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ABSTRACT

Subsurface micro-structural changes such as dark etching region (DER) and white etching bands (WEB)
which develop in bearing steels due to cyclic stresses in rolling contacts, have been studied for decades
and a number of theoretical models have been proposed to explain their formation mechanisms and pre-
dict their initiation. In WEB investigations, studies have generally focused only on one subtype of WEB,
e.g. low angle bands (LAB) or high angle bands (HAB), while the most recent semi-empirical model has
shown to be able to predict the formation of both LAB and HAB based on observed growth patterns
of ferrite grains. Following from the modelling study, this paper presents a detailed mechanistic study,
showing the evolution of ferrite grains (equiaxed and elongated grains) and carbide structures in WEB
formed in inner rings of angular contact ball bearings at their different life stages through SEM, EBSD
and nano-indentation analysis. The results strongly suggest both LAB and HAB initiate as equiaxed ferrite
grains due to recrystallization arising from energy build-up in the initial microstructure that later devel-
ops to elongated ferrite grains through a grain rotation/coalescence recovery mechanism induced from
plastic deformation. The formation of carbide structures in LAB is associated with the transformation of
equiaxed to elongated grains, where carbides nucleate at the edges of the elongated grains rather than
at the equiaxed grain band edges as being previously suggested in literature. The newly proposed forma-
tion mechanism links LAB and HAB based on experimental findings from detailed inspection of gradual
microstructural alteration sequence of LAB and HAB in rolling contact fatigue (RCF) tested bearings.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

within the maximum shear stress regions after being etched in op-
tical images [1-4]. DER is typically found to form from over 5 mil-

Increasing the resistance of bearing steels to rolling contact fa-
tigue (RCF) plays an important role in rolling bearing industry. RCF
is caused by cyclic contact stresses in the bearing rolling elements
and raceways during operation and is usually manifested by sub-
surface microstructural alterations commonly known as dark etch-
ing regions (DER) and white etching bands (WEB). Detailed knowl-
edge of the formation mechanism and properties of these features
and their role in crack formation will support the development of
future bearing steels and better RCF prediction models.

Development of the RCF-induced microstructural alterations
typically begins with the formation of DER, which appears as ran-
domly distributed dark patches in the parent martensite matrix
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lion stress cycles depending on the contact pressure [5,6,2,7]. It has
been proposed that DER forms due to carbon migration from par-
ent martensite to heavily dislocated regions and nano-sized tem-
pered carbides leading to the formation of ferrite grains [1,2,8,9].
A recent study has shown that DER consists of equiaxed and elon-
gated ferrite structures with the former being developed through
recrystallization [10]. However, the evolution of these structures
during the bearing life remains unclear.

WEB develop later in the bearing life compared with DER and
within the maximum shear stress region [3]; and have typically
been found to be within the DER. However, DER is not seen as
the pre-requisite of WEB, e.g. they have been found to form with-
out DER when steels are tempered to a hardness below 720 HV
[11,12]. The density of WEB formed in bearings is found to increase
with the stress cycle and HAB formation follows LAB [3,13]. Based
on fully formed WEB, a previous study has shown that the ferrite

1359-6454/© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/)


https://doi.org/10.1016/j.actamat.2022.117932
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2022.117932&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:mel2g13@soton.ac.uk
https://doi.org/10.1016/j.actamat.2022.117932
http://creativecommons.org/licenses/by/4.0/

M. El Laithy, L. Wang, TJ. Harvey et al.

SEI 150KV X3,300

Acta Materialia 232 (2022) 117932

WD 7.3mm

1um~ WD 7.3mm C SEI 15.0kvV  X11,000 1um

Fig. 1. Images showing the microstructure of the 100C6 steel from a virgin ACBB a) an optical microscope image, b) an SEM image of the area highlighted in a), c) an SEM

image at higher magnification of the area highlighted in b).

grains (both equiaxed and elongated grains) have a general align-
ment of a <111> axis parallel to the over-rolling normal direction
(normal to rolling direction) and based on the Gamma-fibre tex-
tures and higher EBSD pattern quality in the ferrite grains com-
paring with that of the parent martensite microstructure, it was
suggested that recrystallization contributes to the formation of the
WEB [10]. However, no detailed discussions on what conditions
lead to their formation was given. The same study has also sug-
gested that the elongated ferrite grains are deformation induced
based on the evidence that a <111>{112} slip system is found to
be aligned with the elongated ferrite grain long axis direction in
both LAB (~30° to rolling direction) and HAB (~80° to rolling di-
rection).

One of the earliest studies on LAB by Buchwald et al. suggested
that carbon migration occurs due to a stress gradient in local-
ized plastic deformation regions leading to dilational compressive
strains, which dissolves the existing precipitates [14]. This results
in the development of LAB ferrite bands in this region supersatu-
rated with carbon. They suggested that the resulting carbon con-
centration gradient within the band due to the dissolved precipi-
tates acts as a driving force for the migration of carbon from the
ferrite band to the edge of the band where carbide nucleation oc-
curs. Polonsky et al. then proposed that the driving force for car-
bon migration was the stress induced by the release of carbon seg-
regated at dislocations within equiaxed ferrite [15]. They suggested
that dislocation annihilation in the equiaxed ferrite has led to ac-
cumulation of free carbon solute in the band (equiaxed ferrite). As
the free carbon concentration in the band increases due to contin-
uous dislocation annihilation, a concentration gradient is created
driving the diffusion of carbon to the edge of the band and the
nucleation of carbide at the edge of the band. The most recent
theory by Fu et al. proposed that carbon exists in Cottrell atmo-
spheres within the equiaxed ferrite band, and during continuous
cyclic loading, dislocation gliding within a ferrite band results in
carbon migration from the ferrite band to its edge and carbide nu-
cleation and growth [9]. Despite the various drivers proposed for
the carbon migration during LAB formation in literature, it is gen-
erally in agreement that carbon migration across fully developed
ferritic LAB to the ferrite-martensite interface results in lenticu-
lar carbides nucleation and growth. All proposed formation mech-
anisms in literature to date are based on LAB consisting of two
microstructural constituents: equiaxed ferrite grains and lenticu-
lar carbides. The new findings of elongated ferrite grains in WEB
[10] demands an updated theory to explain their formation mech-
anisms.

HAB have not been widely investigated so far especially in their
relation to their formation mechanisms, mainly due to their forma-
tion at a much later stage in bearing life and require much more
resources to investigate, e.g. thousands of hours of RCF tests.. It

is generally accepted that HAB formation require pre-existing LAB
development based on their formation sequence [6]. However lit-
tle evidence has been seen in literature apart from those from the
recent studies conducted by the authors group [3,13], where a link
between the formation of HAB and the density of LAB has been
shown.

This paper focuses on the analysis of microstructures of LAB
and HAB at different formation stages using SEM, EBSD to eluci-
date the formation and evolution mechanisms of WEB as well as
links between LAB and HAB. Nanoindentation tests are conducted
to examine the hardness of each individual features within LAB
and HAB, providing further evidence for their formation mecha-
nism investigation.

2. Methodology

The investigation of WEB in this study has been conducted on
angular contact ball bearings (ACBBs) of type 7205-B subjected to
RCF testing on an L-17 bearing test rig at Schaeffler Technologies
[16]. Bearing samples cut from RCF tested ACBB inner rings are ex-
amined using microscopy techniques following standard metallog-
raphy procedure [3]. The 100Cr6 bearing steel used in the ACBB
rings was martensitic hardened to 830 HV with SO-stabilization
(industrial standard heat treatment set by controlling annealing
temperatures to achieve dimensional stability at operating temper-
atures < 150 °C). The composition of the steel is shown in Table 1
is obtained using spark emission spectroscopy. The microstructure
of the steel samples is a typical martensitic structure consisting of
< 5% retained austenite.

2.1. RCF testing

RCF testing was performed under two different contact pres-
sures of 2.9 GPa and 3.5 GPa over a range of pre-determined stress
cycles to investigate WEB (LAB and HAB) from early to fully devel-
oped stages. Results from representative bearings (listed in Table 2)
are presented in this paper to avoid being overwhelmed by the
significantly large amount of information obtained from this study.
Details of the test rig information can be found in [17]. A virgin
bearing i.e. not being RCF tested, has also been studied for compar-
ison. All bearings were tested at a viscosity ratio x of 2.69 (ratio
of operating viscosity to reference viscosity). No surface damage is
observed in the bearings presented here after the RCF test.

2.2. Microstructural characterization procedure
A standard metallography procedure was employed for sample

preparation and microstructure characterisation, including the suc-
cessive mechanical polishing of bearing cut samples using 6 pm,
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Chemical Composition of the 100Cr6 bearing steel.

Material C Si Mn P

Weight % (Wt%)

S Cr Ni Mo Al

100Cr6 093 03 034 0.1

0.004 149 0.02 0.005 0.003

Table 2
A summary of the ACBBs investigated in this study

Material ~ Contact Pressure (GPa)  Stress Cycles for Inner Ring (Million)

100Cr6 - 0

35 151
679

29 591
1116
1689
3016
4141

* This is a virgin bearing.

3 um, 1 pm and 0.25 pm diamond suspensions. The polished sur-
faces were then etched with 2% Nital to highlight the microstruc-
tural alterations in the samples. Etched samples were then exam-
ined under a JEOL JSM-6500F SEM with an accelerating voltage of
15 kV, followed by an EBSD examination on selected samples after
re-polishing using a JEOL JSM-7000F SEM (equipped a EDAX Pe-
gasus EBSD system) for grain structure analysis. Nano-indentation
has been performed on selected samples using a NanoTest Vantage
(Micro Materials Ltd.) nano-indentation system with a Berkovich
tip to obtain the nano hardness of the features of interests related
to WEB. Prior to nano-indentation and EBSD analysis, the etched
surfaces were re-polished using colloidal silica suspension (OP-S)
to obtain a deformation-free surface with minimal surface rough-
ness in accordance with BS EN ISO 14577-1:2015 standards. The
maximum penetration depth for nanoindentation has been con-
trolled at 50 nm with a fixed load/unloading rate of 0.075 mN/s.
A 45 s dwell time at maximum load was used and thermal drift
correction data was enabled with a collection time of 45 s. The
EBSD analysis includes the investigation of the microstructure us-
ing Inverse Pole Figure (IPF) map to determine grain orientations,
Kernel Average Misorientation (KAM) map to determine misorien-
tation of individual grains, Image Quality (IQ) map to indicate den-
sity of defects in different grains and High-Angle Grain Boundary
(HAGB) map to detect new grain formation.

3. Results

Fig. 1 shows an optical and two SE SEM images of a sam-
ple from a virgin 100Cr6 ACBB, showing a typical plate and lath
martensite microstructure containing spherical primary carbides.

3.1. LAB evolution

This section presents the microstructural features in LAB ob-
served in a range of bearing samples, demonstrating its formation
and evolution mechanisms. Based on the development of three
microstructural alteration features, i.e. equiaxed grains, elongated
grains and lenticular carbides [10], it is found to develop in three
stages.

3.1.1. Early stage LAB

During the initial and early stage, LAB is found to contain short
(<10 pm in length) single equiaxed bands as shown in Fig. 2, es-
pecially in bearings a) after low stress cycles (<1000 million cy-
cles) (Fig. 2 a-c) and b) at the LAB boundaries in samples after high
stress cycles (>1000 million cycles) (Fig. 2 d-i). At this stage, the

bands are of a few pum in length and less than 1 pm in width, and
consist of only equiaxed ferrite grains (indicated by the red arrows
in Fig. 2). Confirmation of the grain structure is given in the EBSD
results presented in Section 3.2. This agrees with previous findings
that LAB formation is heavily influenced by the contact pressure
at the bearing contacts or subsurface shear stresses and that the
density of LAB follows the distribution of the shear stresses in the
subsurface, suggesting that LAB formed at the boundaries of the
WEB region are at an earlier stage than those in the middle of the
region [3,13]. The growth of equiaxed ferrite bands in length and
thickness is found to involve dissolution of an adjacent primary
carbide (see green circle highlighting a dissolving spherical carbide
in Fig. 2e).

3.1.2. Intermediate stage LAB

Following from the early stage single equiaxed bands, as the
band grows, elongated grains are seen to initiate within the bands
accompanied by the initiation and growth of lenticular carbides
adjacent to the elongated grains (see images in Fig. 3), marking the
beginning of the intermediate stage of LAB. The elongated ferrite
grains are thin needle-like structures appearing as groove or crack-
like structures under SEM due to etching [10] (yellow arrows in
Fig. 3b and 3d) while the lenticular carbides are the smooth bright
structures adjacent to the elongated grains due to their resistance
to etching, indicated by red arrows in Figs. 3b and 3d. The lenticu-
lar carbides are also seen to grow in both length and thickness on
both sides of the elongated grain.

As the stress cycle increases, both elongated ferrite grains
and the adjacent lenticular carbides continue to grow across the
equiaxed ferrite band until a ‘cotton-bud’ shape is formed, where
equiaxed ferrite grains form the ‘heads’ and the elongated ferrite
grain and lenticular carbides form the stem (see Fig. 3e and Fig. 3f).
The lenticular carbides areas appear to be very smooth possibly
due to its carbon-rich nature [10].

3.1.3. Late Stage LAB

At the late stage, single bands start to ‘multiply’ and LAB be-
come ‘clusters’ of much thicker and longer bands (see examples
given in Fig. 4). By this stage, it is difficult to identify any single
bands, as they have grown into each other forming large LAB ar-
eas. However, the three features observed in the first two stages,
i.e. equiaxed ferrite grains, elongated ferrite grains and lenticular
carbides, are still in the LAB clusters (indicated by different colours
of arrows in Fig. 4). . Same as that in earlier stages, lenticular car-
bides are found to be adjacent to elongated ferrite grains. This con-
firms that lenticular carbides do not form in equiaxed ferrite grains
structures but form accompanying the formation of elongated fer-
rite grains. As shown in Fig. 4, elongated ferrite grains are thin dark
needles within the region of equiaxed grains and their thickness
varies from 30 to 400 nm (see in Fig. 4b) which is much thin-
ner than the width of the equiaxed ferrite grain bands (range 2 to
8 um) that make up most of the LAB.

3.2. EBSD analysis of LAB

Fig. 5 presents SEM/EBSD images of LAB from a bearing sam-
ple tested under 2.9 GPa for 3016 million cycles, showing both an
early-stage LAB (solid circle) and a relatively late stage (dashed cir-
cle) LAB. Combining information from the BSE/SE SEM with the
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Fig. 2. Images of early stage LAB a) in a sample under 3.5 GPa for 679 million cycles. b) & c¢) SEM images from the region highlighted in a). d) In a sample under 2.9 GPa
for 1116 million cycles. e) & f) SEM images from the region highlighted in d) with LAB from the lower boundary of the WEB region. g) In a sample under 2.9 GPa for 3016
million cycles. h) & i) SEM images from the region highlighted in g) with LAB from the lower boundary of the WEB region. Green area shows the dissolution of a primary
carbide. Boundaries of the single bands are highlighted by yellow dotted line in b),c),e),f),h) and i).

IPF, KAM, IQ and HAGB maps, all captured for the same area, it
can be seen that equiaxed grains appear to have various orien-
tations (Fig. 5b) and a relatively high IQ contrast compared to
the surrounding matrix (Fig. 5d) and low misorientation (Fig. 5c).
This suggests there are less defects in these grains. The elongated
grains, however, are shown to be much coarser comparing with the
equiaxed grains with the long axis parallel to the band orientation
of ~30° for LAB. It has also been found that elongated grains de-
veloped a texture close to <111> axis parallel to the normal direc-
tion (ND) (see in Fig. 5b). The elongated grains also show to have
higher misorientation than that of the equiaxed grains (Fig. 5¢c) as
it transferred from the blue equiaxed grains to green elongated
grains, suggesting that the elongated grains are under the influence
of a shearing component that contributes to the deformation of the
grains. It should be noted that lenticular carbides have not been
indexed under EBSD analysis (appear black in EBSD maps) which
is likely due to the carbide crystallite size being smaller than the
resolution of the EBSD.

3.3. HAB evolution

During later stages of LAB, HAB initiate and grow in the
dense region of LAB [3], which coincides with the maximum
shear stress region in the bearing subsurface [13]. The HAB as
shown in Fig. 6, also consists of equiaxed and elongated grains
similar to those in LAB with relatively larger dimensions, while

during the earliest stage, HAB (see in Fig. 6a) only consists of
equiaxed grains. At a later stage, small elongated grains ap-
pear to form within the equiaxed grain band of larger HAB
(pointed by red arrows in Fig. 6b,c). As HAB grows, the elon-
gated grains grow to be more pronounced (e.g. grows in length)
(Fig. 6d,e). In the meantime, the number of elongated grains also
increases and grows in parallel (seen in Fig. 6¢c-e within a sin-
gle HAB). This is similar to the late stage development of LAB
discussed previously. While the HAB shows a similar formation
process involving equiaxed and elongated grain development as
that in LAB, there is no lenticular carbides forming adjacent to
the elongated grains (Fig. 6). Instead, carbides are found to cu-
mulate at the edges of HAB, which can be easily observed in
Figs. 6b-e.

During the early stage of HAB formation, equiaxed grains form
in dense LAB regions while most of the lenticular carbides and
elongated grains of the LAB are still visible (Fig. 6a). They are seen
to gradually dissolve within the growing HAB i.e. individual HAB
grows in both thickness and length during its intermediate stage
(Fig. 6b). The LAB features remain intact outside the HAB. As the
HAB continue to grow, lenticular carbides in the LAB cumulate and
merge at the boundaries of HAB (see in Fig. 6¢c-e), marking the
late stage of HAB formation. This suggests that the lenticular car-
bides of LAB located at the edge of the HAB act as carbon sinks
for carbon in the HAB equiaxed and elongated grains to migrate
to, forming a smooth and clear boundary between the equiaxed
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Fig. 3. Images of intermediate stage LAB from samples under 2.9 GPa for, a&b) 591 million cycles, c&d) 1116 million cycles, showing elongated ferrite grains formed in the
middle of an LAB of equiaxed grains and lenticular carbides initiated adjacent to the elongated grains (in c) as well much developed lenticular carbides (in d). Yellow arrows
point towards the elongated grains and red arrows indicate lenticular carbides structures. Cotton bud shape of LAB is shown from samples under 2.9 GPa for e) 3016 million
cycles and f) 4141 million cycles where the heads consist of equiaxed grains and the stem consist of elongated grains and lenticular carbides. Boundaries of LAB in SEM

images is highlighted in dotted line.

region of HAB and the newly formed lenticular carbides eventu-
ally (indicated in Fig. 6e). Thus there is no new lenticular carbides
forming adjacent to the elongated grains within in the HAB in the
similar way in LAB. As multiple HAB form, it reaches its final stage
(see in Fig. 6f). The distance between individual HAB at this stage
varies from 2 to 10 pm as shown in Fig. 6f.

3.4. EBSD analysis of HAB

Fig. 7a shows a BSE SEM image of HAB from a bearing sam-
ple tested under 2.9 GPa for 3016 million cycles while Fig. 7b-
e presents the different EBSD analysis of the area highlighted in
Fig. 7a at a higher resolution. To compare with the images shown
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Fig. 4. a) Thick late-stage LAB from sample under 2.9 GPa for 1116 million cycles with LAB boundaries highlighted in dash lines. b) Higher magnification of late stage LAB
showing all three LAB constituents. Red arrows indicate elongated grains, yellow arrows indicate lenticular carbides and green arrows are equiaxed grains.
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Fig. 5. Images of LAB in a bearing sample tested under 2.9 GPa for 3016 million cycles. a) BSE SEM image b) IPF map (bcc, CI>0.1) ¢) KAM map (100nm,5°) (bcc, CI>0.1) d)
1Q map of region e) HAGB map (blue line indicate grain boundaries with misorientations > 15°) and f) SE SEM image. Solid circle highlights an early stage LAB consisting of
only equiaxed grains while the dashed circle highlights a late-stage LAB consisting of both equiaxed and elongated grains. Lenticular carbides remain unindexed in the EBSD
maps and hence appears black adjacent to the elongated grains in EBSD maps.
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Fig. 6. SEM images of different development stages of HAB from bearing samples tested under 2.9 GPa for a) 1116, b)1338, c&d&e) 3016 million cycles showing the evolution
of HAB from early (a) to intermediate (b) and late (c&d&e) stages. Area showing mixture of multiple fully developed LAB and HAB from bearing sample run under 2.9 GPa
for 4141 million cycles is shown in f). Red arrows show the elongated grains within the HAB.

in section 3.3, Fig. 7f shows an SE SEM image of the surface af-
ter being etched. It is difficult to differentiate the elongated grains
from the equiaxed grains in the BSE image shown in Fig. 7a, how-
ever they are easily differentiated in the KAM, IQ, IPF and HAGB
maps shown in Figs. 7b-e). The grain boundaries in the HAGB map
(Fig. 7e) clearly show a difference in grain structure between the
elongated ferrite grains and the surrounding equiaxed grains in the
HAB where the former is much larger in size and has the long

axis parallel to the band orientation (~30° for LAB and ~80° for
HAB). Also, the equiaxed grains in the HAB have shown to have
relatively low misorientation compared to the elongated grains and
surrounding microstructure (Fig. 7c). Equiaxed grains also show a
relatively high IQ contrast evidenced by the higher brightness com-
pared with the surrounding microstructures except the elongated
grains (Fig. 7d). Areas with high IQ contrast (brighter appearance)
are regions with relatively low local strain thus low dislocation
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Fig. 7. HAB in a bearing sample tested under 2.9 GPa for 3016 million cycles shown as a) BSE SEM image and EBSD maps of highlighted area of HAB in a) shown as b) IPF
map (bcc, CI>0.1) showing directions parallel to normal direction ¢) KAM map (100nm,5°) (bcc, CI>0.1) d) IQ Map e) HAGB map (blue line indicates grain boundaries with

misorientations > 15°) and f) SE SEM image.

density and defects, which is a typical outcome of recrystallization
in deformed materials responding to a build-up of stored energy
[18]. Ferrite phases typically have lower internal strains compared
to martensite [19], hence show a higher IQ contrast. This provides
the evidence supporting the hypothesis that equiaxed grains (in
LAB and HAB) are ferritic and are formed likely due to recrystal-
lization [10]. From Fig. 7b, a general alignment of the grain struc-
ture with a <111> axis that is approximately parallel to the normal
direction (ND), particularly the elongated grains, is seen similar to
LAB. Also, the equiaxed grains appear to have a larger variation in
grain orientations comparing with the elongated grains (Fig. 7b).
Fig. 8 presents SEM images of a different HAB observed in the
same sample (2.9 GPa 3016 million cycles), showing a fully formed
elongated grain of about 8 pm in length within the HAB compar-
ing with those at much early stages in Fig. 7. Fig. 8b shows that
the elongated grain has a more distinct texture (uniform colour
in IPF map) and is much bigger comparing with the surround-
ing equiaxed grains which range from 100-300 nm in size with
various grain orientations (based on those shown in Fig. 7 and
Fig. 8). Comparing the structures of the elongated grains in the
two HAB shown in Figs. 7b and 8b, elongated grains in Fig. 7 at
early stage consist of multiple coarse grains surrounded by finer
equiaxed grains with various grain orientations, while that in
Fig. 8 at a late stage, consists of one large elongated grain in a
more uniformed orientation. This suggests elongated grains form
from equiaxed grains through a grain rotation and coalescence pro-
cess. The fully developed elongated grain also shows to have a
build-up of misorientation (Fig. 8d) as the green scale becomes
more dominant across the grain that is likely due to deformation

arising from shearing effect through the plastic deformation of the
newly formed coarse grain.

3.5. Nano-hardness of the microstructural alterations

To confirm and compare the properties of the different mi-
crostructural components in WEB, two types of nano-indentation
measurements have been performed.

The first one was performed on a WEB area with an array of
30 x 35 indents at 1 um spacing between two adjacent indents
on an unetched surface from a bearing sample tested under 2.9
GPa for 4141 million cycles. After hardness test, the surface was
then etched and imaged using SEM (Fig. 9a) to compare the posi-
tion of the microstructural features with the hardness color map
generated from the indentation matrix in Fig. 9b. It clearly shows
that the ferrite bands, in the HAB, have a lower hardness than that
of the parent martensite matrix and the lenticular carbides, with
the latter being much harder than the steel matrix. The lenticular
carbides were found to have a similar hardness to spherical pri-
mary carbides seen at the top of Fig. 9. Furthermore, the softest
regions within the bands is shown to correspond to the position of
the elongated grains in Fig. 9b possibly due to grain coarsening as
observed from the EBSD results.

A second nano-hardness test was then conducted on a WEB
area with an indent matrix of 10 x 46 at a spacing of 3 um be-
tween adjacent indents. After indentation, the surface was imaged
with SEM to determine the exact location of each indent, it was
then etched to identify the microstructural features and again im-
aged with SEM. The two SEM images were then overlayed and the
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Fig. 8. SEM images of a larger HAB in the bearing sample tested under 2.9 GPa for 3016 million cycles. a) BSE SEM image b) IPF map (bcc, CI>0.1) showing directions
parallel to normal direction ¢) HABG map (blue line indicate grain boundaries with misorientations > 15°) d) KAM map (100nm,5°) (bcc, CI>0.1) and e) SE SEM image.
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Fig. 9. a) An SEM image of an area in the subsurface of a bearing tested under 2.9 GPa for 4141 million cycles, showing LAB and HAB features. b) A hardness color map
from a nano-indentation test on an area with LAB and HAB features shown in a) to indicate significant changes in hardness.

indents were categorized into each of the microstructural features
observed (see an SEM image showing locations of the indent in the
WEB in Fig. 10). The penetration depth of the indentation was kept
at 50 nm to provide indents small enough to be fully positioned
within each constituent of the WEB. Only the hardness measure-
ments from indents that are fully embedded within a feature have
been used to calculate the average hardness of that feature. The
analysis of these micro-features at this scale makes it possible to

determine the hardness of equiaxed ferrite grains, elongated ferrite
grains and the lenticular carbides in WEB at the highest precision.
The ‘indents’ on the SEM map were graphically added on the SEM
map of the etched surface after indentation to show the position of
each indent clearly and the corresponding microstructural features.
A minimum of 10 measurements from each constituent have been
used and the averaged hardness values are shown in Table 3, and
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Fig. 10. An SEM image of the etched surface post the nano-indentation test with
3 pm spacing and 50 nm indent depth on a bearing sample tested under 2.9 GPa
for 4141 million cycles. Orange, blue and green triangles indicate positions of the
indents in equiaxed ferrite grains, lenticular carbides and elongated grains respec-
tively.

Table 3

A summary of the averaged nano-hardness
values and their standard deviations for
the three WEB constituents and the parent
steel matrix.

Hardness (GPa)

Equiaxed grains 5.04 + 0.8
Elongated grains 440 + 1.1
Lenticular carbides 9.67 + 1.9
Parent Matrix 71 +19

the hardness follows: lenticular carbides > martensite > equiaxed
grains > elongated grains.

3.6. Interfacial energy of lenticular carbides during LAB to HAB
transition

To investigate the drivers of the transition from LAB to HAB,
interfacial energy of lenticular carbides in LAB and HAB both un-
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der fully developed conditions are compared. Carbide dissolution
has been found to be driven by significant energy build-up that
eventually destabilises carbides [20-22]. The free energy build-up
driving carbide dissolution could arise from i) interfacial energy,
ii) difference in binding energy between C-Fe in the carbide and
C-dislocation and, iii) elastic energy increase in heavily dislocated
regions [20].

The interfacial energy of the carbides (E;c,) can be determined
from Eq. 1 [23], where y is the specific interfacial energy between
ferrite and carbide, V;;, is the molar volume of the cementite and
‘%‘ is the ratio between the surface area of carbide/ferrite and the
volume of the carbides. According to this equation, the change in
interfacial energy of carbides is proportional to the surface area
to volume ratio of the carbides. Hence the comparison between
the surface-volume ratios of the lenticular carbides in a dense LAB
region and a HAB region can provide an insight to the interfacial
energy for the two features.

To achieve this, SEM images of fully developed (late-stage) LAB
and HAB (area of 11 x 15 pm) have been selected for the compar-
ison as shown in Fig. 11a and Fig. 11d respectively. Given that HAB
develops later in dense LAB regions, it is assumed the LAB area in
Fig. 11a would transition to an HAB area similar to that shown in
Fig. 11d had the RCF-test been run for longer. A mask is applied
on the original SEM images (Fig. 11a and Fig. 11d) to highlight the
carbides in both LAB and HAB, as shown in Fig. 11b and 1le re-
spectively. By vertically (into the page) extending the highlighted
carbide areas in Fig. 11b and Fig. 11e by a depth of 44 pm (the
average depth of developed LAB [3]), a 3D model of the carbides
is created for the LAB (Fig. 11c) and HAB (Fig. 11f). The volume of
the carbides in 3D images has then been used to determine the
‘%“ of the lenticular carbides for both cases. Image] is used in the
3D model construction and the measurement of the surface area
and volume of the carbides. The results are summarised in Table 4.

dSA
v (1)

A significant reduction in of approximately 6 times is seen
during the transition from LAB to HAB. This suggests that the con-
tinuous growth of LCs and free-energy build-up during the LAB
development has eventually destabilised the structure and led to
the transition to a lower surface energy structure of HAB. Hence
is suggested that the interfacial energy of LCs is the driver for LC
breakdown in LAB and transition from LAB to HAB. Hence the LAB
to HAB transition can be described as a form of energy release in
the microstructure.

ELCaz )/Vm

dsA

4. Discussions

This study has confirmed that WEB (both LAB and HAB) consist
of three main constituents equiaxed grains, elongated grains and
lenticular carbides tas it has been observed in the recent study
[10]. It has also revealed that LAB and HAB development follow
similar stages and mechanisms although at different scales.

The first stage of microstructural alteration in the formation of
LAB is found to be the formation of very small bands of equiaxed
ferrite grains (Fig. 2). Over the increase of stress cycles during this
stage, the bands grow in both thickness and length to up to 1-2
pum width and 10 um in length. EBSD analysis has shown these
bands have a higher IQ contrast compared to the surrounding ma-
trix, suggesting a lower number of defects, such as strains and dis-
locations, in the bands and ferrite regions [19]. Coupled with the
relatively low misorientation of the equiaxed grains shown in the
KAM maps, this provides a strong evidence that these grains are
ferritic and likely formed due to recrystallization.

Nucleation sites of recrystallized grains arise in regions of mi-
crostructure with relatively high dislocations. Recrystallisation oc-
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Fig. 11. Images of LAB (a-c) and HAB (d-f) in a bearing sample tested under 2.9 GPa for 3016 million cycles. a&d) SEM images, b&e) after mask is applied to a&b, highlighting
the carbides in the area, c&f) re-constructed 3D images of b&e, showing carbides in the area (average depth of 44 pm is applied).

Table 4

A summary of the volume and surface area measurements of LCs in the LAB and HAB shown in

Figure 11

LCs associated with LAB

LCs associated with HAB

Volume (um?) 4,994 5,376
Surface Area (um?) 203,003 34,588
Surface Area [ Volume Ratio 'jf—‘f (um-1)  40.65 6.43

curs as a way of releasing the energy built-up due to local plas-
tic deformation. According to the observations of LAB being devel-
oped within DERs [2,6], there might be a significant energy build-
up within DER that leads to this recrystallization process during
LAB formation. For the cases where LAB form without DER in
softer steels (hardness lower than 720 HV) [11,12], it suggests that
in softer steels, energy build-up must have occurred in the mi-
crostructure at much earlier stage without the need of DER for-
mation, which has been reported to be a ‘softening’ process [1].
Hence, an initial energy build-up in the microstructure may be the
driver of LAB initiation or first recrystallisation. While the forma-
tion of stressed points in the microstructure leading to the first
recrystallisation (LAB nucleation) remains unclear, the nucleation
of HAB during the second recrystallization stage is believed to be
correlated with the lenticular carbides destabilisation in LAB. This
has been demonstrated by the substantial interfacial energy reduc-
tion during the transition from LAB to HAB. It has also shown that
the equiaxed grains in LAB cause breakdown of pre-existing mi-
crostructure such as primary carbides within the bands (as shown
in Fig. 2e).

Various studies have investigated the influence of plastic de-
formation on cementite dissolution in steel microstructures and
the factors influencing the stability of the carbides. The driving
force for carbide dissolution in the microstructure is the supply
of energy that is sufficient to destabilise the carbide. The energy
could arise from the interfacial energy that increases the Gibbs
free energy of the carbide [20]. The interfacial energy is heavily
dependent on the surface area to volume ratio ‘%‘ of the car-
bide. Shapes with a low %4 demonstrate a lower interfacial en-
ergy and greater stability, which explains why primary carbides
are typically spherical. As shown in Table 4, the thin and long
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and densely packed lenticular carbides in the late stage LAB have
a much higher ‘f%‘f ratio (6 times) comparing that of the lenticu-
lar carbides surrounding HAB, thus the transition from LAB to HAB
would make the carbides much more stable structures. It has also
been reported that ferrite/carbide interfaces are preferential sites
for dislocation pile-up, causing an increase in the interaction en-
ergy which can exceed the binding energy of C-Fe leading to the
break of C-Fe bonds in carbides [21,22], hence the subsequent re-
crystallisation (HAB nucleation) is a way of reducing the overall
energy in the system due to the build-up of dislocation pile-ups
at the ferrite/carbide boundary in LAB. This also explains why HAB
initiates from the dense region of LAB [3,13].

The developed equiaxed ferrite grains either in the LAB or the
HAB appear to later transform towards elongated grains which
have a preferential orientation close to a <111> direction // ND
which is similar to a previous study [10] and typically observed in
cold rolled steel. However, during the early stages, elongated fer-
rite grains appear as small slightly distorted individual grains that
are coarser than the surrounding equiaxed grains (Fig. 7) showing
little variation in their orientations. Later, multiple grains started
to align and elongate at approximately 80° to the rolling direction
(see in Fig. 8), showing coalescence of the individual grains into a
longer elongated grain within the HAB. Based on the grain struc-
tures shown in Fig. 5, a similar process is proposed in the LAB.
During this process, grain rotation/coalescence appears to have oc-
curred. Similar process has been reported in nanocrystalline metals
when plastic deformation results in texture development through
rotation of adjacent grains across preferential slip systems and
eventually leads to coalescence as a form of grain growth (illus-
trated in Fig. 12) [24-28]. Within the grain pair, due to plastic de-
formation one grain rotates to align with the adjacent grain result-
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Fig. 12. An illustration of the grain rotation and coalescence theory due to plastic deformation in nanocrystalline materials, showing a) rotation of one of two adjacent
grains with a high-angle grain boundary. b) The high-angle grain boundary become a low-angle grain boundary after the grain rotation c) fully coalesced grains resulting in

a coarser and elongated grain. Figure adapted from [24].

ing in the reduction of the initial high-angle grain boundary AB in
Fig. 12a to a low angle grain boundary in Fig. 12b and the grains
eventually coalescence as shown in Fig. 12c through the elimina-
tion of the adjacent grain boundary between the two grains. This
is believed to be a form of recovery in the microstructure driven
by the reduction of the boundary energy of the system [24,28].
This explains the formation of the elongated grains shown in Fig. 7,
where the initial individual grains coarser than the equiaxed grains
with a similar grain orientation (after rotation) have grown (coa-
lesce) into longer grains (the elongated grains) as shown in Fig. 8.
Within the ~8 um elongated grain, some low-angle grain bound-
aries are still visible (green lines in Fig. 8c) suggesting a possible
transition from high-to-low angle grain boundaries and eventually
fully coalescence. It has been previously proposed that the elon-
gated grains in both LAB and HAB show a <111>{112} slip system
aligned with the long axis of both bands (30° and 80° to the rolling
direction respectively) [10], which agrees with the findings from
this study that plastic deformation of the equiaxed regions in WEB
occurs through grain rotation towards preferential slip systems
that are likely aligned with the shearing component responsible for
the LAB and HAB orientations. The alignment of grains results is a
form of recovery through the elimination of common grain bound-
aries and grain growth thus the formation of elongated grains. The
proposed alignment of the elongated grains with a shear compo-
nent is based on the higher deformation observed compared to the
surrounding more randomly orientated equiaxed grains (see KAM
maps in Figs. 5¢, 7c and 8d). Modelling of uniaxial testing con-
ducted by Chen et al. [39] has shown that activation of slip systems
conforms with the highest Schmid factor in each grain which is in-
fluenced by the grain orientation. Given that the elongated grains
with an established texture are more deformed (based on KAM
maps) compared to the surrounding equiaxed grains which have
more heterogeneous orientations suggests a maximum Schmid fac-
tor associated with the LAB and HAB orientations. However, mod-
elling of the local microstructure prior to LAB and HAB formation
(including closely-packed carbides) would be required to further
investigate this.

The coarse grains of the elongated grains are also evidenced
from the nano-indentation analysis, where they show to have a
lower hardness comparing with the surrounding equiaxed grains.
The overall hardness of the LAB and HAB is lower than that of the
martensitic parent matrix, suggesting that they are ferritic struc-
tures. Hardness values of equiaxed grains and lenticular carbide
in WEB reported by Smelova et al. [10] being 4.2-6 GPa and 9-
11 GPa respectively are similar to those obtained in this study
(5.04 + 0.8 GPa and 9.67 + 1.9 GPa respectively), however a much
smaller indentation size has been used in this study to ensure that
the indent falls well within an individual feature, e.g. equiaxed and
elongated grains, without overlapping the neighboring microstruc-
tures. Previous hardness tests, as discussed by the authors [10],
used an indent size which was comparable to some of the features
that has caused some uncertainty in their measurements. This is
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addressed in this study by using an indent size smaller that the
size of the features. It is also interesting to see that the primary
carbides have a similar hardness to the lenticular carbides (shown
in Fig. 9) or carbon-rich areas as reported in [10]. Nonetheless, fur-
ther investigation is required to compare primary carbides in the
microstructure with lenticular carbides in LAB.

5. Proposed formation and evolution mechanism of LAB and
HAB

5.1. LAB formation mechanisms

Based on the characteristics of LAB found in SEM analysis us-
ing a range of techniques, the evolution of the LAB has been de-
fined as three stages. The initial or early stage of LAB is charac-
terized by the formation of equiaxed ferrite grains as a band that
grows in length and thickness (Fig. 13a and 13b). This is followed
by the formation of elongated ferrite grains within the equiaxed
grain band (Fig. 13c) accompanied by lenticular carbide formation
adjacent to the elongated grains. The growth of both the elongated
ferrite grains and the lenticular carbides across the equiaxed ferrite
grain band results in the commonly observed ‘cotton-bud’ shape
shown in Fig. 13d. This cotton-bud shape has a ‘head’ consisting
of equiaxed grain and the ‘stem’ section of the shape consisting of
elongated ferrite grains and lenticular carbides. For larger equiaxed
ferrite grain bands, multiple elongated grains surrounded by lentic-
ular carbides may develop within the band parallel to each other
which is considered the late stage of LAB (Fig. 13e).

Most past literature have suggested that lenticular carbides nu-
cleate at the edges of the equiaxed grained LAB [9,29,15,30,5] [31-
33,14,34], which is unfortunate against the SEM evidence obtained
from this study. As shown above, lenticular carbides originate at
the edges of elongated ferrite grains and developed within the
equiaxed grains of the LAB rather than at the edges of the LAB
equiaxed grain region.

A possible explanation for the nucleation of the lenticular car-
bides at these sites is by the grain rotation-coalescence theory dis-
cussed above. APT analysis of white-etching matter such as WECs
and WEAs have shown that in equiaxed ferrite grains, the car-
bon is typically segregated at the grain boundaries rather than
inside the grain due to the incompatibility of the carbon with
the ferrite matrix [35,36]. Assuming a similar arrangement in the
equiaxed ferrite grains of LAB, carbon would also be segregated at
the grain boundaries. Hence during the transformation of equiaxed
to elongated ferrite grains as a form of recovery, the elimina-
tion of adjacent grain boundaries during coalescence would release
the segregated carbon atoms leading to a diffusion of carbon to-
wards the grain boundaries of the newly formed elongated ferrite
grain which would have a higher carbon concentration compared
to the carbon concentration in the grain boundaries of the initial
equiaxed grains. Thus it becomes possible that lenticular carbides
nucleate at the edge of the elongated grains once enough carbon
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Fig. 13. A schematic showing LAB evolution from the initial stage as a small band consisting equiaxed grain (a) growing in length and thickness (b). During the intermediate
stage (c), elongated grains develop within the equiaxed grained band and eventually lenticular carbides nucleate at the edge of the elongated grains and grows leading to
the cotton-bud shape shown in (d). At the latest stage, LAB multiplies forming dense LAB areas showing in (e).
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Fig. 14. A schematic of the formation of elongated grains and lenticular carbides in LAB. a) Equiaxed grains of various orientations in LAB with carbon segregated at grain
boundaries. b) Grain rotation and coalescence in LAB leading to formation of elongated grains. c) A fully developed elongated grain where carbon in the elongated grain
boundaries due to coalescence have migrated to the boundaries of the elongated grains leading to nucleation of lenticular carbides. Yellow marks indicate carbon.

has accumulated during coalescence. The carbon diffusion in this
instance may be driven by dislocation-assisted carbon diffusion or
free carbon diffusion as it was suggested in [9].

Due to the much shorter distance that carbon atoms actually
travel, about 50 - 300 nm as opposed to the literature suggested
9 pum [29], it is thus understandable that the theoretical mod-
els in literature provide a much later LAB initiation prediction
[9,29,14,15,37] than that from this study [13]. This has been fur-
ther demonstrated by the formation of multiple elongated grain-
LCs structures during the late stages of LAB development. However,
the lenticular carbides could grow much thicker than that of elon-
gated ferrite grains, suggesting that the nucleated carbides also act
as carbon sinks driving the carbon in surrounding equiaxed ferrite
grains to migrate to the LCs (likely due to dislocation-assisted dif-
fusion [9]). It is therefore important to differentiate between the
nucleation stage of the lenticular carbide (where free carbon diffu-
sion plays a role) and the growth of the carbide after nucleation
due to dislocation-assisted diffusion. A schematic of the forma-
tion of elongated grains and lenticular carbides in LAB is shown
in Fig. 14.

5.2. HAB formation mechanisms

Looking at the HAB which form later in the bearing life, charac-
teristics similar to LAB are observed, e.g. starting from the forma-
tion of equiaxed ferrite grains (Fig. 6a) followed by the formation
of elongated grains within the equiaxed grain region (Fig. 6b-e)
and then lenticular carbides growing at the edges of HAB equiaxed
grain region instead of adjacent to elongated grains. A schematic
of the HAB formation stages is shown in Fig. 15. The high IQ con-
trast and low misorientation of equiaxed grains (Fig. 7) suggests
they are products of recrystallization similar to that in LAB. As HAB
grows, the pre-existing LAB features such as lenticular carbides dis-
solve within the newly formed HAB and the LCs at the edges of
HAB act as carbon sinks for carbon inside the HAB to migrate to
the edges (Fig. 7c-e). As discussed above, the driver of equiaxed
grains formation in HAB (initial stage HAB) is most likely the high
interfacial energy of the close-packed lenticular carbides in late
stage LAB, which leads to an energy build-up locally to be released
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via recrystallization to break down the lenticular carbides. At the
early-stage of LAB, when they are scattered single bands, the en-
ergy build-up across individual lenticular carbides is insignificant,
which later becomes significant and drives the formation of HAB
due to the growth in size of LCs and formation of dense closely
packed LAB. The energy build-up in LAB is thus the driver for HAB
initiation through recrystallization where LCs break down to more
stable geometries releasing the stored energy in the region. The
dissolution of the pre-existing lenticular carbides in LAB within the
HAB results in free carbon releasing and migrating to the carbides
outside the HAB (see Fig. 15e) causing LC thickening at the HAB
boundaries. This suggests that the LCs act as carbon sinks that also
attract carbon from the equiaxed grains to the carbide given the
incompatibility of carbon in the ferrite matrix of the band. The
much lower interfacial energy of the LCs in HAB comparing that of
the LAB, (see their surface-volume ratios in Table 4) suggests that
a second stage recrystallization takes place during HAB formation.

As mentioned above, the major difference between HAB and
LAB is that no new lenticular carbides develop adjacent to the
elongated grains of the HAB. This could be explained by differ-
ence in the surrounding microstructures of LAB and HAB during
their initiation. For LAB, it is seen in Fig. 2e that primary carbides
(circled in green) in the path of the equiaxed ferrite bands dis-
solve which likely results in carbon accumulation within the bands.
This is an expected observation during recrystallization where pre-
existing features breakdown during the formation of new grains.
This suggests that pre-existing features such as primary carbides,
tempered carbides or even the martensitic matrix all of which
typically have a relatively higher carbon content dissolve within
the equiaxed grains of the band leading to carbon build-up in the
LAB. Once the elongated grains develop, lenticular carbides nucle-
ate which then acts as carbon sinks to reduce the carbon accumu-
lation within the band [9]. Prior to the nucleation of the lenticu-
lar carbide with the elongated grains, there are no obvious carbon
sinks leading to the carbon saturation of the band.

Another important element in this is the role of dislocations,
i.e. how they contribute to the nucleation and growth of lentic-
ular carbides and their eventual dissolution during HAB forma-
tion. In LAB, lenticular carbides nucleate at the edges of elon-
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Fig. 15. A schematic showing the HAB evolution process starting from a) dense LAB region b) equiaxed HAB forming in region with dense close-packed LAB c) breakdown
of pre-existing features such as lenticular carbides within the HAB and the carbides thicken/merge at the HAB edge making clear boundary. d) Elongated grains develop
gradually within the equiaxed grains of HAB. e) The breakdown of lenticular carbides within HAB (transition from b-c) where the resulting free carbon in the HAB later
migrates to remaining lenticular carbides at the edge which act as carbon sinks and the HAB becomes a sort of diffusion channel. Arrows indicate the direction of migration

of excess free carbon in the band.

gated grains during their formation through rotation/coalescence
of equiaxed grains, where gradual elimination of common bound-
aries releases the initially segregated carbon, leading to carbon mi-
gration to newly formed grain boundaries of the elongated grains
through dislocation-assisted migration [9] or free carbon diffusion
which is possible due to the small diffusion distance of 50-300 nm
discussed previously. Initially, it would be the dislocation-assisted
carbon migration that leads to the thickening of carbides as well as
pile-up of dislocations at carbide interface. As lenticular carbides
grow, its %‘ increases, leading to a build-up of dislocations at its
edge and increase in interfacial energy until it is higher than the
binding energy of C-Fe, leading to their dissolution that initiates

HAB.
The initial carbon build-up in the equiaxed grains in a HAB
is likely to originate from the breakdown of lenticular carbides
within the band. However, at the early formation stage, HAB are
surrounded by multiple LAB (consisting of multiple lenticular car-
bides) which can attract carbon from the equiaxed grains of the
HAB prior to the formation of elongated ferrite grains due to defor-
mation. This is evidenced from Fig. 6 where continuous thickening
of the lenticular carbides at the edges of the HAB (see schematic
in Fig. 15b-c and 15e). Hence when the elongated grains develop
(see Fig. 15d), there is no significant carbon available any more to
accumulate at the edges of the newly formed elongated grains. An
earlier study has suggested through microprobe analysis that HAB
have a lower carbon content compared to LAB which would sup-
port the theory that there is less carbon accumulation in the HAB
equiaxed grains than the LAB equiaxed grains when the elongated

grains develop [6,38].

6. Conclusion

This study has analysed both LAB and HAB formed in ACBBs us-
ing SEM, EBSD and nanoindentation techniques. Detailed analysis
has provided evidence of the three main constituents in LAB and
HAB being equiaxed grains, elongated grains and lenticular car-
bides. The samples tested at a range of stress cycles have enable
the elucidating of LAB and HAB evolution mechanisms. A forma-
tion mechanism theory is thus proposed based on the experimen-

tal findings.

- LAB form in three stages: at the early stage, bands of equiaxed
ferrite grains develop within the maximum shear stress region.
As the equiaxed ferrite band grows in length and thickness, the
intermediate stage shows elongated ferrite grains developing
within these bands due to plastic deformation with lenticular
carbides nucleating at the edge of the elongated grains. These
carbides grow in thickness across the equiaxed ferrite grains of
the LAB. At late-stage multiple densely packed bands merge to-
gether leading to large regions of LAB fully consuming the par-

ent microstructure.

» HAB is observed initially as a band of equiaxed ferrite grains
developing within regions of dense late stage LAB where pre-
existing features such as the LAB constituents (elongated grains,
lenticular carbides) gradually breakdown as the equiaxed HAB
grows in length and thickness. Later stages of the HAB show
elongated grains later develop within the equiaxed bands sim-
ilar to LAB. In late stages, lenticular carbides at the edges of
the HAB continue to thicken and merge together creating clear
boundaries between the HAB and the remaining lenticular car-
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bides surrounding the HAB. Unlike LAB, no new lenticular car-
bides develop parallel to the HAB.

The formation of equiaxed ferrite grains in both LAB and HAB
is most likely a result of recrystallization to release the energy-
build-up in the system during operation. Fully developed lentic-
ular carbides during LAB formation show an unstable struc-
ture with a high surface-volume ratio. The build-up of closely
packed lenticular carbides in high LAB density regions leads to
local energy-build up in the microstructure which is released
through a recrystallization stage (HAB formation) which breaks
down the lenticular carbides into more stable geometries by re-
ducing the interfacial energy of the carbides. A similar energy
build up in the initial microstructure is believed to contribute
to the initiation of the LAB recrystallization stage.

The formation of elongated grains within the recrystalized
equiaxed ferrite grains in LAB and HAB is a form of recovery
due to plastic deformation induced grain rotation and coales-
cence driven by the reduction of the overall grain boundary.
In LAB, this occurs in carbon-saturated equiaxed grains, hence
the elimination of grain boundaries results in the release of car-
bon and its accumulation at the grain boundaries of the elon-
gated resulting in the nucleation of lenticular carbides rather
than carbon migration across the whole equiaxed ferrite band.
In HAB, adjacent lenticular carbides act as carbon sinks driving
carbon migration from the equiaxed grains to the carbides. This
depletes the equiaxed band prior to the formation of elongated
grains, hence no new lenticular carbides are formed in HAB un-
like LAB.

This study has successfully recorded the gradual RCF-induced
transformation of LAB and HAB in the subsurface microstructure of
ACBBs. It is concluded that the formation of both LAB and HAB is
influenced by energy build up and release in the steel microstruc-
ture driven by recurring recrystallization and recovery mechanisms
that occurs during bearing operation. However, the stress compo-
nents responsible for such an energy build-up and the orientation
of such components remain unclear. Modelling of the initial local
microstructure (parent microstructure and DER) prior to LAB for-
mation and the initial local microstructure prior to HAB formation
(closely-packed LAB consisting of ferrite bands and lenticular car-
bides) may assist in resolving the stress/strain components respon-
sible for these transformations and their orientations.
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