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Abstract: Bearings are vital components that are widely used in modern machinery. Although usually
manufactured with high-strength steels, bearings still suffer from rolling contact fatigue where unique
microstructural alterations take place beneath the contact surface as a result of the complex stress
state. Studying these microstructural alterations is a hot research topic with many efforts in recent
decades. In this respect, the key information regarding four major types of microstructural alterations,
white etching areas/white etching cracks, dark etching regions, white etching bands and light etching
regions is reviewed regarding the phenomenology and formation mechanisms. Then, classical
and state-of-the-art models are established to predict their formation and are summarised and
evaluated. Based on the current research progress, several key questions and paradoxes for each type
of microstructural alteration are raised, suggesting possible research directions in this field.

Keywords: bearing steels; rolling contact fatigue; white etching areas; white etching cracks; white
etching matter; dark etching regions; white etching bands; light etching regions

1. Introduction

Rolling contact fatigue (RCF) is a special type of fatigue occurring in rotational mechanical
components, such as bearings, which are made of high-strength steels [1]. RCF eventually
leads to the failure of components in the form of material removal at contact surfaces [2].
The development of RCF takes place during service where the material experiences repeated
contact loading. Ideally, bearings operating under appropriate conditions are not supposed
to fail in service. However, the improper use of bearings, such as misalignment, lose fit,
corrosion, and poor lubrication, may occur, resulting in overloading or damage to the material
that eventually leads to RCF [2].

In this context, RCF is likely associated with the low cycle fatigue of material. Unlike
conventional fatigue scenarios (uniaxial push/pull, torsion, rotating bending, etc.) with well-
defined and simple stress states, the stress state under rolling contact is rather complex because
contact bodies typically exhibit curved surfaces (for example, bearing races and balls) [3]. This
consequently makes RCF complex, involving unique crack behaviour and material decay.
The contact between curved surfaces is also referred to as Hertzian contact where the shear
stress components peak at the subsurface [3,4]. Therefore, subsurface-induced RCF is the most
frequently observed cause for bearing failures.

During the subsurface-induced RCF of bearing steels, various microstructural alter-
ations are one of the most distinctive features taking place. These microstructural alterations
include white etching areas (WEAs)/white etching cracks (WECs), dark etching regions
(DERs), white etching bands (WEBs) and light etching regions (LERs), which are named
after their colors in contrast to the parent matrix under optical microscopy after etching
with nital.
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The occurrence of these microstructural features alters the mechanical properties of
the material, exhibiting either material hardening or softening, creating interfaces that may
facilitate crack growth [5]. This can severely affect the bearing life. Figure 1 illustrates
the appearance sequence of microstructural alterations at different stages of RCF. The
fatigue index was proposed by Tanaka et al. [6] to quantify the severity of RCF. L10 and L50
represent fatigue lives with 10% and 50% probability failure, respectively.
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Figure 1. Appearance sequence of various microstructural alterations during the RCF of a 100Cr6
bearing steel. The increments of the fatigue index were based on the RCF test conducted with contact
pressure of 3.4 GPa at room temperature. The image is drawn by referring to [7]. The image of WEAs
was adapted from ref. [8], and the image of WECs was adapted from ref. [9]. Copyright 2019 Springer
Nature; the image of DERs was an unpublished image, and the image of WEBs was adapted from
ref. [10].

Since the first observation in 1946 [11], extensive efforts have been made to study
RCF-related microstructural alterations in bearing steels. The phenomenology of these mi-
crostructural features is rather unique and complex, and their occurrence depends on both
the bearing operation conditions and initial microstructure. They all exhibit the decay of the
parent matrix, manifesting the instability of the microstructure as a result of RCF. Without
understanding the nature and underlying physics of these microstrcutral alterations, it is
impossible to accurately evaluate the performance of bearing steels in service.

Figure 2 shows the circumferential and axial sections of a bearing raceway where
microstructural alterations are usually observed. According to the figure, the axial section
is perpendicular to the over-rolling direction (ORD), while the circumferential section is
parallel to the ORD below the centre of contact. The unique directionanlities of some
microstructural features can only be observed from the circumferential section. With
the development of characterisation techniques in recent decades, these microstructural
features have been observed from the micro-scale to the nano-scale and atomic scale [12].

Based on the observations, numerous mechanisms have been proposed to account for
the formation process of these microstructural features. Nonetheless, rolling contact fatigue-
induced microstructural alterations in bearing steels are still a hot research topic with a
number of key problems unsolved. Moreover, modelling and predicting the formation
of these microstructural alterations becomes crucial for the bearing industry where the
reliability of material is highly demanded.
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Figure 2. Sections of a bearing raceway where microstructural alterations are usually observed.

In this respect, this work presents a brief review of rolling contact fatigue-related mi-
crostructural alterations in bearing steels. The phenomenology of various microstructural
features is reviewed first to reveal their microstructural nature, along with the proposed
formation mechanisms based on the experimental observations; then, the models estab-
lished to predict the formation of these microstructural features are reviewed, summarising
the available modelling tools in this field; finally, several unsolved questions in this field
are raised with research directions suggested for future work.

2. Phenomenology and Formation Mechanisms
2.1. WEAs and WECs

As shown in Figure 3a, observing from the circumferential section of a rolling contact
fatigued bearing inner race white etching areas (WEAs) are found adjacent to cracks initiated
from hard phase particles in bearing steels, such as non-metallic inclusions (NMIs) [13] and
carbides [14]. WEAs start to occur at relatively early stages of bearing life, after approximately
0.001L10 [7]. Typically, WEAs appear in a pair on both sides of a hard particle but on only one
side of each crack. Owing to such a unique shape, WEAs are also referred to as butterflies [15].

The typical inclination angle of butterflies is approximately 45◦ with respect to the over-
rolling direction although some studies [14] show that, by increasing the contact pressure, this
angle can be reduced. Nonetheless, this inclination angle makes researchers believe that the
maximum shear stress (τ45) is responsible for the occurrence of WEAs [15]. In addition, the
occurrence of WEAs is dependent upon the over-rolling direction.

As proven experimentally, when the over-rolling direction was reversed, another pair of
WEAs appeared symmetrically [16]. This indicates that surface traction may play a role in
terms of butterfly formation. The subsurface stress state calculated for a pure rolling condition
is unable to explain the asymmetric appearance of WEAs with a given over-rolling direction.
As suggested by Hills et al. [17], the stress state under Hertzian contact can be altered by
slipping, which may further affect the multi-axial initiation of fatigue cracks at inclusions as
analysed by Alfredsson and Olsson [18].

WEAs can be formed in martensitic [19], bainitic [20] and case-hardened bearing
steels [21], and the microstructure of WEAs is distinctly different from the parent matrix.
Currently, the white microstructure decorating cracks is generally referred to as white
etching matter (WEM) [22], not only for the case of butterflies but also for white etching
cracks (WECs). As revealed by electron backscatter diffraction (EBSD) [23] and trans-
mission electron microscopy (TEM) [15,24,25], WEA microstructure consists of ferritic
grains/dislocation cells with their size ranging from 5 to 200 nm (Figure 3b).

The selected area electron diffraction from WEA microstructure exhibited typical
diffraction rings that indicated very small crystal size [24,26]. Such fine microstructure is
the cause for the white etching contrast. The grain/dislocation cell size distribution was
found to be location dependent. As a WEA/butterfly wing consists of two boundaries, one
being a crack and the other being a feathery interface between the WEA and the matrix, it
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was found that the grain/dislocation cell size gradually increases with the distance away
from the crack [19].

Nonetheless, the WEA microstructure is highly dislocated where the dislocation
density was estimated by Grabulov et al. [15] to be 1016–1017 m−2. Carbide dissolution was
also detected during the formation of WEAs where some [15] argued partial dissolution
and the others [24] argued complete dissolution. The extra carbon from the dissolving
carbides is present in the solid solution, and given the limited solubility, carbon in a ferrite
WEA microstructure is therefore carbon supersaturated.

Three-dimensional atom probe tomography (APT) on the WEA microstructure (Figure 3c)
showed that the solute carbon atoms were segregated at dislocation cell walls leaving carbon-
depleted cell interiors [26–28]. It is generally believed that the segregated carbon stabilises
cell walls such that the nano-sized structure is maintained and the grain size in WEAs was
found to be inversely proportional to the local carbon content [29]. However, the overall
carbon content in WEAs decreases during their formation. This phenomenon was first
reported by Kang et al. [26] who conducted APT investigation on WEAs and found the
total carbon content in WEAs to be lower than the nominated composition; however, they
attributed such observations to the limited resolution in terms of the carbon ions in APT.

Later, Curd et al. [30] confirmed the carbon loss in WEAs with an electron probe micro
analyser. Regarding this, the latest explanation is that the lost carbon is present at the crack
surface in the form of graphite [31]. The WEA microstructure exhibits significant material
hardening. Micro-indentation testing showed that the hardness of the WEA microstructure
can be as high as 1000 HV [24]. It is believed that such high hardness stems from both
dislocation hardening and solid-solution hardening from solute carbon atoms [19].

ORD

(a) (b) (c)
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WEM
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Figure 3. Formation of WEAs. (a) Optical image of a pair of WEAs initiated from an inclusion. The
image was adapted from ref. [8]. (b) Unpublished TEM image of the microstructure inside WEM.
(c) APT result of carbon distribution in a dislocation cell in WEM. The image was adapted from
ref. [8].

Similar to butterflies, white etching cracks (WECs) are also cracks decorated by white
etching matter (WEM), the microstructure of which is identical to that of WEAs; however,
WECs appear as crack networks that extend within a larger region at the subsurface
[32]. WECs have drawn significant research attention as they account for the majority of
unpredicted failures of bearing components, sometimes leading to ’premature failures’
[33,34]. Such unpredicted bearing failures are costly in the wind turbine, automotive and
other industry gearboxes [35]. The understanding of the formation mechanism of WECs
and the possible measures to suppress their formation are highly demanded by bearing
manufacturers.
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In this respect, Evans et al. [36–38] conducted systematic characterisation on WECs
in wind turbine bearings and discovered intense interactions between WECs and certain
types of NMIs. Hence, they argued that WECs are extended butterflies. This indicates that
controlling the inclusion microstructure of bearing steels is crucial for bearing life. The
most frequently found butterfly initiators in 100Cr6 bearing steel are Al2O3 [15] and MnS
particles whereas in M50 bearing steel, although the cleanliness is extremely high after
double vacuum metallurgy, butterflies still arise from large carbide particles [14].

Referring to Grabulov et al. [23], who investigated the interface between Al2O3
particles and the steel matrix, interface debonding that yields sufficient rubbing during
rolling contact was argued to be the key to initiating WEM formation. This explains
why WEAs were never found adjacent to Fe3C particles in 100Cr6 bearing steel, which
exhibits good coherence with the steel matrix whilst the carbide particles in M50 bearing
steel (mainly MC and M2C) [21] exhibiting bad coherence with the steel matrix act as
butterfly initiators.

The formation mechanism of the white etching microstructure has been extensively
studied. The main microstructural features of WEM—high dislocation density, ultra fine
grains, carbide deformation and dissolution—strongly indicate the occurrence of severe
plastic deformation (SPD). The origin of such a high degree of plastic strain is generally
believed to be the rubbing of crack surfaces [21,39]. This owes to the unique stress history
under Hertzian contact where the subsurface stress components continue alternating in
direction and magnitude with the ball over-rolling [4].

It was observed that the surfaces of the main branch of a WEC that had been heavily
rubbed were extremely smoothed, whereas the newly formed leading branches still exhib-
ited a kink-type morphology [40]. Furthermore, the non-uniform grain size distribution
in WEM indicates a stress/strain gradient with respect to the distance from the crack [19].
The thickness of well-developed WEM is typically a few microns, suggesting the limit
of influence from crack surface rubbing. As suggested by many researchers [24,29], the
refined grains in WEM are formed by a multi-stage mechanism.

Generally speaking, dislocation multiplication first takes place; the forest dislocations
cluster to from dislocation cell walls with a low energy configuration; then, the cellular
structure further develops by consuming the dislocations in cell interiors and the compact-
ing of cell walls; and finally, the cell walls may develop into grain boundaries with large
misorientations [19]. Accompanying this whole process of plastic strain accommodation is
the decomposition of carbide particles with the excess carbon atoms migrating towards the
cell walls.

According to Fu et al. [8], such carbon migration is assisted by gliding dislocations.
Nonetheless, the amorphization in WEM is a complex process that may involve multiple
mechanisms, considering some other microstructural features observed in WEM, such as
crack traces and micro cavities [41]. Morsdorf et al. [40] also confirmed the presence of
a material flow during WEM formation using Cr as an indicator element. The formation
of WEM was once believed to be a symptom of crack growth that has no influence to the
bearing life [22]; however, increasingly studies [30,31,42] have shown the mutual growth of
cracks and WEM.

In addition, the WEM microstructure resembles that of white etching layers, which are
often formed on repeatedly run rail surfaces. In white etching layers, the parent pearlitic
matrix transforms into an ultrafine crystalline microstructure with significant carbide
dissolution [43]. It is generally accepted [44,45] that the white etching layer microstructure
is a result of repeated SPD caused by surface sliding, which may be similar to the rubbing
of crack faces.
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2.2. DERs

DERs are formed in rolling contact fatigue tested bearing steels under moderate and
high contact pressures, exhibiting martensite decay [46].

A DER usually starts from a certain depth below the contact surface and then further
extends along depth. Such distribution of DERs strongly indicates the influence from
subsurface stress state under Hertzian contact. By comparing the depth range of DERs and
the distribution of various stress components, most authors [47] argued that orthogonal
shear stress was the responsible stress component, whilst some others [48] argued for the
von-Mises stress component. This disagreement may be due to the differences in stress
magnitude and rolling contact geometry in different studies. A DER is composed of dark
patches dispersed in the matrix.

While the area fraction of dark patches varies along depth; with increasing depth, it
first increases rapidly and then gradually decreases to zero. Such variation trends also
agree with that of subsurface shear stresses. For a developing DER, with an increasing
number of cycles, the area occupied by dark patches increases overall, and the depth range
of the DER is widened (Figure 4a). The formation of DERs results in significant material
softening [47,49,50]. The maximum softening extent can reach 150 HV in 100Cr6 bearing
steel [49].

Nonetheless, at relatively high contact pressures (>4 GPa), a hardness increase was
detected in DERs, which is due to the softening effect being outperformed by severe
work hardening. TEM showed that the dark patches in DERs consist of ferrite. Given
the low solubility of carbon in ferrite, the whereabouts of excess carbon becomes a key
issue. Regarding this, the early hypothesis [46] was that carbon atoms were segregated
at dislocations; however, the dislocation density required to accommodate such a large
amount of carbon atoms was estimated to be impossibly high.

Later, Fu et al. [47] utilised APT to study the distribution of carbon in DERs (Figure 4b),
finding that the solid solution was carbon depleted and that the pre-existing carbide pre-
cipitates were thickened. The decrease of carbon content in the solid solution explains the
detected material softening in DERs while the thickening of carbide precipitates explains
the origin of dark etching contrast as nital etchant mainly reveals carbide/matrix inter-
faces. Despite matrix decay, primary spherical carbide particles remain unaltered in DERs.
The formation of globular and elongated grains was found in the DER microstructure
by Smelova et al. [51] using EBSD, and they attributed this phenomenon to dynamic
recrystallization.

A similar opinion was also proposed by Kang et al. [52] who observed a strong
<111>//ND texture, which is typical for recrystallized body-centred-cubic alloys, in DERs.
Given the low operation temperatures of RCF tests, the activation of dynamic recrystallisa-
tion becomes difficult where further theoretical justification by calculating the threshold
conditions is required.

As the microstructure of DERs highly resembles tempered martensite, early studies
postulated that subsurface shearing during RCF causes a localised heat rise [5], leading to the
formation of DERs; however, this postulation lacks experimental evidence. The fact that the
occurrence of DERs can be accelerated by either increasing the contact pressure or temperature
indicates both mechanical and thermodynamic mechanisms operating during DER formation.

On the one hand, Bush et al. [49] found a threshold contact pressure under which
DERs were never formed, and the stress magnitude corresponded to the onset of plastic
flow in bearing steels; on the other hand, the microscopic observations suggest that carbon
redistribution governs the formation of DERs. Following the above experimental results,
Kang et al. [53] proposed a strain-tempering mechanism for DER formation, suggesting that,
under RCF, carbon atoms in the solid solution are dragged by gliding dislocations in the form
of Cottrell atmospheres [54] towards nano-sized carbide precipitates to thicken them.

The process of this strain-tempering mechanism was later modified by Fu et al. [47] and
named dislocation-assisted carbon migration. It is noteworthy that, under this mechanism,
the state of pre-exisiting carbide precipitates plays an essential role in DER formation. These
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nano-sized carbide precipitates are formed during the tempering process of bearing steels,
mainly of θ, ε and η types, and also referred to as transition carbides. For bearing steels
tempered with a relatively low temperature and short time, transition carbides are usually not
fully developed and tend to grow further.

ORD

(a) (b)

DER α

Parent α’

100 μm 100 μm

Prolonged 

over－rolling

Figure 4. Formation of DERs. (a) Optical images showing the development of DERs in a circumferential
section with prolonged over-rolling. The RCF tested was conducted on 100Cr6 bearing steel with a
contact pressure of 3.3 GPa at 70 ◦C for 107 and 108 cycles, respectively. (b) APT investigation of DER
microstructure. The images are adapted from ref. [47].

This provides the thermodynamic driving force for carbide thickening. The dislocation-
assisted carbon flow provides the kinetics for the further growth of carbide precipitates during
RCF. On the contrary, if transition carbides in bearing steels are fully developed, DERs may
never appear despite the presence of dislocation-assisted carbon flow. This may be the reason
why DERs were reported to be eliminated in bearing steels tempered with high temperature
and long times [10,53,55].

2.3. WEBs

At the late stages of bearing life, WEBs start to appear. If a DER is formed in the
first place, WEBs are found at the lower part of it; however, WEBs can also be formed in
the absence of DERs [10]. By comparing the depth range of the WEB formation with the
subsurface stress state, it is generally believed that the maximum shear stress [49] and
von-Mises stress [56] are the main responsible stress components.

According to Figure 5a, observing from the circumferential section, WEBs are classified
into two types: low angle bands (LABs) that are inclined about 30◦ to the contact surface
and high angle bands (HABs) that are inclined about 80◦ to the contact surface. Observing
from the axial section, WEBs are stripes parallel to the contact surface (Figure 5b). Hence, it
can be expected that WEBs are plate-like in three dimensions [10,50]. During RCF, LABs
always appear prior to HABs [5].
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Figure 5. Formation of WEBs. (a) Optical image of LABs and HABs in the circumferential section (image
adapted from ref. [57]). The RCF test was conducted with a contact pressure of 2.9 GPa for 3 × 109 cycles.
(b) Optical image of LABs in axial section (image adapted from ref. [10]). (c) Unpublished SEM image of
a LAB consisting of a ferrite band and a LC. A partially dissolved primary carbide can also be seen.

From both circumferential and axial sections, LABs are long and thin stripes. Fully
developed LABs can reach 50 µm in length; however, their thickness usually saturates at
7–10 µm [58]. With an increasing number of cycles, the number density, formation depth range
and average size of LABs all increase [10,59]. In most of the cases, the structure of LABs is
unique, consisting of white bands and lenticular carbides (LCs) adjacent to them (Figure 5b,c).

Figure 6 is a TEM image of a LAB showing that the microstructure of the white bands is
ferritic, exhibiting dislocation cells that are 100–200 nm in size. The composition of lenticular
carbides was confirmed by Fu et al. [55] to be Fe3C. No carbide precipitates can be found inside
ferrite bands, indicative of carbide dissolution during LAB formation. Moreover, the hardness
of ferrite bands is lower than the unaltered matrix [10] and even lower than the surrounding
DERs [50].

Such hardness reduction is believed to be stem from carbon depletion in ferrite bands. The
outflow of carbon facilitate the precipitation of LCs. HABs, however, are formed on the top
of fully developed LABs in a different direction, consisting of carbon-free ferritic grains and
are about five-times thicker than LABs [60]. Although both appearing as white contrast, the
microstructure of WEBs is distinctly different from that of WEM. The main difference is the
whereabouts of carbon.

WEM with higher hardness than the parent matrix contains a high carbon content in
the solid solution, whilst the ferrite bands in WEBs with significant hardness reduction are
almost carbon free. Considering the stabilization effect of carbon on dislocation cells, this may
explain why the grains in ferrite bands are much coarser [29]. Nonetheless, the rearrangement
of dislocations in ferrite bands suggests plastic deformation [61]. Moreover, the growth of WEBs
can dissolve primary carbide particles standing in their way (Figure 5c).

In 100Cr6 bearing steel, primary carbides contain Cr, and it was found that Cr released
from dissolving was homogenised inside WEBs [51]. It is noteworthy that, in RCF tested M50
and M50-NiL bearing steels, although both LABs and HABs can appear, no LCs were ob-
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served [62–64]. This may be because the carbides in these steels are too stable to decompose [21],
and without carbon concentration, increases in the solid solution LCs are eliminated.

LC

LC

Ferrite band

Figure 6. Unpublished TEM image of a lamella prepared by a focused ion beam of a LAB consisting
of a ferrite band and LCs.

The formation mechanism of WEBs has been debated for decades. Early postulations [11,50]
that WEBs are caused by local temperature rise can be rebutted by the finding of threshold
stresses, which suggest a stress-induced mechanism [49]. Later, Bush et al. [49] proposed an
intrusion–extrusion mechanism for WEB formation by referring to the intrusion–extrusion process
of aluminium and argued LCs to be sheared primary carbide particles. However, the size of LCs is
too large to stem from primary carbides alone, and given the detected carbon depletion in WEBs,
carbon from ferrite bands must have participated the thickening of LCs.

Swahn et al. [46] suggested an energy increase at ferrite boundaries, promoting LC nucleation,
while some [5] argued that a high density of dislocations at the ferrite boundaries provides
favourable LC nucleation sites. In this respect, the driving force for such a carbon outflow and the
associated kinetics become an issue.

Swahn et al. [46] emphasized the energy increase due to plastic deformation to be the
driving force. Buchwald et al. [58] attributed the carbon-migration kinetics to both concentration
gradient and pressure gradient. Becker [24] and Polonsky et al. [65] postulated diffusion-based
mechanisms for LC formation considering carbon supersaturation in ferrite bands caused by
carbon release from Cottrell atmospheres.

The latest explanation to LC formation was proposed by Fu et al. [55] arguing that carbon
atoms in ferrite bands are transported by gliding dislocations toward LCs. Nonetheless, WEBs are
likely stress-induced. The growth of LCs may act as an indicator for LAB development [55,66];
however, LCs are not a requirement for WEB formation, given the observed WEBs in absence of
LCs in M50 bearing steel [62–64].

2.4. LERs

LERs can be found only in bearing steels for aerospace high temperature applications,
such as M50 (through hardened) [62,63,67] and M50-NiL (case-hardened) [64,68]. Due to
the special application scenario of these steels, only a few studies [14,62–64,67–69] have
been reported on LERs. As shown in Figure 7, LERs manifest the decay of parent martensite
consisting of light etching patches dispersed in the matrix.

The depth range of LERs is similar to that of DERs, and thus orthogonal shear stress
can be regarded as the responsible stress component as well. With increasing numbers
of stress cycles, LERs become larger in size and denser in white contrast. Contrary to
DERs that cause material softening, LERs exhibit material hardening. The occurrence and
development of LERs can be effectively promoted by increasing the contact pressure [62].

Although the influence of temperature on LERs has not been studied, it can be con-
cluded that high temperature is a favourable condition for LER formation given that almost
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all reported LERs were observed with RCF testing temperatures higher than 100 ◦C [62,63]
whilst the M50 specimens tested with high contact pressure and room temperature did not
show LERs [14]. The characterisation of LERs is currently limited at the microscale, and the
detailed microstructure of LER is still unclear. Pritz et al. [67] conducted EBSD investigation
on LERs but obtained poor resolution, although a likely preferred grain orientation of (111)
was found.

ORD
ORD

(a) (b)

Figure 7. Formation of LERs in M50 bearing steel observed from axial section (a) and circumferential
section (b). The RCF test was conducted with contact pressure of 2.95 GPa at 127 ◦C for 1.3 × 109 cycles.
The images were unpublished.

The formation mechanism of LERs is not well understood yet. In the reported studies
so far, LERs were attributed to accumulated damage and residual stress [69]. Nonethe-
less, the white contrast is indicative of microstructural refinement, likely with dislocation
rearrangement or carbon redistribution. Therefore, more characterisation work at the
nano-scale and the atomic-scale is demanded to reveal the underlying physics during
LER formation.

2.5. Influence of Hydrogen

High-strength steels, such as bearing steels are prone to hydrogen embrittlement. The
influence of hydrogen on the RCF-related microstructural alterations has been extensively
studied as well. Experimental evidence has shown that hydrogen is no doubt an accelerator
for the occurrence of WEAs/WECs [36,70–74], DERs [73,75] and WEBs [75,76]. Such
accelerating effects of hydrogen were usually attributed to hydrogen-enhanced localised
plasticity (HELP) [77] and hydrogen-promoted crack growth [71]. Except for intended
hydrogen charging in some RCF tests [70,71], the ingress of hydrogen for bearings during
use mainly results from the decomposition of lubricant.

In addition, attention is mainly focused on determining whether hydrogen is the root
cause for WEM formation [78]. In most of the cases [73,79,80], hydrogen was found to
alter the plastic response of bearing steels and consequently accelerate WEM formation.
However, direct evidence showing the correlation between hydrogen and WEA/WEC
initiation is still absent. Nevertheless, a number of studies [81–83] suggest that WECs can
be eliminated with certain lubricant compositions and relate this to the resultant hydrogen
concentration in the material.

3. Predicting Approaches

Considering the reliability and safety of bearing components, predicting the formation
of the RCF-related microstructural alterations is an important but difficult task. As these
microstructural alterations are governed by both external and internal factors, with the
former being the rolling contact conditions and the latter being the initial microstructure.
The established models should incorporate all these factors as input parameters. Moreover,
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although RCF is somehow related to the low cycle fatigue of material, the modelling of
these microstructural features is beyond the framework of low cycle fatigue.

Technically, the modelling strategies presented in the literature can be roughly sum-
marised as numerical modelling that focuses on describing physical processes with math-
ematical derivation. However, it should be noted that disagreements still exist on the
formation mechanisms of some microstructural alterations [12], leading to various models
based upon different grounds. In this section, predicting models for three major types
of microstructural alterations, WEAs, DERs and WEBs, are reviewed and evaluated. No
model has been reported for LERs.

3.1. WEA Models

WEAs or butterflies were modelled at various scales. At the microscale, Rydel et al. [14]
statistically studied the distribution and size of butterflies accompanying carbides in RCF tested
M50 bearing steel and proposed an empirical butterfly nucleation and growth model. According
to the model, the number of stress cycles for a butterfly to nucleate (Ni) is expressed as:

Ni =
c

σvM − σi
(1)

where c is the total accumulated damage required for nucleating a butterfly, σvM is the
local von Mises stress and σi is the threshold stress for butterfly nucleation, which follows
a normal distribution with a given number of carbides. Subsequently, the length of an
individual butterfly (Li) after a certain number of cycles (N) is given by:

Li = biln(N − Ni) (2)

where bi is the individual butterfly growth rate proportional to the size of the associated
carbide. The carbide size was proposed to follow a log-normal distribution. Due to the
statistical nature of the proposed model, it only works for a collection of butterflies, and the
fitting parameters used are highly dependent upon the parent microstructure. Furthermore,
it should be noted that the number of cycles required to nucleate microcracks is also
influenced by the presence of voids as suggested by Dogahe et al. [84]

At the nano scale, based on the APT observations that carbon atoms are segregated
at dislocation cell walls in WEM, Fu et al. [8] employed the dislocation-assisted carbon
migration mechanism to describe dislocation cell formation and to subsequently predict the
occurrence of WEAs. The dislocation-assisted carbon migration mechanism was proposed
by Fu et al. and first used to account for the evolution of LCs in WEBs [55]. This was later
extended to describing the formation process of DERs [47] and finally applied to WEAs
and summarised as a unified theory for rolling contact fatigue-induced microstructural
alterations [8]. The underlying physics of the mechanism are introduced as follows.

Considering the initial martensitic microstructure of a bearing steel, carbon atoms tend
to be segregated at dislocations in the form of Cottrell atmospheres [54]. Then, with the ball
over-rolling on a raceway, the material experiences repetitive stress pulses with each one
representing the advent of a ball at a certain point. Once the stress level exceeds the yield
strength of the material, dislocation glide takes place where dislocations break out of their
original carbon atmospheres and move to new positions. This dislocation movement is
accomplished immediately within a stress pulse, and the time interval before the advent of
the next stress pulse allows carbon atoms to catch up with the gliding dislocations, forming
new Cottrell atmospheres.

This process is repeated during ball over-rolling and thus creates a carbon flux within
the material. Such carbon migration is a combined result of plastic strain and carbon
diffusion. Therefore, it can be expected that the higher the plastic strain, the longer the
distance carbon atoms can migrate; and the higher the temperature, the greater the number
of carbon atoms that can be transported. By referring to Cottrell atmosphere theory [54] and
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the Orowan Equation [61], Fu et al. [8] gave the mathematical form of dislocation-assisted
carbon flux (Jd) as:

Jd =
∆γṄ

b

[
3
(π

2

)3
(

AD
kTṄ

) 2
3
CI

V

]
(3)

where ∆γ is the amplitude of the plastic shear strain within each stress pulse, Ṅ is the stress
cycle frequency, b is the magnitude of the Burgers vector, A is a constant evaluating the
interaction between a dislocation and a carbon atom, D is the diffusion coefficient of carbon
in martensite, k is the Boltzmann constant, T is the temperature, and CI

V is the background
carbon concentration.

In the case of WEM, it was postulated that dislocation cell formation is dominated by
carbon migration from cell interiors to cell walls. The whole process can be quantitatively
described via the carbon flux equilibrium and carbon mass conservation as:

dhc

dN
(Cw

V − Ci
V)Ṅ = Jd (4)

r3
c C0

V = (rc − hc)
3Ci

V +
[
r3

c − (rc − hc)
3
]
Cw

V (5)

where hc is the thickness of the cell wall; N is the number of cycles; Cw
V and Ci

V are the
carbon concentrations in cell walls and cell interiors, respectively; C0

V is the overall carbon
concentration of the steel; and rc is the radius of dislocation cells. Note that CI

V in Jd
here is Ci

V . By solving Equations (4) and (5), a degree of completion curve for dislocation
cell formation can be plotted from which the number of stress cycles required for 100%
dislocation cell completion can be indexed and is regarded as when WEAs appear. By
further assuming that WEA appearance usually happens at 0.001L10 [7], RCF life can be
estimated. The proposed WEA formation model was validated by the experimental results
from various studies [7,8,85].

Moreover, the model by Fu et al. was recently extended by Liang et al. [71] to account
for the acceleration effect of hydrogen on WEA formation. Hydrogen-enhanced localised
plasticity was incorporated into the model via enhanced ∆γ. The model was proven to be
able to replicate numerous experimental observations reported in the literature.

3.2. DER Models

Based on the postulation that DERs are formed by carbide precipitate growth with
the assistance of gliding dislocations, Kang et al. [53] proposed a strain tempering model
to predict hardness reduction in DERs with the first DER formation model. However, the
model yields the prediction that, with increasing contact pressure, DER formation tends to
be retarded, which contradicts experimental observations.

This is due to the model assuming a continuous dislocation movement manner where
the carbon transportation capability of dislocations is negatively correlated with the dislo-
cation speed. In this respect, Fu et al. [47] employed dislocation-assisted carbon migration,
which takes into consideration the stress pulses occurring during rolling contact, to pre-
dict the development of DERs based on the same DER formation mechanism. The core
equations of the model were given as:

drp

dN
(Cp

V − Cm
V )N = Jd (6)

lpC0
V = 2rpCp

V + (lp − 2rp)Cm
V (7)

where rp is the radius of carbide precipitates, lp is the spacing distance between carbide
precipitates, Cp

V and Cm
V are carbon concentrations in carbide precipitates and in the matrix,

respectively. Note that CI
V in Jd is this case is Cm

V . By solving Equations (6) and (7), the
evolution of the carbon content in the matrix can be quantitatively described, which is
subsequently correlated with the development of DERs and the corresponding hardness
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reduction. The model was compared against the reported observations in the literature
over the past 70 years with relatively good agreement obtained.

The DER formation model by Fu et al. was recently employed in various studies, with
some obtaining good predictions while some others argued discrepancies. Kang et al. [86]
incorporated the model into a crystal plasticity and continuum damage mechanics model
for RCF simulation and produced accurate predictions of the DER distribution and lifespan
of 52,100 bearing steel. Kang et al. [52] employed the model to predict the evolution of
DERs in a 0.57C-bearing steel tested with a flat washer, obtaining good predictions. On
the other hand, Abdullah et al. [48] compared the experimental observations from 100Cr6
bearing steel after a number of RCF tests with various contact pressures and temperatures
with the calculation results of the model and argued overprediction. The effects of thermal
diffusion and cyclic plasticity were emphasized.

3.3. WEB Models

Despite numerous key questions remaining unanswered for WEB formation, a great
deal of efforts were made regarding the explanation of the most striking phenomenon in
LABs—the formation of LCs. As it is widely accepted that the carbon participation in the
thickening of LCs is from their adjacent ferrite band, various LAB formation models have
been proposed based on different carbon outflow mechanisms.

Buchwald et al. [58] argued that the presence of both a carbon concentration gradient
and pressure gradient leads to the precipitation of LCs, where the former stems from the
dissolution of pre-existing carbides and the latter stems from localised deformation in a
confined volume. Based on the proposed mechanism, the LC thickening rate was given as:

dlLC
dt

=
D

Cθ
V − C0

V

(
∇C +

C0
V

RT
∇v

)
(8)

where lLC is the thickness of LCs, t is the operation time, Cθ
V is the carbon concentration

in LCs, R is the ideal gas constant, and ∇C and ∇v represent the carbon concentration
gradient and the potential gradient as a result of pressure gradient, respectively, which
were approximated as:

∇c ≈
Cθ

V − C0
V

λ/2
(9)

∇v ≈ W
λ/2

(10)

where λ is the width of a fully developed LAB, and W is the elastic strain energy for
precipitating unit amount of carbide. However, the model by Buchwald et al. requires a
temperature range of 200 ◦C–300 ◦C to reach the experimentally observed LC growth rate,
which is unrealistic for normal RCF tests.

Later, Ponlonsky et al. [65] argued dislocation annihilation to be the driving force for
the outflow of carbon from ferrite bands to LCs. By analysing the carbon flux created by
carbon release during dislocation annihilation, they gave the expression for calculating the
number of cycles for fully developed WEBs (Nb) as:

Nb =
λ2Ṅ

D
(11)

Compared with the model by Buchwald et al., the model by Ponlonsky yields a WEB for-
mation rate closer to the experimental observation; however, the model contains numerous
bold approximations and is unable to account for the progression of WEB or LC formation.

The latest numerical model for LC thickening was proposed by Fu et al. [55] based on
dislocation-assisted carbon migration. Similar to the description of carbon redistribution in
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WEM and DERs, the growth of LCs were depicted by a carbon flux equilibrium equation
and a carbon mass conservation equation:

dlLC
dN

(Cθ
V − Cb

V)Ṅ = Jd (12)

λC0
V = lLCCθ

V + (λ− lLC)Cb
V (13)

where Cb
V is the carbon concentration in ferrite bands, which is also CI

V in Jd. This
model was proven to accurately predict the experimental results by Buchwald et al. [58],
Martin et al. [87] and Fu et al. [55]. The model was also employed by Abdullah et al. [59]
to describe the LC thickness evolution under a very high contact pressure (6 GPa) and high
operation temperatures (100 ◦C and 160 ◦C) to yield accurate predictions.

In addition, Laithy et al. [66] analysed the progressive increase of area covered by
WEBs in martensitic and bainitic bearing steels tested under various RCF conditions and
proposed a semi-empirical model to describe the formation of both LABs and HABs.
The model can produce reasonable predictions but lacks insight into the physics of WEB
formation due to its statistical nature. Furthermore, some key input parameters of the
model were obtained by fitting to a limited type of experimental data, and therefore it is
uncertain whether the model can be extended to other RCF scenarios. Nonetheless, the
semi-empirical model is currently the only model that quantifies the formation of HABs.

4. Future Perspectives

Despite a large number of studies on RCF-related microstructural alterations in bearing
steels in the literature, some issues of experiment and modelling should be noticed. One
of the biggest challenges in the field of RCF is the extremely long testing time. Normal
bearings are designed to run for years, and such a time span is unacceptable for common
scientific research. In order to reduce the data collection time, accelerated RCF tests with
increased contact loads have been widely adopted. However, it is questionable whether
the experimental data obtained from these accelerated RCF tests can reflect real bearing
performance.

Under appropriate bearing operation conditions, the contact pressures should not
exceed the yield strength of material, usually below 2 GPa [21]. However, the most
commonly used contact pressures in accelerated RCF tests were 3–4 GPa [46,49,58], which
definitely triggered plastic deformation. In some reported cases, the contact pressures even
reached as high as 5–6 GPa [14,62].

This is equivalent to conducting a work hardening processing on the material. As the
response of bearing steels is dominated by applied load [60], the observed microstructural
alterations in accelerated RCF tests may stem from totally different mechanisms compared
to those in real bearings. Hence, it is necessary to evaluate the effectiveness of RCF data
in the literature by carefully checking the testing conditions, especially when choosing
modelling mechanisms.

Nonetheless, RCF-related microstructural alterations in bearing steels continue to
be a research hotspot. This is due to the existence of numerous unsolved key questions
and paradoxes. In this respect, several important and interesting research directions are
suggested for future efforts.

White etching areas and white etching cracks are definitely of the greatest interest to
the bearing industry as they are the most relevant microstructural features for unpredictable
bearing failures [33]. Sufficient characterisation work has been accomplished thus far to
reveal the nature of the microstructure in WEM, and thus any further characterisation of
WEM will not lead to fundamental breakthroughs or revolutionary understandings. More
attention should be paid to describing and modelling the formation process of WEAs and
WECs based on such a large amount of experimental findings. In this respect, several key
questions are waiting to be answered.



Metals 2022, 12, 910 15 of 20

• The appearance of a symmetric pair of butterflies with reversed over-rolling directions
strongly indicates the role played by surface traction. Hence, the question arises as
to whether surface traction is the root cause for the initiation of butterflies. If so,
does it mean that, under a pure rolling condition, butterflies can be eliminated? In
addition, how does surface traction act on butterfly initiation? Although surface
sliding can increase the magnitude of subsurface shear stress, this is apparently not
the sole mechanism operating, as four-wing-butterflies would be otherwise produced
by increasing contact pressure, which is not the case. More work should be done to
compare the butterfly formation behaviours under various rolling/sliding conditions.

• Still regarding the symmetry of WEAs and WECs, why does WEM usually appear on
only one side or biased towards one side of a crack? If crack surface rubbing is the
cause for WEM formation, then according to the law of ’action and reaction forces’
the two sides of a crack should have an equal form of WEM, which does not happen.
Hence, there must be a factor causing such asymmetry, which remains undetermined.
This question can be approached via analysing the difference in stress state within
rubbing and rubbed bodies.

• What exactly is the relationship between a growing crack and its adjacent WEM?
Despite the emerging knowledge that cracks and WEM exhibit mutual promotion
behaviour, stronger experimental evidence is required to prove this point. More
attention is also suggested to be paid to the qualitative and quantitative description of
the effect of WEM on the crack growth rate, which determines the contact fatigue life.

Dark etching regions manifest the decay of martensitic matrix in bearing steels. The
latest understanding of DER formation mechanism is dislocation-assisted carbon migration
from the matrix towards pre-existing carbide precipitates [47,53]. In this respect, the
following aspects are suggested for future research.

• The applicability of the DER formation model proposed by Fu et al. [47] to various
types of parent matrix needs to be further studied. As the inputs of the model strongly
depend on the initial microstructure and the plastic response of the material under
cyclic loading, more validation work of the model is required. In addition, referring to
Liang et al. [71], the effect of hydrogen on DER development can also be incorporated
into the model, preferably with experimental validation.

• Under relatively high contact pressures, there exists a competition between work
hardening and material softening in DERs, where the former stems from dislocation
multiplication and the latter stems from carbon loss in the solid solution. Quanti-
tatively describing the effects of these two competitors is crucial for predicting the
evolution of mechanical properties under various testing conditions.

• The impact of DERs on rolling contact fatigue life is still unclear. The key to solving
this problem is to reveal the crack initiation and propagation behaviours in DERs
where coupling crack formation models with the DER formation mechanism is a
reasonable way. Furthermore, the interaction between DERs and WECs/butterflies is
a more complex topic to be investigated.

White etching bands may not be of particular interest to the bearing industry as they
appear at very late stages of bearing life and thus far there is no evidence showing the
relevance between WEBs and bearing failures. Nonetheless, WEBs exhibit a number of
interesting paradoxes that are worth studying from a scientific point of view.

• The unique directionality of WEBs, 30◦ and 80◦ towards the over-rolling direction is
still unexplained. These two inclination angles do not conform to the directions of any
stress components under Hertzian contact. It seems that multiple stress components
operate simultaneously to cause such directionality. Mere static stress state analysis
may be insufficient to tackle this paradox, and the stress history experienced by
subsurface material should be taken into consideration. Solving this problem can also
shed light on the questions as to the absence of WEBs in symmetric and conjugate
directions [65].
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• The appearance sequence of high angle and low angle bands needs to be clarified.
One possible explanation to this question can be that the magnitude of the responsible
stress component for LABs is higher than for HABs, and therefore, under the same
rolling contact conditions, the number of stress cycles required to form HABs is higher.
Again, in order to confirm this, the corresponding responsible stress components for
LABs and HABs must be confirmed first.

• The formation mechanisms of LABs and HABs are still unclear. Although both types
of WEBs show significant plastic deformation in ferrite bands, they differ not only
in directionality but also in shape. The fact that LABs are thin and HABs are thick
suggests different local straining behaviours of the material that need to be studied
separately. A relevant question would be what the limiting factor dominating the
thickening of LABs and HABs is. This requires more detailed characterisation on these
two types of WEBs.

Light etching regions are a type of microstructural transitions that have not been
sufficiently studied. Nonetheless, the formation manner of LERs is quite similar to that of
DERs. Hence, the corresponding key questions are proposed following the research mode
of DERs.

• What is the criterion for LER formation? As LERs only appear in certain types of
bearing steels (M50 and M50-NiL), what is the decisive factor for the type of matrix
decay during RCF, DERs, LERs or nil?

• What is the nature of LERs? More characterisation work at the nano-scale and the atomic
scale is needed to answer this key question. The origin of the white contrast should
be investigated by taking into consideration the dislocation behaviour. The detected
hardness increase in LERs is also associated with possible dislocation rearrangement.

• Does carbon play a role in LER formation? As one of the most important alloying ele-
ments in bearing steels, carbon along with its redistribution dominates the formation
of WEM, DERs and LCs. In the case of LERs, the effect of carbon needs to be clarified
as well. Therefore, more characterisation work focusing on the distribution of carbon
in LERs at the atomic scale, such as atom probe tomography, should be conducted.

• How do cracks initiate and propagate with the presence of LERs? The changes in
the microstructure and mechanical properties in LERs definitely affect fatigue crack
formation. Solving this problem is the key to associating LERs to RCF life.

5. Concluding Remarks

A general understanding regarding rolling contact fatigue-induced microstructural
alterations in bearing steels has been acquired. We reviewed the phenomenology and
formation mechanisms of four types of major microstructural features, WEAs/WECs,
DERs, LABs/HABs and LERs, with a grasp of the key information in the literature. The
prediction of these microstructural alterations is an important aspect in this field, and
hence the classical and state-of-the-art models were introduced and analysed. Based on the
current progress of research, several key questions and paradoxes regarding each type of
microstructural features were raised, suggesting possible future research directions. The
main remarks of this review are concluded as follows:

1. WEAs and WECs are of the most research interest to the bearing industry as they are
directly associated with bearing failures. The characterisation of WEM is sufficient,
while future work is suggested to focus on describing and modelling the formation
process of WEAs and WECs.

2. WEM microstructure resembles that caused by SPD, which is driven by crack surface
rubbing; however, the unsymmetrical appearance of WEM remains unexplained.

3. Fatigue cracks and their decorating WEM may develop mutually. The previous
opinion that WEM is simply a symptom of crack growth is challenged, although
stronger experimental evidence is required.

4. DERs manifest the decay of the martensitic matrix dominated by dislocation-driven
carbon redistribution.
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5. The static stress state alone cannot explain the directionality of WEBs. Solving this
problem is also necessary for tackling the paradoxes as to the absence of WEBs in
symmetric and conjugate directions.

6. LERs have been insufficiently investigated. More characterisation work at the nano-
scale and the atomic-scale is needed to reveal the microstructural nature and the
corresponding formation mechanism. The research methodology may follow that
of DERs.

7. A dislocation-assisted carbon migration mechanism has been applied to the formation
of WEM, DERs and LABs. The input parameters of the theory depend highly upon
the initial microstructure and material response to the applied load, which determine
the prediction accuracy of the derived models.

8. Hydrogen accelerates the occurrence and development of WEAs/WECs, DERs and
WEBs by enhancing dislocation mobility, which can be quantified by considering the
HELP mechanism.
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