Influence of white etching bands formation on integrity of
rolling element bearings

Mostafa El Laithy?, Ling Wang?, Terry J. Harvey?®, Bernd Vierneusel®

“National Center for Advanced Tribology at Southampton (nCATS), University of Southampton, University
Road, Southampton SO17 1BJ, UK

bSchaeffler Technologies AG & Co. KG, Georg-Schdfer-Straf3e 30, 97421 Schweinfurt, Germany

Abstract

The development of subsurface microstructural alterations known as dark etching regions (DERs) and white
etching bands (WEBSs) in rolling element bearings due to rolling contact fatigue have been investigated for the
past eight decades, focusing on their initiation and formation mechanisms. They have only recently been shown
to be driven by repetitive cycles of energy build-up due to micro-plastic deformation and energy release through
recrystallization and recovery, which results in the formation of equiaxed and elongated ferrite grains, as well as
lenticular carbides. These features develop within the bearing subsurface from DER to WEBs during bearing
operation at moderate to high loads, but little evidence has been presented in the literature to understand links
between DER and WEBSs and the nucleation and growth of subsurface cracks. This investigation examines WEBs,
including low angle bands (LABs) and high angle bands (HABs), in detail especially focusing on their late stages
to understand such links. A number of techniques, including optical microscopy, scanning electron microscopy
(SEM) and Energy-dispersive X-ray spectroscopy (EDX) have been used to examine the features involved.
Analysis on WEBs obtained through serial sectioning has revealed that voids initiating at the interface between
lenticular carbides and equiaxed ferrite grain bands within WEBs have led to crack formation which can
subsequently propagate to bearing surfaces. Interactions between WEBs and non-metallic inclusions (NMlIs) are
observed to lead to de-bonding of inclusions from their surrounding microstructure and void formation, which has
also found to influence the integrity of the bearings at late stages. Alumina and Manganese sulphide (MnS)
inclusions are the mostly observed NMIs that de-bond and develop microcracks when interacting with
WEBS. These findings thus provide important insights into the link between inclusions and crack initiation and

represent a further step towards a fundamental understanding of the rolling contact fatigue process.

1. Introduction



The study of rolling contact fatigue (RCF) induced subsurface microstructure alterations in bearing steels has been
investigated for decades [1, 2, 3], amongst which ‘white etching matters’ has been a common feature in several
microstructural alterations including white etching layer (WEL) [4], white etching crack (WEC) , butterflies and
white etching bands (WEBs) [1, 3, 5, 6]. Of the features, WECs and butterflies are ‘localized’ microstructural
alterations. While WEBs are ‘global’ microstructural alterations that form and develop in the highest stressed

regions [1].

A particular interest in studying WECs, which are cracks bordered by white etching area (WEA), has been
developed from its correlation with early bearing failure in various industries such as wind turbine gearboxes,
occurring within 10% of their L life [3]. The formation mechanism of WECs is still not fully confirmed with the
main debate on the order of crack and WEA formation [3, 7, 8, 9]. WEBs and butterflies however are associated
with bearing operation at high number of revolutions i.e., toward, or even beyond their Ljo life [1]. Butterfly
formation, which can cause bearing failure, is generally considered to be caused by the elastic modulus
differences, differing coefficient of thermal expansion (CTE) and the weak interfacial energy between the
inclusion and the matrix generating tensile and shear stresses in the surrounding matrix [10, 11, 12]. This results
in deformation and crack initiation/propagation in a direction comparable to the unidirectional shear stress, which
may be influential in butterfly formation [13, 14, 15]. To the best knowledge of the authors, only two papers have
evidenced cracks interacting with WEBs, by Maharjan et al. [16] and Martin et al. [17]. Martin et al. [17] partially
cut a bearing inner ring that was previously RCF tested at an axial plane and fractured so that the cracking would
proceed from the rolling surface down toward the bore on an axial plane. While this examination consisted on
artificially induced crack in the bearing inner ring, by Maharjan et al. [16] reported cracks developing naturally
within the bearing inner ring during RCF but it was not clear whether the cracks reached the bearing surface or
lead to final bearing failure. Both studies had aimed at proposing a correlation between WEB formation and crack
orientation patterns but had not focused on crack initiation sites, propagation and how such mechanisms impact

microstructural integrity that might lead to final bearing failure.

WEBS typically appear at high numbers of revolutions and their formation is heavily dependent on material heat
treatment and bearing operating conditions such as contact pressure, operating temperature and running time [1,
18, 19,20]. They form within the maximum stress region due to formation of dark etching bands and refinement
of the overall microstructure leading to stress point accumulation causing recrystallization [21]. They firstly
develop in the form of low angle bands (LABs) typically from 100 million cycles, and are orientated

approximately 30° to the rolling direction [22, 23]. As the density of LABs increases, high angle bands (HABs)



develop from 500 million cycles and are orientated at approximately 80° to the rolling direction [23]. LABs and
HAB:s consist of similar features with HABs being typically larger in dimensions than LABs [20, 22]. Also, HABs
are found to initially form within LABs as recrystallized equiaxed ferrite grain due to energy build-up
accumulation in the region, followed by a recovery mechanism in the form of grain rotation/coalescence leading
to the formation elongated ferrite grains which releases carbon initially segregated at grain boundaries to nucleate
as lenticular carbides [24]. The equiaxed and elongated ferrite grains in WEBs (both LABs and HABs) are 30%
and 38% softer than the parent martensitic microstructure respectively while the lenticular carbides are 37% harder
than the steel matrix [24]. Many studies have been conducted on the formation mechanism of WEBs [24, 25, 17,
19] however no results have shown direct links between WEBs and bearing integrity, i.e. whether and how WEBs

contribute to bearing failures.

One of the key parameters that influences bearing material integrity is steel cleanliness, which has been
significantly improved over the years with much fewer and smaller inclusions in high quality bearing steels [26,
27] . However, inclusions cannot be completely removed, hence there is a need to better understand their influence
of bearing integrity in detail. The steel examined in this study meets the high demands of the current bearing
industry. Oxide inclusions such as alumina are found to be more detrimental to bearing life than other types due
to their high brittleness and high hardness (about 2,200 HV) [28, 29]. Studies have shown that oxide inclusions
could break up and lead to debonding from their surrounding matrix and under cyclic stresses hence, forming
cavities that may cause fatigue spall in bearings [1, 28] . Modern bearing steel manufacturers aim to minimize the
presence of such inclusions during manufacturing stage to below 10 ppm [27]. Sulphide inclusions in bearing
steels are found to be softer than parent microstructure, for example MnS inclusions have a hardness ranging
between 150-170 HV, and typically appear to be elongated in shape [1]. This is because, under stress induced
deformation, MnS inclusions elongate, i.e. stretch out following the stress/strain orientations, in contrast to hard
oxide inclusions [28, 30]. Oxides and sulphides have both been linked to the formation of butterflies but not

directly through WEBs so far [3].

The aim of this study is to investigate the influence of WEBs on bearing integrity through the analysis of late-
stage LABs and HABs formed in bearing samples with and without surface spall. Interactions between WEBs and

inclusions have also been examined.

2. Methodology



The investigation has been carried out on a number of 7205 angular contact ball bearings (ACBBs), made from
100Cr6 martensitic bearing steel that were through hardened to 830 HV with SO-stabilization (industrial standard
heat treatment set by controlling annealing temperatures to achieve operational stability at operating temperatures
<150 °C). The bearings have been RCF tested on the L-17 test rig at Schaeffler Technologies (detailed in [30])
at an operating temperature of 80°C lubricated by commercial gear oil (ISO VG 68) resulting in a viscosity ratio
k of 2.69 (ratio of operating viscosity to reference viscosity) under two contact pressures (2.9 and 3.5 GPa) over
a range of stress cycles. The viscosity ratio is used in industry to assess the quality of lubrication film formation,
where a value greater than 2 suggests a fully developed lubricant film [31]. Details of the test conditions and the
samples being analysed in this study are given in Table 1, including five suspended bearings (bearings run for
pre-determined number of cycles without any failure) and one failed bearing with surface spall damages detected

at the inner ring.

Table 1 A summary of the bearing samples and their test conditions.

Stress Cycles Contact Pressure (GPa) Failure
4141x10°
3016 x10°
2341 x10° 2.9 None
1448 x10°
1116 x10°
885 x10° 3.5 Surface Spall

All bearing samples have been examined using standard metallography preparation and microstructural analysis,
including mechanical polishing of cut samples using 6 ,3 ,1 and 0.25 pm diamond suspensions, etched with 2%
Nital before been examined optically using an Olympus BX51 light optical microscope (LOM) and scanning
electron microscopy (SEM) by a JEOL JSM-6500F with an accelerating voltage of 15 kV. Energy dispersive X
ray spectroscopy (EDX) has been conducted on regions of interest using an Oxford Inca 300 for elemental analysis

embedded in the SEM to investigate inclusion composition.

3. Results

All samples in this study have WEBs developed within the microstructure (including LAB and HAB). As
previously reported [23, 24], different developing stages of the WEBs have been observed cross the bearing
samples tested from 1116 million - 4141 million cycles. This study will seek potential microstructural damages

(voids and cracks) around WEBSs.



3.1 WEBs in Suspended Bearing Samples

Figure 1 shows the various stage of microstructural alterations from ecarly stage LABs, shown in Figure 1a),
through densification of LAB regions, shown in Figure 1b), to HAB formation, shown in Figure 1¢). These images
were captured from three samples without any damages (e.g. voids or cracks) detected between the WEBs which
consists of lenticular carbides and ferrite regions (pointed by black and white arrows respectively in Figure 1).

Details of the WEB stages have been previously discussed in [24] by the authors of this paper.

Figure 1: SEM images showing LABs and HABs without damages a) Early stage LABs (1116 million cycles). b) Late stage
development of LAB (3016 million cycles). c) HABs formed from fully developed LABs) (4141 million cycles). Black and white
arrows point to lenticular carbides and equiaxed ferrite regions respectively. Region highlighted in red corresponds to HABs.

While the majority of WEBs develop without any damages (i.e. cracks or voids) as shown in Figure 1, voids or
micro-cracks have however been observed across LABs in several samples, see examples given in Figure 2 and
Figure 3 in late-stage LABs from samples run for 4141 and 3016 million cycles respectively. Both bearings have
developed voids/micro-cracks parallel to LABs between the lenticular carbide and ferrite interface as shown by
the black and white arrows respectively. The micro-cracks observed are of 1 to > 10 pm in length and <2 pm in

width.

A question arose during this study on the nature of these voids/cracks observed in LABs and whether they were a

product of surface preparation and etching or real artifacts developed from the RCF-induced microstructural



transformation in the form of LABs, further detailed analysis of has been conducted through manual serial
sectioning of these features in a late-stage sample run for 4141 million cycles (see Figure 4). Twelve slices were
captured at 1 um intervals, giving a total removal thickness of 12 um. The shown continuity of the crack through
the whole 12 pm thickness as well as the crack getting smaller from slice 1 to 12 suggests it is unlikely an artifact
of etching or polishing. It is interesting to note that the crack appears to be surrounded by the lenticular carbides
(yellow arrows) which becomes more obvious as the crack reduces from Figure 4 (slices 3-8). It can also be seen
from Figure 4 (slices 9-12) that as the crack reduces, a clear interface between the lenticular carbides and ferrite
regions (red arrows) exists in the location where voids used to be. This provides strong evidence of these cracks
originating at the interface of the ferrite region and lenticular carbides which is proposed to be a plane of weakness
in the LABs. It is proposed that these cracks develop at these sites as a consequence of mechanical loading on
weak planes between the ferrite-lenticular carbide or a consequence of potential volume change associated with
the microstructural transformation of martensite to ferrite, which is linked to a reduction in volume. Hence stress
point accumulation at these weak planes could reach a critical point when a high density of the LAB has
developed, leading to void/crack formation across the microstructure. More evidence of these micro-cracks in

etched and unetched samples is explored later in more detail in section 3.2.

Figure 2: SEM images showing various cracks observed across LAB features in a bearing sample run for 4141 million cycles.
Black and white arrows indicate lenticular carbides and equiaxed ferrite grains respectively.
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Figure 3: SEM images showing voids/cracks across LABs in the sample tested for 3016 million cycles a) multiple sub-micron
voids formed across LABs (indicated by red circles);, b) A zoom-in image showing one of the small voids at ~1 um length .c) a
larger void/crack of a few um length. Black and white arrows indicate lenticular carbides and equiaxed ferrite grains
respectively.

Figure 4: SEM images from a serial sectioning of a crack feature observed in LABs in a sample from the 4141 million cycles
bearing, showing 12 consecutive sections at 1 um intervals. Yellow arrows show the lenticular carbides while red arrows
show equiaxed ferrite regions.

The formation of these cracks at the interface of the lenticular carbide/ferrite is strong evidence that these weak



planes can impact the integrity of the microstructure during RCF as the LABs develop. These voids/cracks have
been observed in both dense and sparse regions of LAB as shown in Figure 5 (details on dense and spare WEBs
is discussed in [22]). However, they are more frequent in the regions with dense LABs compared to spare regions.
This coupled with that earliest stage bearing test in this study (run for 1116 million cycles) presenting no voids
across LABs confirms these subsurface cracks are a consequence of LAB formation and densification rather than
metallographic preparation where stress point accumulation at these weak planes could reach a critical point when
dense LAB regions/areas develop. As evidenced from Figures 2-5, these voids/cracks are observed to the LABs
rather than HABs. This could be linked to the formation mechanism reported in [24] where the LABs are
associated with a build-up of energy in the microstructure stemming from the unstable geometry of the carbides

while the HAB is a form of energy release.
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Figure 5: Voids formed in WEB regions in a sample from the 4141 million cycles bearing with zoom-in images b) in a dense
region and c) in a region of sparse LABs.

3.2 Non-metallic Inclusions (NMls) interaction with WEBs in suspended samples

The previous section discussed voids and micro-cracks developing across weak planes of the LABs that lead to
bearing damages however the role of NMIs in steels on bearing integrity is also often questioned. It is well known
that steel cleanliness is a significant factor in bearing life. In this section, interactions between WEBs and
inclusions are investigated. Figure 6 shows a number of SEM images of NMIs observed in the bearing samples
tested for a variety of stress cycles captured at a depth of 60-250 um, which is the region in the subsurface where
WEBS are found to be fully developed [22, 23, 24]. This is to determine whether the interaction between WEBs

and NMIs can initiate or accelerate crack formation. Figure 6a shows an alumina inclusion fully embedded



between a LAB and HAB with micro-cracks observed within the inclusion at orientations similar to LAB and
HAB. A similar observation is recorded in Figure 6¢ for an MnS inclusion, where a small crack is seen to stem
from the edge of the inclusion and a LAB penetrates. This indicates that micro-cracks develop within inclusions
when they are penetrated by WEBs. All inclusions have shown to have de-bonded from the surrounding
microstructure (forming cavities between inclusion/matrix), which are potential failure initiation sites in bearings
and have been more commonly observed in inclusions surrounded by WEB compared to inclusions surrounded
by the parent matrix. Therefore, they are potential failure sites in the bearing microstructure as the coherence of
inclusions with surrounding microstructure is compromised. On the other hand, inclusions positioned away from
WEBs have not shown such cracks or cavities as presented in Figure 7, which was captured from the late stage
bearing sample run for 4141 million cycles. For both duplex (consisting of alumina and MnS) and pure MnS
inclusions in Figure 7a and Figure 7b respectively, good coherence with the surrounding microstructure is
preserved. It should be noted that inclusions observed in this study have a diameter < 10 um, which are smaller

than those typically investigated reported in other features such as butterflies [3, 32].

a) © 4141M Cycles ; b) 3016M Cycles

C) 3016M Cycles % d , 3016M Cycles

2341M Cycles £). - ~2341M Cycles : 1448M Cycles

Alumina

Figure 6: SEM and EDX elemental maps of different inclusions located within the vicinity of WEB from different samples run
for different stress cycles. a,c) Shows microcracks developing within the inclusions at orientations similar to surrounding LAB
and HAB. b,d-g) shows loss of coherence between the inclusion/microstructure interface when surrounded by LAB. Inclusions
a,b,e fare Alumina while c,d are MnS inclusions. g) shows seperate MnS and Alumina inclusions in close proximity.
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Figure 7: SEM and EDX map of inclusions developing away from the WEB region showing a) Duplex inclusion from sample
run for 2341 million cycles and b) MnS inclusions from sample run for 3016 million cycles.

De-bonding of inclusions from the WEB affected surrounding microstructure is also found to lead to easily
removal of the inclusions during metallographic preparation (see examples shown in Figure 8). This loss of
coherence and cavity formation may be linked to the reduction in lattice volume during the transformation of
martensite to ferrite [33, 34]. As the cavities develop around inclusions embedded within the LABs, Figure 8
suggests cracks propagate from the interface of the surrounding matrix/inclusion to the weak planes across the
LABs (lenticular carbide/ferrite interface). The crack formations at the edge of inclusions (see examples shown
in Figure 8a,c) resemble that associated with butterflies. However, no microstructural transformation is observed
along the crack other than LABs. The cracks at the edge of the inclusions in Figure 8a,c also resemble the

voids/cracks observed across LABs shown in Figure 2-4.

Figure 8: SEM images of cracks in the etched surface of samples where inclusions embedded within WEBs have been removed
due to crack formation parallel to LAB and loss of coherency with surrounding microstructure. Images a) and c) where
captured from bearing sample run for 2341 million cycles and b) was captured from sample run for 4141 million cycles.
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Figure 9: a) An optical image of unetched surface from a sample of the bearing run for 4141 million cycles. b) An SEM
image of voids captured within the depth range of LAB where an inclusion was removed during polishing.

To confirm the origin of these features, these cracks have been observed prior to etching on polished surfaces,
where similar cracks are seen (compare the images in Figure 9 with those in Figures 6 & 8). This proves conclusive
evidence that the voids/micro-cracks are real and not an artefact of the surface preparation (etching). To show this
further another sample (4141 million cycles) was optically imaged in an unetched state (Figure 10a), then imaged
after etching (Figure 10b), followed by higher resolution SEM imaging of four sites/features showing crackss
(Figures 10c-f). Figure 10c and Figure 10d show SEM images of cracks surrounding NMIs while Figure 10e and
Figure 10f show cracks developing directly at the weak planes of the LABs discussed in section 3.1. Comparing
the position of these cracks in Figure 10a and Figure 10b demonstrates the development of these features in the

region where WEBs exist rather than regions without WEB.

It is thus concluded that in the bearing samples, without surface damage, cracks are developed with the WEB
region in the subsurface. Cracks are shown to originate from the weak planes of the lenticular carbides and ferrite
regions of the WEBs which is more frequent in late LAB stages (dense regions) and the interaction of WEBs with
inclusions has also shown to contribute to both micro-cracks and loss of inclusion coherence that may lead to
eventual surface spallation. However, since the bearings investigated in this section do not have surface damage
or even crack propagation. The next section will focus on a failed bearing test to investigate the links between

these cracks and bearing failures.
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Figure 10: Examination of bearing sample run for 4141 million cycles showing voids developing within the WEB region in a)
unetched surface and b) etched surface. c-f) SEM images of voids from etched surface in b).

3.3 WEBs and cracks in failed bearing sample

Figure 11 presents optical and SEM images of a circumference cross-section of an inner ring sample from a
bearing with surface spalling failure. Figure 11a shows that the surface spall interacts with the WEBs with a crack
running through the bands in the bearing subsurface. Close inspection of the area has shown that the micro-cracks
propagating across the WEB region parallel with LABs from the SEM images in Figure 11c-e. The microcracks
are observed to align with the interfaces between lenticular carbides (LCs) and the ferrite phases of the LAB as
indicated by the white and black arrows respectively. This is similar to the subsurface cracks observed in the
undamaged bearing samples above. Again, this suggests there are weak planes in the steel at the interface of
between lenticular carbides and equiaxed/elongated ferrite grains contributing to the crack formation, and
ultimately final spallation of the bearing. Details on identifying LCs and ferrites can also be found in [24, 35].
While the study of the suspended samples (non-failed) showed evidence of crack initiation at the weak planes of
the WEBES, the study of the failed sample shows that crack propagation may occur across LABs, reaching the

surface.



Figure 11: a) Optical Image of spall in failed bearing sample in circumferential cross section. b) Optical image of crack
connected to spall bottom and LAB. c) SEM image of microcrack tip showing interaction between crack position and LAB
features. d) Enlarged SEM from c) showing crack propagating between ferrite grains and lenticular carbides of LAB. e) SEM
image of microcrack parallel to lenticular carbide of LAB. Black arrows indicate ferrite grains in the LAB while white arrows
show the lenticular carbides in the LAB.

4. Discussion

The influence of WEBs when they develop in bearings run for very long revolutions on material integrity and
spalling has not been well documented in literature prior to this study. An RCF-tested bearing was partially cut
through on an axial plane and fractured to induce cracking from the raceway to the bore on an axial plane by
Martin et al. [17]. It was reported that the crack proceeded along a straight line normal to the raceway until the
crack reached the WEB region, where the crack orientation changed to be like LAB orientations. However, the
documentation for this evidence is limited. It has been reported by Voskamp [36] that spalls in bearings without
WEB formation have a relatively smooth fractured bottom surface comparing with those with WEBs, which have
a rougher bottom surface due to crack propagating across various LABs in the microstructure. This is similar to
the findings in this study where the failed sample shows a spall with micro-cracks propagating across LABs and
specifically at the interface of ferrite/lenticular carbide. It has been previously reported that the lenticular carbides,
equiaxed ferrite grains and elongated ferrite grains in LABs have a hardness of 9.7 GPa, 5 GPa and 4.4 GPa
respectively [24]. Regions with higher hardness in the microstructure can act as crack deflectors, especially when
surrounded by soft regions (ferrite), making these weak planes become regions susceptible to crack propagation
(Figure 11 and initiation (Figure 2-4). The carbide/ferrite interface are known to be preferential sites for
dislocation pile-up [37], making it susceptible to the accumulation of stress points and hence, crack formation.

However further investigation into the elastic properties at these weak planes could aid in better understanding



how these regions influence crack formation and propagation.

Micro-cracks have been observed in bearings without surface damage tested for stress cycles ranging from 1448
million to 4141 million in this study, while the earliest stage bearing (run for 1116 million cycles) run under 2.9
GPa did not present any voids. This evidence suggests that LABs, especially as they become more developed
(denser) at late stages, could promote final bearing failure through both crack propagation and initiation. The
commonality of these voids/cracks particularly at late-stage samples (higher operating time) in dense closely
packed LAB regions compared to earlier stages LAB [24] suggests these cracks are induced by the microstructural
alterations rather than a defect from metallographic preparation. Serial sectioning of these cracks in Figure 4 also
supports this statement as they may exceed 12 pm in span across the material while the general span of LAB can
extend from 9-102 um [22]. Throughout the serial sectioning, the cracks are observed to be surrounding the
lenticular carbide while the boundary between the lenticular carbides and ferrite grains become more visible as
the crack is polished away (see in Figure 4 (slices 8-12)). The damage mechanism of cracks observed across
LABs is believed to be correlated with the phase transformation process associated with WEB formation. It has
been reported that in dual phase steel, void formation can initiate at interfaces between regions of relatively hard,
untempered martensite and relatively soft bainitic ferrite under RCF [38] and later propagate across the softer
phase. In comparison, the voids/cracks in this study have been develop between the relatively soft ferrite grains
and relatively hard lenticular carbides, while the width of these cracks appear to develop across the ferrite grain

as evidenced in Figure 4 as they are gradually removed in serial sectioning.

In literature, inclusions have been investigated corresponding to the microstructural alteration known as
butterflies, which consists of wings of WEAs growing from inclusions and white etching cracks [3, 8]. In
butterflies, inclusions are considered to be an initiator for their formation due to elastic modulus differences,
differing coefficients of thermal expansion and the weak interfacial energy between the inclusion and matrix
generating tensile and shear stresses in the locally surrounding matrix. While no link between WEB initiation and
inclusions is observed in this study, similar to previous findings [22]. Fully developed WEBs have been observed
to propagate across pre-existing inclusions and lead to loss of coherence between the inclusion and surrounding
matrix. Evidence from Figure 6a also demonstrates that internal cracks may develop within inclusions at similar
orientations to the WEBs penetrating them. While WEB development and growth has been linked to preferential
slip systems aligned at 30° and 80° in LABs and HABs respectively [24, 35], this suggests the orientated slip
systems extends across to the inclusions if embedded within the WEBs. The development of micro-cracks and

loss of coherency of inclusions hence become likely initiation sites for bearing failure. This has been observed in



both Alumina and MnS inclusions which are the most common types in bearing steels (Figure 6a,c).

The crack formation at edges of inclusions (see Figure 7) is similar to that observed in butterflies. These
observations are typically observed at hard inclusions under rolling conditions where cavities develop at the
interfaces due to de-bonding of the two parts [1, 28]. This suggests that the inclusions removed in Figure 7 are
likely to have been hard inclusions such as alumina. Nonetheless, it is frequently observed that cavities form and
inclusions lose their coherence in the region of WEBs compared to areas without WEB formation, as evidenced
in Figure 6 -10. The deformation of these inclusions is more pronounced when surrounded by WEBs which is
likely due to the volume reduction associated with the microstructural transformation of martensite to ferrite,
hence tensile stress build-up in the region could be a factor enhancing the deformation of inclusions compared to
inclusions surrounded by the parent matrix as mentioned previously. FE modelling of MnS inclusions under RCF
has shown stress concentrations accumulating at the edges of the inclusions in a similar geometry to that observed
in butterfly wings [39]. It is also shown that loss of coherence between inclusion and surrounding matrix can lead
to an increase of stress concentration of up to 167% at the edges. The cavity formation around inclusions is also
heavily dependent on the relative hardness difference between the inclusion and surrounding matrix [40]. Hence,
multiple factors appear to contribute to the observed phenomena in this study to explain both the debonding of
inclusions surrounded by WEBs, and the propagation of voids/micro-crack from the inclusion/matrix interface
towards the carbide/ferrite boundary in the WEBs.

It is interesting to compare the inclusion damages (coherence loss, internal cracks in inclusion and cracks across
the steel matrix) caused by WEBs in this study and butterflies which are commonly reported. As previously
mentioned, all inclusion interactions with the WEBs in this study is from inclusions with a diameter below 10 um,
which is smaller than those typically associated with butterflies where inclusion diameters of over 20 um have
been typically reported [32, 41]. Given that some inclusions are observed to have been removed during polishing
(Figures 8 and 9), it is suggested that these inclusions have experienced significant debonding compared to other
microstructural alterations associated with inclusions such as butterflies. However, no crack network is seen to
have developed across the material as in butterflies. Also, micro-cracks appear to grow across the weak planes of
the pre-existing LABs whereas butterflies show cracks across the material with newly developed nanocrystalline
white etching areas surrounding them [1, 3, 6].

The two main contributors to subsurface void/crack formation in bearing steels in this scenario (running for very
high number of revolutions) that can affect the integrity of rolling element bearings is thus summarized in Figure

12, showing how WEBs can contribute to bearing failures through, either a) dislocation pile-up at the



carbide/ferrite interface, leading to void/crack formation at these weak planes, or b) WEB growth through or
around non-metallic inclusions leading to de-bonding of NMIs from the steel matrix as well as micro-crack
formation within inclusions. The majority of cracks observed in this study are related to the NMI/WEB interaction
which suggests inclusions are the likely initiation sites for these micro-cracks while the penetrating WEBs provide

weak planes to cause the propagation of these damages from the inclusions.

WEB growth in rolling element
bearings

Micro-cracks develop
across carbide/ferrite
interface in WEBs

Figure 12: A flow chart illustrating the two routes that WEBs contribute to micro-crack development in rolling bearing steel.

5. Conclusion

This study has focused on analyzing the influence of WEBs (including LABs and HABs) on the integrity of steel
bearings under RCF. A number of tested bearing inner rings at different fatigue stages have been analysed with

and without surface spallation. Conclusions from this study are summarized below:

e  Crack networks branching from the surface spall in a failed bearing sample has shown to propagate
across LABs in its proximity and aligned with the interface between lenticular carbides and the ferrite
grains in the LABs that is considered as a plane of weakness in the microstructure where the carbides
act like as crack deflectors.

e The crack networks leading to the final spall are potentially linked to voids and micro-cracks formed in
WEBsS at earlier stages of the RCF in suspended bearings. Formation of voids in the subsurface of bearing

samples with no spall is observed at the interface of lenticular carbides and ferrite grains of late-stage



LABs. It is more frequent in regions with dense closely packed LABs compared to sparse LABs. The
voids/micro-cracks observed vary in width from 500 nm to 2 pm, the lengths recorded vary from 1 pm
to over 10 pm while serial sectioning has shown that the span of the cracks can exceed 12 pm.

Although the contribution of WEBs to bearing spalling may be minor, WEBs (both LAB and HAB)
growing through inclusions result in loss of coherence of the inclusions from their surrounding matrix
consisting of WEBs. This leads to cavity formation around the inclusion and cracks developing at the

edge of the inclusions and growing through the weak planes (carbide/ferrite interface) of LABs.

Experimental evidence of LABs and HABs contributing to fatigue spalling has been given in this study through

detailed analysis, showing the development of cracks in the subsurface within the WEBs and through interacting

with surrounding inclusions. It has also been shown that WEBs can influence crack propagation in failed samples

and can even cause crack initiation in bearings that have not failed. This manuscript has provided new evidence

in the fundamental understanding of microstructural behavior during the RCF process in bearings and its influence

on the material integrity in bearings operating for very high number of revolutions.
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