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Abstract: The formation of white etching bands (WEBs) occurs at the subsurface of rolling
contact-fatigued bearing inner rings, exhibiting microstructural decay detrimental to bearing life.
Despite the fact that WEBs have been observed in bearing steels for nearly 70 years, the understanding
of WEB formation is still limited and mostly qualitative. Therefore, a systematic investigation
is carried out in this research to reveal the evolution of WEBs with respect to the number of
contact cycles. WEBs formed at different stages are reproduced by full-scale bearing RCF tests with
predetermined numbers of cycles. Multi-scale characterisation techniques such as optical microscopy,
micro-indentation, scanning and transmission electron microscopy and atomic force microscopy are
conducted on the microstructural alterations to study the development and microstructure of WEBs.
WEBs are found in the absence of dark etching regions which is attributed to the heat treatment.
With an increasing number of cycles, WEBs grow in number density and in all three dimensions,
and their formation is found to be controlled by the maximum shear stress component. Ferrite bands
within WEBs that contain dislocation cells manifest accumulated plastic strain in the material. Based
on the characterisation results, the evolution of plastic strain under RCF is quantified.

Keywords: bearing steels; rolling contact-fatigue; white etching bands; lenticular carbides;
microstructural alterations; martensite decay; dislocation density estimation

1. Introduction

The formation of white etching bands (WEBs) occurs in martensitic 100Cr6 bearing steels at very
high stress cycles (usually > 108 cycles) during rolling contact-fatigue (RCF) testing [1,2]. They manifest
the instability of the material at the late stages of bearing life, exhibiting typical martensite decay
[3–6]. WEBs are always found at the subsurface of a fatigued bearing inner ring. According to the
Hertzian elastic contact theory [7], the stress distribution under rolling contact is unique, where the
shear stress components peak at the subsurface, and therefore, it is generally believed that WEBs are
induced by subsurface shearing [5,8,9]. Nonetheless, the stress component that is responsible for WEB
formation is still unclear [9]. As the name indicates, WEBs can be revealed by Nital etchant and exhibit
white contrast under optical microscopy (OM) with a long and thin band-like shape. If observing from
the circumferential section of a fatigued bearing inner ring (the section parallel to the over-rolling
direction (ORD) at the contact centre), as shown in Figure 1a, WEBs are inclined at a shallow angle
with respect to the ORD. Many researchers [4,5,8,9] argued this angle to be 30◦, although it may be
altered by the local stress level. Besides, WEBs are found parallel to the contact surface in the axial
section (the section perpendicular to the ORD) as presented in Figure 1b.

Metals 2019, 9, 491; doi:10.3390/met9050491 www.mdpi.com/journal/metals

http://www.mdpi.com/journal/metals
http://www.mdpi.com
https://orcid.org/0000-0001-8958-9648
https://orcid.org/0000-0002-0419-8347
http://dx.doi.org/10.3390/met9050491
http://www.mdpi.com/journal/metals
https://www.mdpi.com/2075-4701/9/5/491?type=check_update&version=2


Metals 2019, 9, 491 2 of 14
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Figure 1. Formation of WEBs in a bearing inner ring observed from the circumferential section (a) and the
axial section (b).

The structure of WEBs was revealed by transmission electron microscopy (TEM) [3,6]. A WEB
consists of a ferrite band and lenticular carbides (LCs) adjacent to it. It is generally accepted that
LCs are re-precipitated by consuming the carbon from ferrite bands [3,8,9]. The microstructure of
ferrite bands, on the other hand, is composed of carbide-free dislocation cells [6], which resembles
that caused by severe plastic deformation (SPD) [10–12]. The mechanism of such carbon segregation
during the WEB formation process was recently explained and modelled by Fu et al. [6] with a novel
dislocation-assisted carbon migration theory based on the Cottrell atmosphere theory [13]. According
to the theory, gliding dislocations under cyclic loading act as vehicles transporting carbon from ferrite
bands to their boundaries where LC precipitation occurs. Further chemical analysis indicated the
composition of LCs is close to cementite. Due to carbon depletion in ferrite bands, the hardness of
ferrite bands is lower than the parent matrix as detected by micro-indentation tests [14,15], while LCs
are supposed to be a hard phase in the material. Such microstructural heterogeneities may favour
crack initiation and thus are detrimental to bearing life. Moreover, experimental evidence [4] showed
the interfaces between ferrite bands and LCs are the weak points of the microstructures upon loading.

Apart from the discussion on the formation mechanisms of WEBs, the development of WEBs is
strongly associated with the extent of material decay under RCF. It was experimentally [3,16] proved
that WEB formation can be accelerated by increasing contact pressure and operation temperature,
and that WEBs evolve in size, number density and formation depth range with respect to the number
of stress cycles. However, the relationship between WEB evolution and RCF testing conditions has
not been comprehensively understood, and more importantly, WEBs manifest key factors that are
crucial for RCF analysis, such as subsurface stress distribution and accumulated subsurface plastic
strain [17]. In terms of bearing life analysis, the occurrence of WEBs increases the uncertainty in
bearing life prediction as they affect the material response when cracks are formed. As pointed
out by Hamdia et al. [18], the variations in matrix properties and local stress alter fracture energy
fundamentally. Therefore, it is of great importance to study the evolution of microstructural alterations
during WEB formation and the corresponding property changes so that key inputs for the uncertainty
analysis of bearing failure can be obtained [19]. In this research, WEBs formed at different stages are
reproduced by RCF tests with predetermined number of cycles; multi-scale characterisation is carried
out on the WEBs; and a detailed stress and strain analysis is conducted.

2. Experiment

2.1. Material and Heat Treatment

The material studied in this research is 100Cr6 bearing steel with the composition listed in Table 1.
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Table 1. Composition of 100Cr6 in this research (all values in wt%).

Fe C Cr Mn Si Cu Ni Mo Al

Balanced 0.97 1.38 0.28 0.28 0.21 0.18 0.06 0.04

Standard heat treatment was applied to harden the RCF samples. The material was first
austenitised at 860 ◦C before quenched in a salt bath, and then tempered at 220 ◦C for 4 h. The final
hardness of the material was approximately 720 HV.

2.2. Rolling Contact-Fatigue Tests

Full-scale bearing tests were carried out on 3 through-hardened 6309 type deep groove ball
bearings, using a SKF R2 test rig (Figure 2a). A radial load was applied to the balls and the resultant
contact pressure was 3.3 GPa. The rotational speed of the motor was 6000 revolutions per minute,
resulting in a stress cycle frequency of 30,000 cycles per minute. The outer ring was fixed during
the tests such that the operational temperature was measured to be 70 ◦C. The tests were suspended
at 5 × 108, 1 × 109 and 2 × 109, respectively, in order to produce the microstructural alterations at
different fatigue stages. The tests were conduced at a well lubricated condition where sliding was
eliminated and pure rolling contact took place. The fatigued bearing inner rings were cut to show their
axial and circumferential sections for further investigation (Figure 2b).

LoadLoad

(a) (b)
Tested bearing 

sample

Support bearing

Rotation

WEB formation region

Bearing inner ring

Figure 2. RCF testing. (a) Schematic of SKF R2 RCF test rig. (b) Schematic of a bearing inner ring
showing where WEBs can be observed.

2.3. Characterisation: Microindentation and Microscopy

For all the sectioned surfaces, a standard metallographic surface preparation procedure was
followed. The surfaces were first ground with SiC papers from coarse to fine grit sizes to remove deep
scratches, and then polished with 6 µm and 1 µm diamond paste to reach a mirror finish. Finally,
the surfaces were polished with a 0.3 µm alumina suspension to remove the surface stress introduced
during grinding and polishing. The surfaces for microscopic investigation were etched with 2% Nital
to reveal the microstructure, while the microindentation tests were performed before etching.

Microindentation tests were performed with a Qness hardness tester on the circumferential
sections of the samples, in order to obtain hardness evolution along the depth below contact surface.
A Knoop indentation tip was employed for accurate hardness evolving trends. During each indentation
test, the tip was loaded 0.1 kg with a holding time of 10 s and then unloaded. After the indentation,
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the computer automatically measured the long axis of the indent using a 650× optical microscope and
calculated the hardness value. The result was directly converted from HK0.1 to HV0.1. The hardness
tests were conducted in the form of indent rows, where in each row the first indent started from 30 µm
below contact surface and the following indents extended every 30 µm along the depth for 600 µm.
At least six rows were repeated on each sample for averaging.

A variety of microscopic methods were employed to study the formation of WEBs. Optical
microscopy (OM) was carried out with a Leica DM2500M microscope on all Nital etched samples at
various magnifications to observe the distribution of WEBs. Scanning electron microscopy (SEM) was
carried out with an FEI Nova NanoSEM 450 SEM for single WEB characterization. Dimensional
information of WEBs, i.e., length, width and thickness were statistically analysed. Atom force
microscopy (AFM) was carried out with a Bruker Nanoscope Multimode microscope at the intermittent
contact mode, to study the chemical property difference between WEBs and the matrix. To further study
the microstructural nature of WEBs, TEM was performed using an FEI Technai F20 TEM. The lamellar
TEM sample containing a WEB section was prepared in an FEI Helios NanoLab workstation.

3. Results

3.1. Web Distribution and Hardness Evolution

Figure 3a–c present the OM images at the subsurface of the three samples after microindentation
test, along with the corresponding Vickers hardness variation (∆HV) with respect to the depth.
WEBs inclined ∼21◦ to the over-rolling direction (ORD) were observed in all the three samples.
This inclination angle is slightly lower than previously reported observations (∼30◦). In each sample,
the region between the two dotted lines corresponds to where WEBs were observed. It can be clearly
seen that with increasing number of cycles, the WEB formation region gradually broadens on both
sides, indicating the nucleation of new WEBs. Moreover, the size and number density of WEBs
also significantly increased with the number of cycles. The detailed information of WEB growth is
presented in Figure 4. As for the hardness curves, all the three samples exhibit material hardening at
the subsurface with the highest hardness being found at around 120 µm depth. This suggests that one
of the shear stress components, which also peak at the subsurface, is responsible for work hardening
of the bearing steel undergoing RCF. Although run for various numbers of cycles, the magnitudes of
hardness increase in the three samples are similar, 25–30 HV, which might be the saturation point of
work hardening at this stress level. After the peaking point of hardness increase, the samples run for
5 × 108 cycles 1 × 109 cycles both show gradual hardness decrease until reaching the parent matrix
hardness magnitude; the formation of WEBs in these two samples does not seem to have significant
influence on hardness measurement. However, distinct material softening can be observed in the
sample run for 2 × 109 cycles, and the softening region agrees with the WEBs formation region. This is
quite understandable as the area fraction of the soft WEB microstructure, which is decided jointly by
the size and number density of WEBs, must exceed a critical extent before the softening effect of WEBs
can be detected by the indents.

Figure 4 presents the statistical results of the dimensional information of WEBs with respect to the
number of cycles. The length (l) and spacing of WEBs were measured from the circumferential sections
of the samples using OM and the thickness (h) of WEBs were measured from the circumferential
sections using SEM, whilst the width (w) of WEBs were measured from the axial sections using
OM. Figure 4a–c indicate that with increasing number of stress cycles, WEBs grow in all the three
dimensions and Figure 4d indicates the nucleation of new WEBs under RCF.
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Figure 3. Hardness profiles and corresponding OM images for the samples run to (a) 5× 108, (b) 1× 109

and (c) 2 × 109 cycles.

Figure 4. Statistical measurements of WEB length (a), width (b), thickness (c) and spacing (d) in the
three samples. The error bars represent standard deviation.
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3.2. Web Structure

The structure of WEBs was revealed by SEM. Figure 5a shows a WEB consisting of a ferrite band
(sketched by the dished lines) and a reprecipitated LC. This structure agrees with the reports from
the literature. A closer observation of the WEB at a higher magnification is presented in Figure 5b,
where the ferrite band microstructure after Nital etching becomes clear. It seems that the ferrite
band microstructure is composed of numerous equalaxed subunits, which is quite different from the
surrounding matrix microstructure containing typical martensitic plate-like features.

(a) (b)

LC

Primary 

carbide

Parent 

matrix

Ferrite 

band
Ferrite band 

microstructure

LC

Figure 5. SEM images of WEBs. (a) Typical WEB structure. (b) Ferrite band microstructure.

The topographic information of WEB formation regions after etching with Nital was revealed
by AFM. Figure 6a,b show the imaging and corresponding 3-dimensional morphology of a bunch of
WEBs. If taking the matrix height as reference, a number of long and thin stripes exhibiting relatively
high magnitudes of height can be distinguished, similar to the primary θ carbides. The geometry of
these stripes indicates them to be LCs. Adjacent to the LCs are bands exhibiting negative values of
height, which hence corresponds to ferrite bands. A quantitative analysis of the morphology was
conducted along the vector line drawn in Figure 6a with the result being presented in Figure 6c.
The microstructural features encountered by the line path are also indexed accordingly. It can be
concluded that the resistances to Nital etching of the microstructural features in the material, which are
determined by their chemical properties, follow such a sequence: primary θ-carbides ' LCs > matrix
> ferrite bands, which follows the descending trend of carbon content in these features.

(a)

(c)

Distance /μm

LC LCα’ α α’α’ θ LC LC αα’

(b)

Figure 6. Cont.
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(a)
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LC LCα’ α α’α’ θ LC LC αα’

(b)

Figure 6. AFM characterisation on WEBs formed in the sample run to 2 × 109 cycles. (a) 2-dimensional
AFM image of WEBs. (b) Topographic image of the WEBs shown in (a). (c) Height measurements of
microstructural features along the arrowed line in (a).

Figure 7a is an SEM image of a TEM lamella lifted out from the sample run to 2 × 109 cycles.
A WEB cross section can be found inside it. TEM characterisation results of this lamella with various
magnifications are presented in Figure 7b–d. According to Figure 7b,c, a ferrite band is sandwiched
by two LCs; the ferrite band contains a large number of dislocation cells, indicating severe plastic
deformation occurrence. The size of the dislocation cells are measured to be with a size of 174 ± 73 nm.
Also, large θ-carbides and nano-sized precipitates which were initially distributed in the parent
matrix are found absent inside the ferrite band, suggesting their dissolution upon plastic deformation;
surrounding the WEB is the deformed matrix, where the martensitic microstructure is slightly distorted
by plastic strain. Figure 7d shows the details of the cellular structure in the ferrite band. dislocations
are observed in both cell interiors and cell walls; dislocation clusters can be found as well.

Ferrite band

Pt protection 

layer(a)
(b)

(c) (d)

LC

LC

Dislocation cell

Dislocations

Dislocation cell

WEB

WEB

Deformed 

matrix

1 μm

3 μm

Figure 7. Cont.
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Figure 7. FIB/TEM characterisation on a WEB. (a) TEM lamella containing a WEB prepared by FIB.
(b–d) TEM images of the WEB at different magnifications.

4. Discussion

4.1. Webs without Dark Etching Region Formation

The evolution of WEBs in 100Cr6 bearing steel undergoing RCF is systematically investigated
in this research. Contrary to the previous understanding that WEBs are formed on the top of fully
developed dark etching regions (DERs) [3–5,20,21], the WEBs observed in all the three samples in
this research are formed in the absence of DERs. The reason why DERs were eliminated should
be attributed to heat treatment. Compared to the previous reports on DER formation in 100Cr6,
the material studied in this research was tempered at a higher temperature (220 ◦C vs. 160 ◦C) and for
a longer time (240 min vs. 60–90 min); the severer tempering leads to more mature precipitates and
consequently poorer coherence between the precipitates and the matrix [22]. A recent study [23] shows
that DER formation is caused by the continuous growth of pre-existing precipitates, which is triggered
by the dislocation-assisted carbon migration mechanism; therefore in this case such carbon migration
might be blocked by the poorly bonded precipitate/matrix interface. Nonetheless, the hardness of
the matrix may be a key factor in terms of WEB appearance. Due to the fact that DERs soften the
martensitic matrix, in the reported 100Cr6 samples containing DERs the matrix hardness can drop
from initially 820 HV to as low as 650 HV [5], and WEBs are frequently found nucleated on the top of
fully developed DERs. Whereas in this research, the initial hardness of the steel after heat treatment
was about 720 HV, and WEBs were nucleated directly in the matrix, although slight work hardening
occurred prior to their formation. Hence a reasonable speculation is that there exists a threshold
hardness of around 720 HV below which WEBs can be formed, and that as long as this threshold
hardness is achieved, either by DER formation or by heat treatment, WEB formation becomes feasible.

4.2. Stress Analysis

As generally accepted, WEB appearance is associated with subsurface shearing, although the
responsible shear stress component requires further analysis. In Figure 8a, the centre of the contact
ellipse is defined as the original point (O); the rolling direction is defined as y axis; and the depth
direction is defined as z axis. Hence the interested plane in terms of WEB formation is the yz plane.
The stress state under rolling contact-fatigue can be calculated by Hertzian elastic contact theory [7].
Figure 8c presents the evolution trends of the orthogonal shear stress (τyz) and the maximum shear
stress (τmax) along the z direction, both of which peak at the subsurface. Figure 8d,e present the
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2-dimensional distributions of these shear stress components in the yz plane. It should be noted that at
a certain depth the peak values of τyz occur on the two sides of the z axis, with the same magnitude
but the opposite directions. Whereas τmax exhibits a symmetric distribution with respect to the z axis
with the maximum occurring along the z axis.

y (ORD)

z

O

ORD

WEBl

w

h
~21°

LC

Ferrite band

ORD

(a) (b)

(c) (d)

(e)

Figure 8. Stress analysis for WEB formation. (a) Schematic of rolling contact defining the coordinate
system. (b) Schematic of a plate-like WEB. (c) Orthogonal and maximum shear stress components along
the centre line of rolling contact. (d) Distribution of orthogonal shear stress in yz plane. (e) Distribution
of maximum shear stress in yz plane.

Comparing Figure 8c with Figure 3a–c, it is interesting to find that at the subsurface the work
hardening region agrees with the τyz profile and the WEB formation region agrees with the τmax

profile. Moreover, the broadening of the WEB formation region, i.e., the shift of the upper and
lower boundaries, with increasing number of cycles follows the τmax profile, as shown in Figure 9a.
Each pair of boundaries points to a critical stress level for WEB nucleation under a given number of
cycles. Nonetheless, the WEB formation cannot be broadened unlimitedly. As WEB formation is a
manifestation of plastic deformation, the broadening of WEB formation region should stop at where
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the applied shear stress equals the yield shear strength (τY) of the material, which was measured by
tensile test to be 0.74 GPa [6]. According to Fu et al. [6], the development of WEBs can be theoretically
predicted by the following two equations:

dlLC
dN

(
Cθ

V − Cb
V

)
=

∆γ

b

[
3
(π

2

) 1
3
(

AD
kTṄ

) 2
3

Cb
V

]
, (1)

λC0
V = lLC = lLCCθ

V + (λ− lLC)Cb
V , (2)

where lLC denotes the thickness of lenticular carbides, N denotes the number of stress cycles, Cθ
V and

Cb
V denote the carbon concentrations in a lenticular carbide and its adjacent ferrite band, respectively,

∆γ denotes the local plastic shear strain per stress cycle, b denotes the magnitude of Burgers vector,
A denotes the interaction energy between a carbon atom and a dislocation strain field, D denotes the
diffusion coefficient of carbon atoms in body-centred cubic iron, k denotes the Boltzmann constant,
T denotes temperature and Ṅ denotes rotational speed, λ denotes the width of a fully developed
WEB, and C0

V denotes the overall carbon concentration of the steel. Equation (1) describes the carbon
flux equilibrium during LC precipitation process and Equation (2) describes the mass conservation of
carbon. The values of the constants are listed in Table 2.

The model introduces a term WEB% to account for the extent of WEB growth. Based on the
model, Figure 9b presents the calculated growth curves for the WEBs located at the boundaries of
the WEB formation regions in the three samples, all ending at 6–7%. These completion points agree
with the experimental observations and the agreement between the three samples further justifies the
relationship between the magnitude of applied stress and the number of stress cycles required for
WEB appearance as described by the proposed model.

5 × 108

cycles 1 × 109

cycles
2 × 109

cycles

WEB depth range

(a) (b)

Figure 9. WEB appearance analysis. (a) Critical stress for WEB appearance in the samples indexed by
the boundaries of WEB formation region. (b) Calculated development extent of WEBs located at the
boundaries of WEB formation region.

4.3. Plastic Strain Analysis

The OM results indicate that WEBs exhibit a plate-shape in three dimensions, as schematically
shown in Figure 8b. After the saturation of work hardening, the formation of localised WEBs seems
to be the sole means to accommodate the accumulated plastic strain introduced by cyclic loading.
Therefore, the magnitude of global accumulated plastic strain can be estimated through the volume
fraction of WEBs in the volume of interest. Considering the stress-affected region under the testing
stress level with the depth range being approximately 100–677 µm and combining the statistical data
presented in Figure 4, the estimated volume fractions of WEBs in the stress-affected region of the
three samples are 0.11%, 0.7% and 1.35% respectively. The TEM results suggest that the accumulated
plastic deformation is undertaken by dislocation cell formation in ferrite bands. It is generally thought
that dislocation cell size (dc) is inversely proportional to dislocation density (ρ), i.e., dc = κ√

ρ [24],
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where κ is the coefficient of proportionality. The magnitude of κ for ferrite can be calculated based on a
thermodynamic approach [24]:

κ =
24π(1− ν)

(2 + ν)

(
1
2
+

T∆S
Gb3

)
, (3)

where ν is the Poisson’s ratio and ∆S is the statistical entropy associated to dislocation glide.
By inputting the material constants listed in Table 2 and the RCF testing conditions, κ is calculated
to be 13.1217. Given the average dislocation cell size in ferrite bands to be 174 nm, the dislocation
density in ferrite bands (ρb) is estimated to be 5.69×1015 m−2. The dislocation density of the steel at
the onset of plastic deformation (ρY) can be estimated based on the yield strength (σY) through the
Taylor’s equation: σY = αMGb

√
ρY, where α is a material constant, M is the Taylor factor and G is the

shear modulus. The values of these constants are listed in Table 2 The dislocation density evolution is
a consequence of plastic deformation, which can be described by the Kocks-Mecking equation [25]:

dρ

dγ
=

k1

b
√

ρ− f ρ, (4)

where γ is the plastic shear stress, k1 and f are material constants that control dislocation multiplication
and annihilation, respectively, the values of which are also listed in Table 2. Using Equation (4),
the plastic strain occurring in ferrite bands that leads to the dislocation density increase from ρY to ρb is
estimated to be 1.38. Hence the evolution of accumulated plastic shear strain (γa) in the stress-affected
region with respect to the number of stress cycles is plotted in Figure 10. The estimation of accumulated
local plastic strain combining with the Hertzian stress analysis can be further incorporated into
professional multiscale failure modelling frameworks such as coarse-grained (CG) model [26] and
extended finite element methods (XFEM) [27] to enhance their accuracy.

Figure 10. Evolution of accumulated plastic strain as a result of WEB formation with respect to the
number of cycles.
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Table 2. Values of the material constants used for calculation.

Constant Value

Cθ
V 3.36 × 1027 m−3

b 0.2876 nm
A 3 × 10−30 Nm2 [13]
D 4.11 × 10−19 m2s−1 [28]
k 1.38 × 10−23 m2kgs−2K−1

ν 0.33
∆S 8.98 × 10−22 JK−1 [24]
G 80 GPa
α 0.3
M 3
k1 0.0287 [25]
f 0.6601 [25]

5. Conclusions

The evolution of WEBs in rolling contact-fatigued 100Cr6 bearing steel was systematically
investigated. Full-scale bearing tests suspended at 5 × 108, 1 × 109 and 2 × 109 cycles were conducted
to reproduce the microstructural alterations at different stages for comparison. The WEBs were studied
by multi-scale characterisation along with detailed stress and strain analysis. Several conclusions can
be drawn from this research as follows:

• In contrary to some previous studies, WEBs in this research are formed in the absence of DERs.
The heat treatment resulting in the precipitates that are poorly bonded to the matrix is believed to
be the cause of DER elimination. It is proposed that DERs are not formed in 100Cr6 bearing steel
with a hardness lower than 720 HV after heat treatment.

• OM clearly shows that plate-like WEBs grow in all three dimensions and in number density at
the subsurface of rolling contact-fatigued bearing inner ring with increasing number of cycles.
Micro-indentation results indicate an obvious hardness decrease of approximately 50 HV in the
sample run to 2 × 109 cycles as a consequence of WEB formation.

• During RCF, work hardening is controlled by orthogonal shear stress component and reaches a
saturation (25–30 HV hardness increase) at the early stage of bearing life; while WEB formation is
dominated by maximum shear stress with the WEB formation region being gradually broadened
along the depth with increasing number of cycles.

• A WEB consists of a ferrite band and LCs adjacent to it. AFM reveals the order of the resistant to
Nital etchant of the microstructural features in the steel to be primary θ-carbides ' LCs > matrix
> ferrite bands, which suggests that carbon improves the etching resistance of the features.

• TEM shows that ferrite bands contains dislocation cells with their average size to be 174 nm,
indicative of plastic deformation.

• WEBs manifest the accumulated plastic strain induced by RCF. Based on the characterisation
results, the dislocation density in ferrite bands is theoretically estimated to be 5.69 × 1015 m−2,
and the magnitudes of accumulated plastic strain in the three samples with the increasing number
of cycles are estimated to be 0.001518, 0.00966 and 0.01863, respectively.
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Abbreviations

The following abbreviations are used in this manuscript:

RCF Rolling contact-fatigue
WEBs White etching bands
DERs Dark etching regions
LCs Lenticular carbides
OM Optical microscopy
SEM Scanning electron microscopy
TEM Transmission electron microscopy
AFM Atomic force microscopy
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