferrite. It is suggested that
carbon will also be accommodated by migration to
WEA borders to precipitate as lenticular carbides which
is consistent with pressure raising the activity level of
carbon, where lenticular carbides have been observed
bordering  WEA. %% Carbide precipitation at grain
boundaries may result in intergranular crack generation.*’
Tempering of steel containing WEA has shown to
reprecipitate carbides, which is expected by reduction in
dislocation density and removal of stress in WEA.*’ The
WEA typically has hardness 30-50% higher than the
matrix, "% this difference being removed by subsequent
heating to 500°C in AISI 52100 steel.

Owing to the cyclic stress, spherical carbides within the
WEA appear elongated and deformed at early stage, finally

resulting in break-up and dissolution, >3 040423647 yith
shear flow of carbides towards the crack (Fig. 15)!''> and
1825282945

interface between WEA and the inclusion.
Diffusion of carbon interstitially bonded to carbide into
the microcrack will reduce its surface energy and be
favourable for its stable growth.”

Harada ez al.*° proposed that black acicular structures,
having a structure in which martensite laths are broken
down and changed to granular structure, are the initial
process of WEA formation (Fig. 16). These form at
angles of 30 and 160° to the rolling direction, indi-
cating directions of shear stress from slip in the con-
tact. The WEA is differentiated by amorphous-like
regions””® (Fig. 17) containing the smallest grains, and
areas in between amorphous regions containing larger
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18 Polygonisation: generation of subgrains by clustering
of dislocations in networks. Adapted from Ref. 116

grains. Microcracking is also present at the interface of
amorphous/granular phase and WEA/matrix, and micro-
voids are formed at the interface of retained austenite/
martensite and spheroidised carbide/martensite.’® It is
supposed that the amorphous-like structures form first,
then WEA is generated.

The WEA has been suggested to form by the hydro-
static pressure forcing crack surfaces to close causing
nanocrystallisation.”® Finite element stress analysis has
shown that WEA is generated in a specific microcrack
kink region where hydrostatic compressive stress is
locally high.?® Microcracks were thought to be pre-
requisites to WEA formation, where hydrostatic pres-
sure is thought to suppress microcracks and therefore
assist in accumulation of plastic strain and thus WEA
formation.** Because of the lower density of carbide
compared with ferrite, hydrostatic pressures would
cause solution of the carbide.*’ Nanocrystallisation of
butterfly wings may be driven by large plastic strains
developed ahead of the crack tip extending from the
inclusion, which would suggest that cracks form first,
then WEA is subsequently formed. Other earlier
investigations supposed that crack closure results in
heating to austenitising temperature, self-quenching and
rehardened martensite forming.'®!'® Other investiga-
tions supposed that severe deformation of the carbides is
what causes their dissolution, rather than heating to
high temperatures,® which is not thought to occur in
operation. Polygonisation has also been suggested for
WEA formation®’ (Fig. 18)''® and also for formation of
‘fine granular area’ around inclusions in rotating
bending testing of high chromium bearing steels.'!”

Owing to local stress concentration at hard inclusions,
it was proposed that dislocation generation and move-
ment (glide) from the interface of the inclusion/matrix
occurs,'”” where WEA formation is due to the repeated
interaction of dislocations with carbide precipitates
causing carbide break-up and dissolution. However, it
has been contested that dislocations sweeping the entire
butterfly wing are correct, as in hard steels, there are
many obstacles (carbide precipitates, high density of
dislocations, vacancy clusters, etc.) strongly limiting
average dislocation glide during each stress cycle.?

Harada er al®® proposed that acicular structures
and WEA formation occur from localised shear in
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martensite and localised plastic strain causing increased
dislocation density, and when a critical dislocation
density is reached, a dislocation cell-like structure forms
to release the strain energy. Dynamic recrystallisation is
proposed to change this cell-like structure to minute
grain structure.''® However, supposedly dynamic recrys-
tallisation is not valid in RCF bearing steels due to a
lack of time in the stress cycle and thermal activation,
instead a low temperature recrystallisation process is
postulated,?® taking place over a longer time period in
between stress events.”” The theory states that as plastic
deformation results in a high density of dislocations and
crystal point defects (the later stabilised by carbon in the
solid solutions),119 there is now no need to thermally
activate the formation of vacancies, their mobility being
invoked during normal operation. Referring to Fig. 144,
the grain refinement and smaller KAM inside WEA
close to the inclusion are postulated to be caused by
plastic deformation and immediate incomplete recrys-
tallisation, which leads to a clean of dislocation volume
in the grains, but high misorientation still remaining
next to the grain boundaries.”

Referring to white phase in other applications, WELSs
on rail steel surfaces and hard turning consist of a
nanograined structure with associated carbide dissolu-
tion, supposedly supersaturated with carbon, where in
WEL in hard turning, plastic deformation or thermal
transformation is cited®® and on rail tracks, high tem-
peratures by sliding and cyclic plastic deformation is
cited.'*!?° However, in rail steels, reaustenitisation
temperatures of 600°C do not occur'® where surface
temperatures rapidly decrease subsurface.!* The decom-
position of carbides and formation of nanocrystalline
structures also occur in high pressure torsion,'?° ball
drop and laser heating,'?! ball milling'**'** and heavily
drawn pearlitic steels."'*!247126 In all these applications,
the mechanisms for nanograined structures, carbon
dissolution and carbon distribution are not fully
understood.'?” Often techniques such as Mdssbauer
spectrography, synchrotron X-ray diffraction and atom
probe tomography are used in these applications to
understand carbide dissolution and carbon distribution,
and could be possibly applied to WEA in rolling
contacts to gain a better understanding of WEA for-
mation mechanisms and material solutions.

Butterfly and WEC formation thresholds

Contact pressures used to create butterflies and WEC in
laboratory very generally range between 1-4 and 5-5 GPa
with rolling cycles of 10°-10%. Wind turbine gearbox
bearing raceways would typically experience a contact
pressure of 1-2 GPa during normal operation; however,
transients in service could result in much higher stresses
intermittently, perhaps providing critical stresses in excess
of thresholds to continue crack propagation from
butterflies into the matrix for example. However, max-
imum contact pressure and number of rolling cycles are
not the only driving variables in WSF, as highlighted in
the next section.

White structure flaking formation drivers

Influence of hydrogen

Hydrogen is often cited as a root cause or accelerator of
WSF,»430-32-3943:4450°57 ¢ ough not always.**>® Hydrogen
in its natural state is diatomic molecular gas, H, this being
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19 Schematic of rolling element and race lubricated with
oil, or similarly grease, containing hydrogen radicals.
Hydrogen ions (H") combine with electrons (e") at
fresh steel surfaces to form atomic hydrogen (H).
Recombination of H* to H, gas can be inhibited by
poisoners such as sulphur, leading to more hydrogen
ions and thus atomic hydrogen in the steel. Atomic
hydrogen attracts and strongly binds to crystal
defects. Copyright M.-H. Evans

too large to enter steel, and must therefore be dissociated
into single atoms to enter the surface, electrochemically or
by chemisorption.'”® Sources of hydrogen are dissociation
from water,*1?1%0 degradation of organic lubricants
through formation of compounds (hydrogen peroxide),'”
oxidation,****°  pressure/thermally induced,” and con-
tained in steel from heat treatment processes. However,
through hardened steel is tempered, so high concentrations
of hydrogen are not expected (tempering releases trapped
hydrogen); also there is no effect on WSF life between
normal and vacuum quenched steels (i.e. no hydrogen entry
upon quenching).* A catalytic reaction with a fresh steel
surface, and not shear or heat, has been found to dominant
in hydrogen disassociation from lubricants, and the amount
of hydrogen which penetrates into steel is proportional to
the wear on the steel, rather than any effect of lubricant
chemical composition.”> Hydrogen ions released are
absorbed by fresh steel surfaces and recombine with
electrons to form atomic hydrogen®” (Fig. 19). When water
is present, hydrogen mainly derives from the oil and not
water.

: 3
Hydrogen precharging 4,33,38,39.43,44.85,106,130-134

samples

or testing in hydrogen gas environments®>***"%> have been
used to study hydrogen influence on fatigue life by RCF,
sliding

106,130 132,135,136

tensile, tension—compression, ~ pure,

Evans White structure flaking in wind turbine gearbox bearings

and rolling rotating bending,*® and cyclic torsion'**
experiments. In the later, slip bands and microstructural
changes only occurred in specimens charged with hydrogen.
In general, a decrease in fatigue life and strength occurs with
hydrogen charging where in RCF bearings fail from WSF.
Damage to the passivation layer (oxide layer formed from
oxidisation) on steel by wear or corrosion provides a fresh
steel surface which accelerates hydrogen absorption.
Hydrogen penetration into steel during RCF tests has also
been observed,>*303743MSIS3EIT o1 example up to
42 ppm,* often with the zones of test samples with the
highest content of hydrogen failing first, with critical
average concentrations of hydrogen cited, e.g. 1 ppm.*
Average hydrogen contents tend to be measured by thermal
desorption analysis using mass spectroscopy and gas
chromatograph analysers; however, local concentration
can be high compared with average levels due to redistribu-
tion within the matrix,"** also some hydrogen will remain
trapped in the steel, e.g. at voids.®® Samples are often frozen
immediately after testing with dry ice or liquid nitrogen to
stop hydrogen escaping.*®**** Other research has estimated
hydrogen content in the surface layer of AISI 52100 steel
balls to be 24 ppm®® and higher in specific regions near the
surface.

Environmental fluctuation (i.e. cyclic charging) rather
than hydrogen content may affect susceptibility to
hydrogen.'*® Trapping and diffusion of hydrogen
becomes more intense with increased external stress'%®-'%
and stress cycles,'** and plastic or thermal deformation of
surfaces makes hydrogen diffusion easier.®>'* Hydrogen
diffusivity (speed) and not flux (quantity) may be the
critical parameter in WSF.**

Atomic hydrogen is attracted to and absorbed at grain
boundaries, carbides, inclusions, microvoids, isolated
islands of phases such as austenite and areas of local
plastic deformation where crystal defect densities (dis-
locations/vacancies) are high because hydrogen strongly
binds with crystal defects.®>!%%140-146 Hydrogen trap sites
within steel can be reversible or non-reversible, attractive
or repellent. As an interstitial solute, hydrogen remains in
the monoatomic form and retains its mobility in high
strength steels,'*? being only loosely bound to weak traps,
such as dislocations and point defects'>® 146148 byt also to
a small degree as vacancy-hydrogen pairs.*> The WEC
forming at former austenite grain boundaries (unstable
trap sites and diffusion routes) has been found.** High
chromium steels, having strong hydrogen trapping
functions, retard hydrogen diffusion and thus hydrogen

20 Field electron SEM image of the autoradiograph around MnS and Al,O; inclusions and Cr carbide in JIS-SCM440 tem-
pered martensitic steel (0-4 wt-%C, 0-21 wt-%Si, 0-79 wt-%Mn, 1-2 wt-%Cr and 0-21 wit-%Mo). Bright white spots are
Ag grains (hydrogen atoms) corresponding to locations of tritum. a MnS: Ag grains appear on cementite particles
precipitated in high angle boundaries such as block, packet and prior austenite grain boundaries but not in the
matrix, indicating cementite particles acting as traps around the inclusion. b Cr carbide: Ag grains accumulated at
the boundary layers between Cr carbide and matrix. ¢ Al,O3: Ag grains accumulated at the boundary layers of the
matrix surrounding the inclusion with no widely distributed Ag grains. Adapted from Ref. 149
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cannot accumulate easily.”’® Decreasing large MnS
inclusions, which are weak hydrogen traps that release
hydrogen into a high shearing stress field, improves WSF
life,>” on the other hand, a limited number of non-
reversible traps may increase propensity to WSF.'*! This
appears to be a contradiction; however, it may be that as
steels get cleaner, there are less trapping locations for any
possible hydrogen present in the steel, thus instead of
hydrogen trapping at less critical defects, instead the
hydrogen remains mobile and moves to more critical
defects and locations of plastic deformation, accelerating
white structure formation.

Autoradiography showed hydrogen trapping to pre-
dominately occur at martensite matrix/carbide and
carbide/carbide interfaces in AISI 440C steel,'”® and vary
depending on the type of inclusion.'* Hydrogen was
inhomogeneously distributed at defects around the
matrix surrounding MnS (Fig. 20a),'"* at boundary
layers between the Cr carbide and matrix (Fig. 205),
but intensely localised at defects in the boundary layers
surrounding Al,O5 (Fig. 20c¢), which was attributed to the
differing CTE when cooled during quenching, and thus
compressive stress fields around MnS and tensile around
Al,O5 and Cr carbide.

The hydrogen enhanced decohesion'*® model is based
on the theory of weakening of the lattice strength by
hydrogen. The hydrogen enhanced localised plasticity'>!
model is based on in situ TEM observation of dislocation
movement which has been enhanced by hydrogen. Both
theories are lacking, in that direct observation of lattice
decohesion in hydrogen enhanced decohesion has not
been observed and fracture phenomenon caused by
hydrogen enhanced localised plasticity has not been
observed,'*® and neither are individually able to explain
hydrogen embrittlement on the nanoscale.'”® Hence,
hydrogen reducing the required stress for the onset of
plasticity, |3+ 140.153°155 ;

15

i.e. dislocation nucleation increas-
ing the number and mobility of vacancies (mobile crystal
point defects)!32 133 138.140.132146. 148,152 50 quooested  to
occur by reduction in the shear modulus (by reduction
in crystal cohesion) and reductions in dislocation line
energy and stacking fault energy (by reduction in the
defect formation energy).”~ Hydrogen enhances slip
deformation and localised slip bands, accelerating modes
I and II crack growth rates,'** and reduces the strength of
hard martensite matrix."*> It is suggested that hydrogen
enhances fatigue crack initiation and propagation by
localisation of plasticity at fatigue crack tip.'**'*® Vegter
and Slycke®® explain that with hydrogen’s formation
enhancement of vacancies, this enhances the dislocation
climb controlled damage process,'** which with hydro-
gen’s attraction to point defects, results in a self-
generating damage localisation process and lowering of
WEA formation thresholds.

Clearly, if hydrogen diffusion occurs in steel, it is
detrimental; however, further study into the propen-
sity of hydrogen diffusion into wind turbine gearbox
bearings is required to understand if high levels of
hydrogen do indeed occur in service, or whether other
potential formation drivers require more attention.

Tribochemistry, lubrication and additives
Lubricants can be in the form of grease or oil, where
wind turbine gearboxes mainly use oils with high
viscosity (ISO-VG 220-320), at operating temperatures
of 60-85°C.
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Often wind turbine gearbox bearings run in mixed and
boundary lubrication regimes rather than elastohydro-
dynamic lubrication, where this can result in high
traction coefficients resulting in shearing of the steel
and metal-metal contact, with peak contact pressures
and temperature flashes occurring at asperities. Under
rolling/sliding, tribofilms form at contact surfaces with
various morphologies and thicknesses depending on the
lubrication and steel type (Fig. 4), with tribomutation
layers forming subsurface.®*!%° Reaction flash tempera-
tures at asperities dominate in formation of tribofilms
rather than nascent surfaces.'>” Tribofilms provide sig-
nificant adhesion protection under severe plastic defor-
mation and lubricant starvation,'>® and provide a
barrier to corrosion and hydrogen diffusion into steel
if continuous and intact.

Extreme pressure (EP) additives typically consist of
sulphur, phosphorous or chlorine compounds, chemically
reacting at the surface under extreme pressure and
temperature flashes. Tests on AISI 52100 showed phos-
phorus enhanced films forming first on fresh surfaces, then
sulphur enhanced films forming under increased loads and
temperatures to prevent metal-metal contact. 158 However,
chemically active EP additives, e.g. sulphur—phosphorous,
can be detrimental to RCF life,'> accelerating the progress
of surface fatigue microcrack propagation when inside
fissures in contact with a fresh steel surface,'®® and
antiwear additives can produce an increase in friction
and reduction in oil film thickness.'"®" Sulphur prevents
atomic hydrogen recombination to H, gas, thus enabling
more hydrogen ions to combine to form atomic
hydrogen'®® (Fig. 19). Most lubricant compositions
comprise of a rust preventative such as sulphonates
which can increase WSF propensity,**>*>° where rust
preventatives keeping surfaces clean accelerate WSF,
whereas rust preventatives deactivating surfaces prevent
WSF.* Additives such as oxidised iron powder,* cop-
per powder** and aluminium oxide®* accelerate WSF.
Foaming of lubricants occurs in wind turbine gearboxes
due to entrained air, where bubble collapse could cause
surface damage.

With regard to tribological preventative measures
against WSF, during WSF rapid acceleration—deceleration
and impact loading tests on greases in automotive
bearings, grease with extended life showed wider and
shallower load zones, resistance to impact load film
breakdown, lower repulsion coefficient, lower maximum
vibration level close to resonance (by a factor of 2), and the
grease containing an adhesive substance, all these increas-
ing damping characteristics and hence reduction in peak
and impact loads.*> Fluorine based oils (e.g. PFPE) and
fluorine based surface active agents (forming raceway
films) have been suggested as partial preventers of water
ingress and WSF,*>* containing no hydrogen radicals and
thus not producing hydrogen;>*> however, perhaps WSF
still occurs with their use®™ showing that hydrogen
decomposition (from lubricants) is not necessary for
WSEF to occur. Isopropylaminoethanol additive condenses
into surface microcracks with water, capturing generated
hydrogen ions and thus preventing hydrogen enhanc-
ed crack propagation'® and hence possibly WSF.
Lubrication with increased heating stability, specifically
synthetic ether*® and Al metal powder increases WSF
life.>* NaNO, and K,MoO, anodic corrosion inhibitors
(which reduce anode reactions by oxidising steel, with



adsorption and reaction of oxidising ions or dissolved
oxygen) forming a metal oxide film,***** ZnCOjs cathodic
corrosion inhibitor (which decreases cathode reactions by
formation of anticorrosion films) and rust preventatives/
metal deactivators naphthenate (e.g. Zn),>> succinic acid
derivative (metal DTC or DTP)*> and organic metal salts
(preferably Zn based)™ which form a reactive film in a
minute gap, prevent hydrogen penetration or WSF in tests.
However, merely reducing fresh steel surfaces by reducing
wear by antiwear additives does not reduce hydrogen
penetration into steel>> and phosphate additives forming a
film which has a high antiwear property to suppress
generation of hydrogen are ineffective,*>>* because of a
lack of thermal activation to form a film.*

Clearly, damage exposing fresh steel surfaces is
detrimental to bearings in itself, acting as a catalyst for
tribochemical reactions or corrosion. Hence, a greater
understanding of tribofilm formation and oil additive
packages which are designed specifically for use with
both gears and bearings in wind turbine gearboxes is
required to prevent WSF.

Water

White structure flaking has been reproduced by adding
water to the lubricant® either causing corrosion which
enhances hydrogen diffusion into steel, formation of
atomic hydrogen by creation of hydrogen peroxide'®® or
formation of fresh surfaces leading to hydrogen genera-
tion. A major contaminant in wind turbine gearboxes is
water ingress' sourced from coolants and condensation®”
(as wind turbines slow down to standstill, they cool down
and draw moisture from the air, i.e. as the gearbox
breathes through seals and breathers, water can enter the
gearbox), or in situ from the oxidative decomposition of
0il.*> Water attracts to surface microcracks, liberating
hydrogen at fresh surfaces inside the crack.'®® Water
transforms sulphur phosphorous EP additives into acids,
resulting in a corrosive acidic fluid environment."'®
Small water globules pulled in between contacting
surfaces result in collapsed oil film strength and lost
clearance, causing impacts and rubbing of opposing
contact surfaces.''*

Contact slip and traction

There are two ways that slip could be a driver of WSF,
first directly by creation of surface traction and shear
stresses shifted closer to the surface and their damage
influence.>* For example, slip can result in high
frictional energy input which rapidly accelerates surface
fatigue and high traction coefficients thus shearing the
material, shifting the position of subsurface shear stresses
closer to the surface and increasing their magnitude®®-'%*
which would increase probability of WSF from inclusions
and thus butterflies which form in the very near surface
zone. Second, indirectly by tribofilm damage and creation
of fresh surfaces liberating hydrogen.>

Slip is inevitable in bearings and occurs in operation at
loads below the dynamic load rating, at misaligned rollers
in unloaded zones due to low traction forces, as ‘heath-
coat slip’ in spherical roller bearings due to a geometrical
constraint' and during transient events in transmis-
sions, such as rapid accelerations—decelerations.'
Simulations have shown that for cylindrical roller bea-
rings in an intermediate shaft location of a wind turbine
gearbox, moderate sliding (3—10% slide to roll ratio) at
roller-raceway contacts in the unloaded zone occurs
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continuously.'®® Extreme slip (about 20-110% slide to
roll ratio) occurs for low load and high speed con-
ditions due to concomitant contact area reduction and
traction loss at roller/raceway interfaces.'

Slip to varying degrees is often used in rolling con-
tact studies;>*30:36:42:44:49.54.55.57.83.166 pten this being
quoted essential in creating white structures. It was
found that WSF only occurs at specific regions having
the largest PV .« value (a product of contact pressure P
and slip velocity ¥, MPa m s~ ') in bearings due to these
regions corresponding to the highest concentrations of
hydrogen.*3® Slip can also shear and heat the lubricant,
reducing oil film thickness'®”'®® which may lead to wear
and hydrogen liberation. However, a high slip ratio does
not necessarily mean that shearing of contacting
surfaces is high, and it is the traction coefficient that
limits the amount of shear induced in the contacting
materials, and thus this, lubricant regime and frictional
energy input should be the key parameters in tribolo-
gical experiments if aiming to replicate actual service
operating conditions or perhaps aiming to create WSF.

Corrosion and standstill time

Water, sea water and salt contamination from offshore
environments are possible in wind turbine gearboxes,
where these can often experience long standstills and
idling operation. Thus corrosion, static corrosion and
fretting corrosion (movement between the element
and race by vibration for example, resulting in passiva-
tion films being removed and nascent steel surfaces being
exposed to corrosion from the atmosphere) are possible.
Corrosion as a mechanism of hydrogen liberation may
be an indirect driver, but also hydrogen enhanced
diffusion to the subsurface at corrosion damage on the
raceway surface and corrosion within microcracks
generated from operation.'®

Electricity

Lightning strikes and stray currents could affect bearings
in wind turbine gearboxes. Electricity may cause WSF
indirectly, through wear or arcing damage by current on
bearing surfaces, which produce fresh steel forming
hydrogen,** or by liberation of hydrogen by electrolysis.
Studies show that the larger the current (0-1-3 A), the
earlier the occurrence of WSF,>* where more wear occurs
on the ring at the electrically positive pole thereby
corresponding to the location of WSF. Static electricity
(several hundred thousand volts) has been cited to
indirectly cause WSF in automotive bearings, by building
up between contacting surfaces (due to a belt driving the
assembly) and subsequently discharging (spark) when
metal-metal contact occurs (from oil film deterioration
by static electricity during periods of excessive microslip
or vibration) which liberates hydrogen from water in the
lubricant.* Use of hybrid bearings (ceramic elements) and
conductive lubrication (carbon black/nanotube additives)
which prevents a static electricity discharge phenomenon
between contacting surfaces liberating hydrogen from
water in the lubricant, has been shown to prevent this
phenomenon.*

Impact loading

Impact events are frequently experienced in wind turbine
gearboxes, by wind gusts, braking, load reversals and
generator/grid engagements and disengagements. In the
unloaded zones of rolling element bearings, repeated
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21 White structure flaking formation driver summary in wind turbine gearboxes and possible solutions. H=hydrogen.
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impacts occur when elements are instantaneously loaded
while in misaligned conditions along one or two contact
points in the load profile.* Therefore, contact stresses
exceeding yield strength can be experienced. For example,
a 600 mm displacement of an intermediate shaft from a
15 MW gearbox resulting in severe misalignment®® can
produce a predicted transient raceway stress exceeding
3-1 GPa.' The WEC in automotive belt driven bearings
may be caused by collisions of rolling elements,”® where
during rapid acceleration—deceleration, impact loads in
0-3 s have been found to occur, which were attributed to
the reduction in WSF life*> Even though predicted
loading in wind turbine gearbox bearings is a maximum
of ~2 GPa, condition monitoring of loading in actual
gearbox bearings may not have a high enough sampling
rate to register instantaneous impact loads.

Vibration, bending stress and tensile hoop
stress

Bending stress, tensile hoop stress and vibration theory as
mechanisms increasing maximum loads have been cited,**
where severe vibrations have been induced to create
WSF34:42:4449.5458  and  resonance applied on a belt
driving a bearing.***® Vibrations in wind turbines can
occur from blades and blade revolution frequency, from
grid connections, brake loads and nacelle deflections.
Vibrations may influence oil film formation leading to
formation of fresh surfaces, increase peak loading, or
disturb the kinematics of the rolling elements.

Conclusion and further research

Figure 21 shows a schematic diagram of formation
drivers, where many stimuli to the system have a
possible consequence of hydrogen theory.

1. A greater understanding of transient loading and
tribological conditions faced on wind turbine gearbox
bearings is required, such as the high likelihood that
large impact loads occur in service, which would enable
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bearing and gearbox designers to devise material and
design solutions for known operating conditions.

2. Cyclic subsurface shear stresses induced in over-
rolling often do not fully explain the location and
orientation of white structures, thus a greater under-
standing of the cyclic multiaxial stress state potentially
driving white structure formation is required.

3. Non-metallic inclusions and defects initiate butter-
flies, where inclusion size, morphology, orientation in
the stress field and composition determine severity.

4. The WEC probably initiates subsurface, possibly
from extension of butterfly cracks, but surface initiated
is also feasible, where this should be clarified by a
method for mapping the three-dimensional WEC
system. As a sequence of events, either butterflies form
first at an early stage, some propagating to initiate
WEC, or butterflies and WEC form independently,
where in both cases WEC propagates to result in WSF.

5. High traction coefficients raise subsurface shear stress
location close to the surface and increases its magnitude,
perhaps making it more likely for butterfly propagated
WSEF in this zone from near surface inclusions.

6. It is not known whether cracking or white structure
occurs first, where cooperative growth is also cited, or
whether white structure is integral to WEC formations,
formed for example by frictional rubbing between crack
faces or a consequence of significant accumulation of plastic
strain.

7. Formation mechanisms of white structure that
consists of ultrafine ferrite grains of 10-100 nm diameter
that is supersaturated with carbon, by dislocation, carbon,
carbide influence and recrystallisation are contested.

8. WEC drivers

(1) Stress:
Vibrations, peak loads, slip, traction, bending
and tensile hoop stress.

(i) Hydrogen influence:

Hydrogen release, poisoners and tribofilm effects:
« Oil and additive systems
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Hydrogen source fresh surface creation:
« Water contamination
Hydrogen disassociation and fresh surface
creation:
« Slip, traction,
discharge
Fresh surface creation:
« Impact loads and vibration
9. Hydrogen can be present in bearing steels from
various sources, such as water contamination and
disassociation from lubricants. It is clear that hydrogen
within the microstructure lowers thresholds for crack
initiation and propagation; however, the mechanism of
hydrogen as a root cause of WSF needs to be clarified.
Many formation drivers also indirectly aid hydrogen
generation and diffusion, making verification of other
drivers difficult. Bearing hydrogen content could be
measured soon after operation, incorporating a freezing
process, to deduce any possible acceleration of damage.
10. Lubrication and additive selection can significantly
accelerate or retard WSF, which is usually explained by
deleterious effects from hydrogen influence. Additives
either accelerate or decelerate corrosion, wear, electrical
effects, tribochemical reactions and hydrogen genera-
tion/diffusion and can prevent surface damage from
sliding, adhesion, vibration and shock loads.
11.Steels containing reduced quantity of carbon and
size of carbides in the ~1 mm surface layer, case
hardened steels such as carbonitrided steels, high
chromium steels and low carbon stainless nitrogen alloy
steels show improved WSF life. Elements which
strengthen the matrix and grain boundaries and beneficial
compressive stresses may also prevent or prolong WSF.
The inhibition of hydrogen influence by reduced wear,
enhanced corrosion resistance, matrix strengthening and
carbide stabilisation is cited; however, the mechanisms
for improved performance are not fully understood and
solutions may be unacceptably expensive.
12.Surface engineering by formation of protective
films or surface coatings on contacting surfaces which
diffuse into the steel raceway, reducing hydrogen
generation/diffusion and friction from slip can improve
WSEF life, though often their preventative mechanisms
and long term effects on components are unknown.
13.Few systematic studies have been conducted with
the aim of identifying tribological formation drivers in
WSEF, thus making it difficult to identify WSF drivers.
Extensive testing in laboratory is required to understand
mechanisms behind drivers and solutions to help pro-
long lives of wind turbine gearbox bearings.
14.1t is clear from this review that the WSF theories
presented are complex and ideas often speculative. There
is much further work to be conducted to prevent these
failures, especially as the size of wind turbines is rapidly
increasing, resulting in more extreme operating condi-
tions and the quality of steel for larger bearings becoming
more critical. An interesting question is why this failure
has only seemingly surfaced extensively in the last one or
two decades and why it is not more widely known in other
industries apart from automotive and wind.

corrosion and electrical
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