Dark etching regions under rolling contact fatigue: a review
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Abstract

Bearing performance depends on the ability of steel to cope with a large number of
stress cycles. Long bearing lives are possible because the microstructure of bearing
steel has excellent resistance to Rolling Contact Fatigue (RCF). Nevertheless, it is
observed that the microstructure suffers changes in the region where the maximum
Hertzian contact stress occurs. Here we give an overview of the present knowledge in
the area of the formation of Dark Etching Regions (DERs) during RCF. Factors that
influence the formation of DERs, various types of characterisation techniques, and
the observations made in the literature are discussed. In addition, the applicability
of several proposed simulation models of the formation of DERs is discussed.

1. Introduction

Rolling contact on the raceways of a bearing generates cyclic stresses that extend from
surface to subsurface. The deviatoric stress, often referred to as the maximum shear
stress or the Von Mises stress, is responsible for the onset and development of material
damage in terms of plasticity and fatigue. When the accumulated damage exceeds a
certain limit, the bearing will fail as a result of Rolling Contact Fatigue (RCF).

Under poor lubrication conditions, metal-to-metal contact at the asperity level may
occur generating high deviatoric stresses on or near the surface, and cause surface
fatigue. High surface stress can also be attributed to excessive surface traction, induced
by sliding contact. Surface fatigue failure is often manifested as micro pitting. Other
types of surface fatigue failures include wear, smearing, etc.[1H6].

When a bearing operates under good and clean lubrication conditions, the maximum
deviatoric stress is located at a certain distance beneath the surface, as indicated in
Figure [1] and the bearing may fail due to crack initiation and propagation from the
subsurface. Subsurface initiated fatigue is characterised by isolated spall(s) on the
raceway.

A functioning bearing is subject to external loads. If the external loads are high
enough, the contact stresses between the rolling elements that pass over the raceway
will reach the yield point of the material generating plastic flow and leaving residual
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Figure 1.

Distribution of subsurface von Mises stress resulting from Hertzian contact.



stresses. After a number of passes of the rolling elements, the combined applied and
residual stresses might not reach the yield point, generating only elastic strain. This
phenomenon is referred to as the “elastic shakedown”. The maximum stress that can
be applied cyclically to the material for which the elastic shakedown can be reached
is called the “elastic shakedown limit” [7TH11].

Two types of fatigue damage may develop in the subsurface of a bearing. If the con-
tact stress exceeds elastic shakedown limit, the subsurface material undergoes gradual
but progressive plastic flow. As a result, large-scale microstructural alterations or decay
of the steel microstructure will develop in the form of Dark Etching Regions (DERs),
followed by the formation of White Etching Bands (WEBs) with a Low Angle of about
30° (LABs) and WEBs with a High Angle of about 80° (HABs), as shown in Figure
At a contact stress below the shakedown limit, localised damage can still develop from
material defects or stress risers such as inclusions. This type of damage is typically
characterised by the onset of the so-called “butterflies” with single or multiple cracks
initiated from an inclusion or a pore, see Figure The growth of the cracks is accom-
panied by the development of White Etching Matter (WEM) [12]. Subsurface cracks
will grow initially in a co-planar manner and later kink or branch into multiple cracks
towards the raceway, leading to spalling [13].

Relevant fatigue damage modes that may develop in the subsurface region of a
rolling bearing are indicated by the fatigue damage map shown in Figure |4] where
damage processes like DERs, LABs and HABs that occur at relatively high stresses
above the elastic shakedown limit are classified as “global damage”, while butterflies
and / or WECs that may develop from material imperfections are classified as “lo-
calised damage”. A schematic of the L10 curve, i.e. the calculated life with 10 % prob-
ability of failure, is also included in the fatigue damage map. The fatigue mechanisms
that govern the material degradation occurring around or even before the calculated
L10 will have a dominant e ect on bearing fatigue life. The coloured bands indicate
schematically the start of each specific mechanism. Although both modes of subsurface
initiated fatigue are relevant for rolling bearings, the global damage is more frequently
observed in ball bearings than in roller bearings. This is because the contact stresses
in ball bearings in some applications can be relatively high and even exceed the shake-
down limit of bearing steels. Furthermore, the stressed volume or volume at risk in
ball bearings is relatively small and, statistically speaking, the number of stress raisers
like inclusions, especially those big ones, is relatively small. In this case, both modes
of fatigue damage may develop and, under certain circumstances, development of the
global damage can prevail over that of localise damage. Roller bearings, however, are
mostly operating at contact stresses below the shakedown limit, and thus the localised
damage developed from stress raisers is the main failure mode as far as subsurface
initiated fatigue is concerned. The diagram shown in Figure Was produced based on
the information published in the literature. A similar representation can be found in
[14/15], in which only global damage was included.

This article presents a review of the study of the global damage in bearing steels
under rolling contact fatigue, focusing in particular on the formation and development
of the Dark Etching Regions (DERs) from the perspectives of characterisation, mech-
anisms and modelling. In Section [2| we introduce some basic concepts. In Sections
and [d] we discuss the factors that a ect the formation of DERs and the phenomena
that are observed. In Sections[5]and[6] we introduce the mechanisms of formation and
the di erent strategies that have been used to model them. We finally give a general
discussion of what is available in the literature.

More general reviews on the topic of rolling contact fatigue can be found in [11] and
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Figure 2. Progressive alteration of the microstructure in the subsurface region of a martensitic ball bearing
as a result of rolling contact fatigue. (a) DER in early stage, (b) fully developed DER and Low Angle (30°)
Bands (LABs). The insert shows a more detailed view of the DER and the LABs, (c) Late decay stage showing
the DER, 30° and 80° bands. Taken from [14].



Figure 3. Butterfly feature with White Etching Matter (WEM) connected to a crack. Bearing steel subjected
to fatigue loading. Taken from [I3].
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Figure 4. Subsurface fatigue damage map for martensitic bearings. The coloured bands indicate schemati-
cally the start of each specific mechanism. In the horizontal axis, we show the number of stress cycles in millions
of revolutions (mREV).



[16].

2. Characterisation of the altered microstructure
Sample preparation for metallographic investigations of the “Dark Etching Regions”
(DERs) produced by Rolling Contact Fatigue (RCF) is typically performed on both

cross (transverse) and parallel sections. Figure ShOWS the convention for the naming
of sections of the inner ring of a typical bearing.
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Figure 5. Directions of view on inner raceway after sectioning.

As shown schematically in Figure [6] DERs have a half-moon or sickle-like shape
when the sectioning is performed on the cross-section of a bearing’s inner ring. When
parallel sectioning is performed, researchers always aim to investigate the microstruc-
ture at the centre of the sickle. However, the sickle shape is not always symmetric;
heavy loads can cause misalignment of the shaft held by the bearings, generating non-
symmetrical loads. For instance, in the tests done on deep groove ball bearings in a
traditional SKF R2 test machine set-up [17], the sickle shape turned out not to be
symmetric [18]. For this reason, the observation of a representative microstructure
of DERs with parallel sectioning is di cult to obtain without careful sectioning and
determination of the angle of misalignment.

Typically the overall shape of the DERs, the rate of microstructure alteration, and
their position with respect to the rolling raceway varies with the experimental setup.
In Figure |§| we schematically show some dimensional parameters that will allow us to
characterise the geometry of a typical DER in the inner ring of a bearing. We note
that DERs have also been obtained in other types of contacts, such as ball-on-ball
point contact [20).

3. Factors that a ect the formation of DERs

In the absence of stress risers in the subsurface (such as impurities and inclusions)
cracks tend not to form and, hence, the only fatigue damage expected on the stressed
volume is the alteration of the microstructure [14]21H27]. This region that su ers pro-
gressive microstructural alterations is named after its etching characteristics relative
to the original microstructure when observed on the optical microscope. It is called
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Figure 6. Schematic diagram of the DER of an inner ring shown along a) the cross section and b) parallel
section. We introduce also the terminology of dome some common distances: a=Width of the DER, b=Thickness
of the DER, c=Thickness of una ected region just below raceway surface, d=Distance between the raceway
surface and the position of maximum resolved orthogonal shear stress [19].

Table 1. Chemical composition of ASTM 52100 bearing steel
C Mn P S Si Ni Cr Cu Mo

0.93-1.05 0.25-0.45 0.025 0.015 0.15-0.35 0.25 1.35-1.60 0.30 0.10

the DER because it appears darker compared to the surrounding microstructure, in-
dicating that it is more reactive to the etchant (Nital) that is typically used to reveal
the microstructure of steel. It occurs beneath the raceway and over the whole circum-
ference of the bearing ring. Apart from inner rings, DERs have also been observed in
various types of specimens and components that have been subject to rolling contact
fatigue [20]28H30].

We have identified in the literature four basic factors that promote the development
of DERs. These are:

1) the susceptibility of the initial microstructure [31H33|
2) the magnitude of the contact pressure [19/34]35]

3) the number of stress cycles [18]19]

4) the operating temperature [29]31]35]

(
(
(
(

3.1. Initial microstructure

The nominal composition of ASTM 52100 bearing steel is presented in Table |1} The
production of ball bearings starts with a spheroidising heat treatment to soften the
steel, to render machining possible. The machined bearings are then heat treated to
produce a martensitic microstructure which is subsequently tempered at low temper-
ature. In the martensitic hardened and tempered condition (Figure schematic made
by the authors), bearing steel consists of at least four di erent phases: (1) dispersed
residual cementite, (2) retained austenite, (3) a tempered martensitic matrix and (4)
tempered transition carbides, such as epsilon carbide and tempered cementite, em-
bedded in the martensitic matrix. The dispersed residual cementite is enriched with
Cr and Mn. It has a chemical formula of M3C, where M stands for metal (Fe atoms
can be replaced by Mn and/or Cr atoms). In contrast, the tempered cementite is not
enriched with Cr or Mn.
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Figure 7. Microstructure of martensitic bearing steel: (left) schematic representation of the main features in
the microstructure; (right) TEM (transmission electron microscopy) picture of AISI 52100 (100Cr6) bearing
steel hardened and tempered at 160 °C for 2 hours [36).

Austenitisation is usually performed at about 840-870 °C. During this process a frac-
tion of the spheroidised cementite dissolves and leads to carbon enrichment of austen-
ite. There is about 0.6-0.65 wt% of carbon in the austenite at the end of the austeniti-
sation process. Upon quenching in oil, martensite forms. After low-temperature tem-
pering (160-270 °C), transition carbides and tempered cementite precipitate and about
5-15vol% of austenite is retained [L0I18].

3.1.1. Retained austenite

The transformation of austenite during rolling contact fatigue has been investigated by
Voskamp [18]. Figureshows the e ect of contact pressure on the amount of decom-
posed retained austenite as a function of the number of stress cycles. Three stages were
identified. The transformation of austenite detected during the shakedown stage (Stage
1) is most likely stress-assisted [18]3739], since the rate of transformation of austenite
is a linear function of the number of stress cycles. Furthermore, the length/duration of
the shakedown stage is independent of the applied load. The higher the stress applied,
the more substantial the amount of retained austenite transformed at this stage. The
transformation of austenite is expected to alter the build-up of residual stresses in the
bearing [15].

No further austenite transformation is detected during Stage 2 (steady state) of
rolling contact fatigue. The duration of the Stage 2 becomes shorter with increased
contact pressure. During the second stage the energy dissipated from cyclic stressing
is of a too low level to cause softening of the tempered martensitic microstructure .

The instability state (Stage 3) is characterised by a drastic decrease of the content
of retained austenite with increasing number of stress cycles. In Figures @a and b,
it is indicated that the decomposition of austenite can happen simultaneously to the
formation of DER. We also show in Figure@b that, with a contact pressure of 3.7 GPa
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Figure 8. E ect of contact pressure on the amount of retained austenite decomposition as a function of stress
cycle. Retained austenite is measured at 0.2 mm below the raceway. [18]
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after a su ciently large number of stress cycles, a total decomposition of retained
austenite can occur in the subsurface region subjected to the higher stresses.
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Figure 9. E ect of the number of stress cycles on the decomposed retained austenite and DER formation.
Retained austenite is measured at the depth of 0.2 mm for both a) 3.2 GPa and b) 3.7 GPa [18].

3.1.2. E! ect of silicon on the formation of DERS

The addition of silicon to bearing steels has been reported to prevent the formation
of DERs by various studies [33]38/40/41]. However, the nature of the preventive mech-
anism of DER formation by silicon has never been discussed. Silicon is known to
prevent austenite decomposition during bainite transformation as it hinders cementite
formation [42]. Furthermore, silicon addition is also known to inhibit the growth of
I-carbides [43|. The presence of fine !-carbides in silicon-added tempered martensitic
matrix could prevent the rearrangement of dislocations and, hence, delay the DER
formation.

By measuring the depth of the groove formed on the raceway, Andersson et al. [44]
have shown that the addition of both Si and Mn, and the reduction of Cr in bearing
steels are beneficial for the improvement of the microstructural stability during rolling
contact fatigue, and, hence, the prevention of DER formation. This is an indirect
method of detecting the formation of DERs.

It has also been reported that Si tends to partition to the matrix, and not to the
carbides [45]. When Si is present in the matrix, C interacts with it and the di usivity
of C is reduced [46]. The two main reasons are (1) the strong repulsion between C and
Si atoms in the first and second neighbor shells of Si, which diminishes the number of
di usion paths for C, as C is blocked from accessing sites close to Si; and (2) a weak
attraction from the third to the sixth shell of Si that tends to trap C and impede its
free motion. Since C di usion is one of the main drivers for the formation of DERsS,
it is expected that the reduction of the di usivity of C caused by the presence of Si,
will delay the formation of DERs.

3.1.3. Crystal orientation

The initial formation of DERs is probably a ected by the local crystal orientation, since
it is observed that the initial appearance of the DERs is not uniform throughout the
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stressed volume but appears in patches. The variable orientation of the crystals plays
a role in the so called “intrusion/extrusion” mechanism for the formation of DERs
proposed by Bush et al. [31]. They suggest that the whole process of microstructural
alterations begins when a few martensite crystallites in the vicinity of a carbide yield,
generating pile-ups of dislocations at the carbide/matrix interfaces (See Section .

3.2. Operating conditions

Operating conditions also have an influence on the formation of DERs. High contact
pressures promote early formation of DERs, as shown in Figure When the contact
pressure is higher, the formation of the DERs starts after a lower number of stress
cycles and the size of the DERs (in depth) increases with the contact pressure and
the number of stress cycles. Similarly, there is evidence showing that higher operating
temperatures accelerate the formation of DERs.

3.2.1. Contact pressure and number of stress cycles

The microstructural alterations that lead to the formation of DERs are initiated within
the subsurface volume subject to rolling contact stress, see Figure They start at the
region where the maximum resolved shear stress is experienced [18] and spreads to
the rest of the stressed volume as the number of stress cycles increases [18/19/27/31].
In recent articles, it is argued that the DERs do not form within the maximum shear
stress region [11], but that they are closely related to the von Mises stresses |20).
Figure shows the size of the DER as a function of the number of stress cycles at
two di erent contact pressures, indicating that its formation depends both on the stress
and the number of stress cycles [18]19]. Higher contact pressures promote early DER
formation [1§]. Figure also shows the e ect of contact pressure on the size of the
DER as a function of the number of stress cycles. The thickness of the DER increases
asymmetrically towards greater depths with increasing number of stress cycles.

The formation of DERs is manifested by changes in hardness.The e ects of the
contact pressure and number of stress cycles on the change of hardness of DERs
compared to the parent material are not conclusive when looking at the results reported
in the literature, and it is even more mystifying when di erent operating temperatures
are used.

Microhardness measurements on the DERs performed by Swahn et al. [14] and
Kuroda [28] were compiled by the authors and are presented in Figure and ,
respectively. Interestingly, we see that Swahn et al. report softening of the microstruc-
ture, while Kuroda reports hardening. We note that the sectioning of the bearing for
the hardness measurements was done di erently in both articles.

Limited evidence has shown that high contact pressure, above 5 GPa, leads to the
increase of hardness, see Figureand Figure At lower contact pressures, hardness
in DERs has been reported to increase, decrease and to remain unchanged compared
to the parent material, see Figure [I1] Figure[12] and Figure Figure [II]also shows
that it has been reported that with increasing number of stress cycles, the hardness
of the DER (a) decreases [25] or (b) increases |28].

It is still not clear why sometimes hardening or softening is measured in the DER.
We can only speculate that due to the anisotropic nature of the DERs, there is an
influence of the section where the hardness measurements are performed. El Laithy
et al. hypothesised that there is a competition between softening due to the decay of
martensite, and hardening due to the decay of austenite [11].

12
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Figure 10. Depth distribution of DERs at two di erent pressures 3.2 GPa and 3.7 GPa. The boundaries
between the DER and the matrix were measured from optical micrographs. Note that the DER does not
extend to the surface [18].
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13



In Figurewe present the e ect of the contact pressure, the initial hardness, and
the number of cycles on the hardness of the a ected region as a function of the depth.
The figure is adapted from the work of [29]. Although it was noted that high contact

pressures increase the hardness of the material, the e ect of low contact pressures
remains unclear.
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Figure 12. Change in hardness with depth due to di erent initial hardness, contact pressure and number
of stress cycles. Hardness measured from the cross section of the rod. Experiment on ball on rod with 38 mm
diameter, no operating temperature is reported. From .

Figure shows the change in DER hardness after rolling contact at pressures of
2.8, 3.3 and 3.8 GPa. It is shown that while the hardness of the DER increases, the
width of the Full Width Half Maximum (FWHM) of the (211) ferrite peak decreases,
indicating a reduction of the dislocation density and tetragonality in the DER[47].
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Figure 13. E ect rolling contact pressure on the microhardness change and X-ray peak broadening as a
function of the number of stress cycles at constant temperature of 55°C. The small symbol indicates the
hardness measured at DER, while the large symbol indicates the hardness measured at the una ected region.
No hardness change is observed on the DER when the contact stress is 3.8GPa [18].
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3.2.2. Temperature

It has been reported in the literature that high operating temperatures accelerate the
formation of DERs [23]29]48]. Depending on the bearing design, the amplitude of the
contact pressure and the running speed, the heat generated by friction might not be
dissipated instantaneously; this additional thermal energy increases the bearing oper-
ating temperature. Additionally, if there is an external heat source, a higher operating
bearing temperature can be expected.

The e ect of temperature on the change of hardness of the DER is mystifying.
As shown in Figure with a very similar contact pressure, Lund [49] reported a
significant decrease in hardness when the operating temperature is 60 °C. At a similar
contact pressure and stress cycles, but at a higher operating temperature of 70°C,
Voskamp [18] reported no change in hardness in the DER. Voskamp [18] also showed
that at a contact pressure of 3.3 GPa, after 7.48 ! 10? stress cycles and at an operating
temperature of 70 °C, the hardness of the DER decreased; conversely, he showed that
at operating temperatures of 45 °C and 55 °C there is an increase in hardness.
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Figure 14. E ect of bearing operating temperature on the microhardness change and X-ray peak broadening
as a function of stress cycle at contact pressure of about 3.3 GPa [18].The small symbol indicates the hardness
measured at DER, while the large symbol indicates the hardness measured at the una ected region. No hardness
change is observed on the DER at stress cycle of 1.2! 10° at 70' C. At 70' C, the small green circle with black
line is used to indicates the hardness at the DER.

Figure shows that the hardness of the DER is unchanged when testing is per-
formed at 3.3 GPa and 70 °C during 1.2! 10? stress cycles. However, at a higher con-
tact pressure of 3.8 GPa and higher temperature of 90°C, the hardness of the DER
decreases.

4. Microstructural behaviour and phenomena

4.1. Microstructure of the DERS

This review is further complicated by the di erent terms used by investigators through-
out the time to describe the same microstructure. The origin of dark etching regions
is essentially due to the formation of ferrite microbands and elongated ferrite grains.
The terms “ferrite microband” and “elongated ferrite” are thought to be the most ac-
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Figure 15. E ect of contact pressure and bearing operating temperature on the microhardness change and
X-ray peak broadening as a function of stress cycles at contact pressure of about 3.3 GPa and 3.8 GPa at 90°C
and at 70°C |18]. Hardness and FWHM values measured at the una ected region are indicated with large
circles, while hardness and FWHM values measured at the DER are marked with small circles. The small
green circles are with the black line to indicate that there is no change when the contact stress is at 3.3 GPa
operating at 70' at 1.2! 109 stress cycles. The green and blue circles show the di erent contact pressures and
operating temperatures.

curate representations of the structure observed via optical and electron microscope.
The formation of ferrite microbands and elongated ferrite is related to the dislocation
rearrangement under cyclic applied stress. Ferrite microbands bear a superficial re-
semblance to the persistent slip bands (PSB) observed in single crystal cyclic fatigue
tests [50].

The movement and rearrangement of dislocations during the formation of ferrite
microbands and elongated ferrite dissolve residual cementite [18] (see Figuresand
. Nevertheless, it is still argued in the literature what happens to the temper car-
bides; do they coarsen? or do they dissolve?. It has been suggested in the work of
Fu et al. [51] that the presence of the transition carbides surrounded by the DER
is the evidence of carbon migration from parent (tempered) martensite towards the
pre-existing tempered carbides.

4.1.1. Ferrite microbands and nanocrystalline ferrite

The formation of DERs is location dependent. Their initial formation is a ected by
the crystal orientation of the martensite packet and their further growth is related
to the Hertzian stress distribution within the stressed volume. Due to their complex-
ity, the microstructural observation of DERs needs a combination of di erent and
complementary microscopy techniques for detailed characterisation.

Observations under the Light Optical Microscope (LOM) are used in virtually ev-
ery investigation of DERs. In fact, DERs are named after their etching characteristics:
DERs are more reactive to the etchant and appear darker relative to the una ected
surrounding microstructure of tempered martensite and residual cementite (retained
austenite and tempered carbides are not observable by optical microscopy). However,
due to the low resolution of optical microscopy, the microscope cannot reveal any
significant details other than the position and shape of the DERs. Light optical mi-
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croscopy is generally used to measure the size of the DERs with respect to contact
pressure and number of stress cycles (Figure .

The emergence of DERs as observed in a light microscope is due to the di erences
in elevation and roughness caused by the preferential etching. A region would appear
dark when there is more scattering of the light, i.e. less light is reflected into the
objective lens of the light microscope. Typically, this region is rougher than the region
that appears lighter. The reason this region is rougher is due to the presence of smaller
grain sizes or multiple phases or more interfaces.

To fully characterise the microstructural alterations in DERs, Scanning Electron
Microscope (SEM) in combination with Focused Ion Beam (FIB) (which allows the
production of position specific TEM lamella) has been used [52[53]. Such an advance
in the characterisation equipment has only been available in recent years and should
be utilised to improve the understanding of the structure of DERs.

The development of the DERs starts with the formation of ferrite microbands. The
terms used in the literature to describe the ferrite microbands [54] include ferrite [14],
slip motions [15], troostite/mechanical troostite [23]24[55/56], tempered martensite [31}
55157], upper bainite/ microslip/ deformation bands [31], dark needles [29], needle like
structure [28], acicular structures [58] and elongated cells [35]. The term “martensite
decay” is commonly used when the actual product of microstructure alteration is
unclear. The use of many terms to describe one single microstructure indicates the
lack of understanding of the topic and show that this has been the subject of much
speculation [31].

The ferrite microbands extend across martensite plate boundaries [54]. The mi-
crobands run in the same direction, that is, they are parallel to the surface when
viewed on a transverse cut (parallel section) [54]. The macroscopic lining up is due to
the applied stress. According to reference [54] the presence of this alignment of the
microbands confirms that their formation is caused by the applied strain during RCF
and is not due to local heating e ects from the release of strain energy.

Detection of DERs show patches [26/54] of densely spaced microbands within an
unaltered matrix. When looking at the cross section of a rolling bearing (Figure, the
microbands seem to be aligned parallel to the raceway on both sides of the symmetry
plane. At the middle section of the raceway, the DER microbands do not possess any
unique orientation and multivariant microbands are observed [15[51]. Fu et al. [51]
prepared TEM lamella in the DER from the parallel section and found multivariant
ferrite microbands.

In the later stage of the formation of DERs, regions of homogeneous nanocrys-
talline ferritic structure can be observed [32]. Other terms used for the homogeneous
nanocrystalline ferritic structure include: polycrystal cell [35], cell ferrite [26], cell-like
structure [32], heavily deformed ferrite [59] and globular ferrite [60]. At an appropri-
ate magnification, electron di raction patterns obtained from this area produce a ring
structure that indicates the presence of multiple grains with random crystal orienta-
tions. There is abundant evidence [18]25H27132/48|60/61] indicating that the 30° WEBs
and the 80° WEBs are essentially comprised of nanocrystalline ferrite.

The earliest evidence of dislocation cell formation in fatigue-damaged microstruc-
tures was provided by Osterlund [26] using Transmission Electron Microscopy (TEM).
Figure [17|shows TEM images of the microstructure of dark and white etching areas
resulting from a high contact pressure (5.5 GPa) bearing test. The dark etching region
shown in this case is textured and the grain size is relatively large compared to the
nano-poly-crystalline ferrite present in the white etching regions. Similar to the White
Etching Matter (WEM) investigated by Kang et al. [62], the residual cementite is not
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Figure 16. The e ect of position relative to the centre of the sickle on the directionality (single variant
or multivariant) of the microbands. At the centre, there are multiple variants and do not possess any unique
directionality. At both sides of the symmetry plane, single variant microbands that are parallel to the rolling
surface are observed. Drawing based on the description by King [54] and Fu [51].

18



fully dissolved within the 80° bands [18] (See Figure ) Notice that not all the
nano-poly-crystalline ferrite has the same contrast, indicating that there are misorien-
tations across cell walls (See Figure and Figure ) The change of the di raction
pattern spots from arc to ring in figure|[17h and ¢ further indicate the increase misorien-
tations of the tempered martensite/ferrite grain within the dark etching and the white
etching region. Figure and d show the change of the tempered martensite/ferrite
morphology in the dark etching region to equiaxed nano-ferrite.

dark etc

23
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Figure 17. a) and b) Bright field and dark field transmission electron microscope image of dark etching region
located 0.25 mm below the raceway. ¢) and d) Bright field and dark field transmission electron microscope image
of the white-etching band. After rolling contact fatigue testing at the contact pressure of 5.5 GPa for 4.3 million
cycles at 130°C. The 52100 steel was austenitised at 840 °C for 40 min and tempered at 170 °C for 2 h before
the bearing test [48].

Ferrite microbands in DERs transform into nanocrystalline ferrite as the number of
rolling cycles increases. Table shows the e ect of contact pressure, number of stress
cycles, and operating temperature on the measured nanocrystalline ferrite grain size
within the 80° WEBs. It is shown that the increase in the contact pressure and the
operating temperature with prolonged stress cycling, decreases the nanocrystalline
ferrite grain size. At a low contact pressure of 3.72 GPa and after 2.48! 10% stress
cycles the measured grain size of the nanocrystalline ferrite is about 188 £ 16 nm; the
grain size is reduced to 127 = 16 nm after 3.27! 10? stress cycles at the same contact
pressure. This significant grain refinement is observed at the high contact pressure of
5.5 GPa and high temperature of 130 °C; the grain size is reduced to about 35+ 6 nm
after merely 2.3! 107 stress cycles.
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Figure 18. Transmission electron micrograph of the ferrite cell and cementite in 80° bands. After rolling
contact fatigue testing at contact pressure of 3.72 GPa for 3.27! 10°% stress cycles at 53°C [18].a) Bright field
TEM image shows overall fine equiaxed ferrite grain size within the bands. b) Dark field TEM image taken
using a cementite di raction spot in c). The undissolved cementite is in white while the equiaxed ferrite is in
dark.

Table 2. E ect of contact pressure, number of stress cycle, operating temperature on ferrite cell size at 80°
white etching bands(WEBs). The measurement of the cell size is done using the linear intercept method.

Contact Stress Operating Cell Reference
pressure [GPa] cycles temperature °C  size [nm]
3.72 2.481 109 50-55 188+ 16
3.72 3.27! 10° 53 127+ 16 [18]
5.5 2.30! 107 130 35+ 16
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The sizes of the 30° and 80° WEBs (especially the length) are significantly larger
than those of typical prior austenite grains with no observable deviation. This indicates
that the growth of 30° and 80° WEBs is not a ected by the crystal orientation of the
prior austenite grains.

4.1.2. Elongated Ferrite

Another prominent feature visible in the DERs is the elongated ferrite. Elongated
ferrite is also formed within the martensitic matrix structure during rolling contact
fatigue but appears as individual features and not grouped like the ferrite microbands
(see Figure [19). The elongated ferrite appears as a dark line (essentially parallel to
the raceway) when observed in cross-section view in the SEM. Elongated ferrite has
been described as elongated thin “stringers” [31]. Other terms have been used for
this feature including elongated cell and elongated thin “stringers” [31]. It is not
clear if the formation mechanisms of both ferrite microbands and elongated ferrite are
related. It may be that the ferrite microbands start as elongated ferrite but become
ferrite microbands when multiple elongated ferrite features form close to each other,
while isolated elongated ferrite would survive and grow into large elongated ferrite
grains.

Ferrite
microband

7

Initial
o matrix

Figure 19. Transmission electron micrograph of a) ferrite microbands and b) elongated ferrite [14].

There is an indication that elongated ferrite grows to form a large ferrite grains at
the 30° and 80° WEBSs [60]. The elongated ferrite is composed of thin ferrite plates and
lies at about 30° or 80° to the raceway surface when observed in the parallel section.
When viewed at the cross-section, the bands are parallel to the raceway surface. With
increasing number of cycles, they can grow to a certain size. The elongated ferrite is
not polycrystalline and is the result of texture formation as detected by Voskamp [18].

30° and 80° WEBs appear white when observed in the optical microscope. Their
internal structure can be very heterogeneous across the thickness. Both 30° and 80°
WEBSs can be made up of polycrystalline nano size ferrite and elongated ferrite [60].
Figurepresents an EBSD image obtained from 30° and 80° WEBs showing the
distribution of elongated ferrite and nano-poly-crystalline ferrite.

Figure shows a TEM image obtained from 30° WEBs [60]. While Smelova et
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KAM(100nm,5°):

Figure 20. EBSD image on the distribution of elongated ferrite, nano-poly-crystalline ferrite and both 30°and
80° WEBS in a fully developed DER [60].

al. claimed that the obtained di raction pattern could not be indexed, the di rac-
tion pattern on the 30° WEBs shown in the figure was indexed by the authors as a
large ferrite crystal with lenticular cementite, surrounded by fine ferrite grains.

4.1.3. Decomposition of retained austenite

The response of the as-heat-treated bearing steel to fatigue loading is not the same as
that of other engineering materials. One of the factors that contribute to the fatigue
behaviour is the presence of retained austenite, which is usually (but not necessarily)
found in bearing steels [63]. Rolling contact fatigue is accompanied by the decompo-
sition of retained austenite [I8]37H39I59164165]. At low (< 15vol%) austenite content,
there is no observable change in the etching characteristics [18] even though a decrease
of retained austenite is detected at the beginning (Stress cycles < 5000) of the bearing
test.

The presence of retained austenite alters the response of the material right from the
first stress cycles: it transforms into martensite causing an increase of the yield stress.
The rapid hardening at the shakedown stage (see Stage 1, Figure during rolling
contact is accompanied by the transformation of retained austenite into martensite;
such transformation induces an increase of the dislocation density within the freshly
formed martensite [42/66].

4.1.4. Dissolution or growth of residual carbides

The residual cementite is much harder than the tempered martensitic matrix in 52100
bearing steel, so it is expected to resist plastic deformation [43[67]. However, both
elongated ferrite and ferrite microbands are observed to grow into the residual cemen-
tite causing it to progressively dissolve [14]31]. Furthermore, many cementite particles
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Figure 21. TEM analysis of 30° bands: (a) Bright field images (b) EDX spectrum on elongated ferrite; and (c)
The indexed selected area di raction pattern shows that the 30° bands/ elongated ferrite is comprised of single
crystal ferrite(! 1). The second ferrite (! 2) spots are small and are not from the elongated ferrite(! 1). This is
because the ’selected’ area of di raction(SAD) would includes the surrounding region of elongated ferrite. Two
cementite crystals were indexed most likely to be from lenticular cementite [60]. The rolling direction is in the
vertical direction, as indicated by the label. The di raction patterns were indexed by the author.
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have been shown to have indistinct edges with the matrix [14126/31132]51], rather than
a sharp and smooth interface, as observed in the quenched and tempered condition. All
these observations suggest that the cementite is partially dissolved during rolling con-
tact fatigue. The pileups of dislocations created by rolling contact fatigue are expected
to be formed mainly at the martensitic matrix and at the interfaces with residual ce-
mentite. The dislocation pileups would then draw out and trap a significant amount
of carbon atoms away from the cementite. The di usion of carbon from the cementite
towards the dislocations near the cementite/matrix interface is a possible mechanism
for the dissolution of the cementite [68].

Partial dissolution of residual cementite during rolling contact fatigue is not caused
by the breaking up or fragmentation of cementite particles [69170], as observed during
wire drawing of pearlitic steel, but by progressive dissolution by dislocation pileups
and the formation of ferrite microbands and elongated ferrite. The dissolution of resid-
ual cementite does not require the di usion of iron; only long-range carbon di usion
is required. Cementite dissolution in steel during fatigue has been reported by Mc-
Grath [71].

The partial dissolution of residual cementite allows high concentrations of carbon to
migrate into dislocations and boundaries. While it has been shown that both structures
can accommodate a large amount of carbon [71]72], a detailed investigation of carbon
distribution inside ferrite microbands and around elongated ferrite within the DERs
is yet to be performed.

4.1.5. Lenticular carbides

Lenticular carbides are typically formed on the side and parallel to large WEBs [14]26,
32/73]. A fully developed WEB can be 50-60 pm in length and 10 pm in width, while
the thickness of a lenticular carbide can reach 1 pm [74]. The emergence of WEBs after
about 10! 10?7 stress cycles is typically observed in conjunction with the formation
of lenticular carbides [26]. Lenticular carbides have been identified as cementite but
without partition of Cr and Mn [55]. It can be hypothesised that the formation and
growth of lenticular carbides adjacent to white etching bands (WEBs) is related to
the dissolution of tempered carbides and residual cementite and the subsequent re-
precipitation of cementite. This could be caused by the reduction of the solubility of
carbon within the WEBs or when the maximum solubility of carbon in the WEBs is
reached, due to the continuous dissolution of cementite within the WEBs. It has been
shown that the formation of lenticular carbides is related to the partial dissolution
of residual cementite and does not require the full dissolution of residual cementite
within the WEB [26]32//60].

4.1.6. Carbon redistribution

The redistribution of carbon within DERs has been studied using Atom Probe To-
mography (APT) by Fu et al. [52]. Such an experiment was performed on an APT tip
of about 50 nm in diameter and 200 nm long. The redistribution of carbon atoms is
shown on reconstructed 3D atomic maps (Figure where Fu et al. claimed that the
carbon rich regions correspond to cementite and other transition carbides.

The shape of the precipitates in such a small size (if formed from saturated fer-
rite/martensite) is typically spherical or cylindrical. It is also debatable to define such
fine, carbon-rich, features as carbides without any further supporting evidence like
electron di raction patterns, carbide orientation relationship with the matrix, or the
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analysis of the precipitate shape and size. Further research is needed to clarify this
topic.
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Figure 22. a) 3D atomic map obtained by Fu et al. from DERs and the carbon distribution at selected
region of interests (ROIs). (b) Proxigrams for di erent ROIs selected in (a).

4.1.7. Dislocation density

The dislocation density can be determined by the analysis of the line broadening
(FWHM) of the ferrite 211 peak, but this type of investigation is not available for
bearing steels in the literature. What is currently available is a qualitative comparison
(made by Voskamp [18]) of the line broadening FWHM of tempered martensite caused
by rolling contact fatigue.

4.1.8. Cracks within DERs

Subsurface cracks are sometimes found within the DERs, see Figure[23] It is uncertain
how and when the cracks are formed. Scott reasoned that the formation of the
softer DERs, which is incapable of supporting the stresses imposed, initiates the cracks.
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Figure 23. Crack observed in the center of the DER in the circumferential (parallel) section. Image from
internal SKF work.
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4.2. Groove formed on the raceway

A groove with a depth of up to a few micrometres is typically observed on the surface
of the raceway of a bearing subjected to RCF. This is a permanent shape change that
is due to the plastic deformation caused by the contact with the rolling elements.

In full hydrodynamic lubrication no direct contact between the rolling elements and
the raceway is expected. However, full hydrodynamic lubrication cannot be maintained
at all times during the bearing lifetime, since below a certain critical sliding velocity
there will be a mixed lubrication regime where the thickness of the lubrication film
becomes smaller than the size of the surface asperities, resulting in direct contact
between the surface of the rolling elements and the raceway. For the above reason,
the real area of contact during rolling is limited to the contact between the tips of
the asperities, an area significantly smaller than the apparent area calculated by the
Hertz theory. This results in in very high localised stresses at the contact tips. Some
plastic deformation can thus be expected on the tips of the asperities and may result
in the breakage of the asperities as well as in the smoothing of the grooved surface.

The formation of the groove decreases the actual contact stress experienced on the
subsurface under the same load, due to the increase of the contact area. The severity
of the pre-determined contact stress decrease due to the groove formation is dependent
on the bearing test, where the ball on flat plate set-up is the most sensitive.

Andersson et al. [44], and Vegter and Slycke [75] have suggested that the formation of
the groove on the raceway is a consequence of the sub-surface microstructural changes,
or DER formation. Since the formation of the groove can be easily characterised with
a profilometer, they have also developed a method based on this idea for assessing
the RCF performance of high strength rolling bearing steels. The applicability of this
method in relation to DER formation remains to be further popularised.

4.3. X-ray di! raction measurements to map DERs

X-ray powder di raction (XRD) is a powerful technique and has been used to charac-
terise DERs. It is used to assess the retained-austenite content, texture formation and
residual stress build-up after rolling contact fatigue [18]. Voskamp [59] investigated
the depth distribution of texture formation, the amount of retained austenite and the
residual stresses by electropolishing successive surface layers before X-ray di raction.

It was observed by Voskamp [18] that the formation of DERs is accompanied by
the development of compressive residual stresses and by changes in the FWHM. One
example from Voskamp [I8] on residual stresses is shown in Figure Residual stresses
are measured on samples (cut from (tested) bearings) using standard X-ray di raction
based on the sin 2W stress measurement method [18].

The other use of X-ray di raction analysis is based on the phenomenon of “line-
broadening”. In a X-ray di raction spectrum, each lattice plane is represented by a
peak. The stress fields induced by the presence of dislocations displace the atoms
from their ideal lattice positions, causing the broadening of the di raction lines. The
analysis of the shape of the peaks indicates the change of dislocation densities.

In addition to the strain broadening caused by dislocations, the di raction line
broadening is also sensitive to the instrumental broadening and the limited size of
the crystallites in the specimen, commonly known as size broadening. For a proper
interpretation of the di raction line broadening due to the change of dislocation den-
sity, these additional broadening e ects need to be taken into account in the analysis.
Without these additional considerations, only qualitative estimations of the dislocation
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Figure 24. Residual stress profiles for DGBB 6309 with martensite hardened inner rings. Adapted from [I8].

density can be made.

The qualitative estimation of the dislocation density can be made by the measuring
of the “Full Width at Half Maximum” or FWHM of the peak. It can be seen in
Figure (schematic figure produced by the authors) that the peak is broad when a
material is newly hardened. However the peak becomes sharper in the used bearing.

The decrease of the line-broadening with the appearance of DERs, as seen on Fig-
ure indicates the reduction of dislocation density within the DERs. The results
presented in the figure were produced by the authors.

4.4. Hardness measurements

The microstructural transformations caused by rolling contact fatigue lead to changes
in the mechanical properties of bearings, which are typically characterised by hardness
measurements. It seems that the change in hardness during rolling contact fatigue is
not of a saturating character, like what is observed in the typical push-pull fatigue
tests. Experimental hardness results in the literature show that the changes are irreg-
ular, since both hardening or softening can occur depending mainly on the applied
contact pressure and operating temperature [14]28]. At the beginning of stress cy-
cling the changes of hardness are relatively small, and their intensity increases with
the increasing number of cycles [14]18]28].

While microstructural investigations are typically performed on both cross and par-
allel sections, hardness measurements are rarely performed on both directions. There
are no available reports in the literature on the e ect of the sectioning orientation on
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Figure 25. Example of Full Width at Half Maximum of a new and a used bearing.
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Figure 26. Full Width at Half Maximum profiles for DGBB 6309 with inner ring after martensitic hardening
with no retained austenite.
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the hardness of the DER, even though DERs have very di erent microstructures when
investigated at di erent sectioning orientations. Figure shows the DER hardness
measurements performed by Kang et al. [62] and Fu et al. [52] on the same bearing
but at di erent sectioning orientations. As can be seen in Figure[27] a small increase
of hardness is detected on the cross-section, while a decrease of hardness is measured
in the parallel section. The result indicates that the mechanical properties of DERs
are anisotropic. Such inconsistency on the hardness results has unintentionally caused
confusion on the hardening or softening e ect of DERs investigations in the past.
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Figure 27. Variation of hardness as a function of depth. The measurements were performed in two di erent
sectioning orientations with two di erent stress cycle Kang et al. [62] and Fu et al. [52]. The dotted line indicates
the hardness measurement performed on circumferential(parallel) section sectioning orientation, while the solid
line is the hardness measurement on cross-section sectioning orientation. The red and blue colour lines indicate
the bearing tested with 1.2! 107 and 1! 108 stress cycles, respectively.

5. Mechanisms of formation

The formation of DERs is characterised by the gradual decay of the initial microstruc-
ture and is caused by the cyclic Hertzian stresses generated during rolling contact
fatigue. As discussed in Section the initial microstructure of heat treated bear-
ings includes tempered martensite, tempered carbides, residual cementite and retained
austenite. Due to the complexity of the initial multi-phase material, there is still no
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consensus in the literature about the fundamental mechanisms of DER formation.
Hereby we present some of the theories available in the literature.

5.1. Jones [24]

DERs were first observed by Jones in SAE 52100 bearing steel and were described as
a structural change that appears in the form of troostite of lower hardness than the
original martensite. According to the author, the application of cyclic Hertzian stresses,
together with the internal friction of the material, originates the partial transformation
of the inflicted shear energy into heat. The accumulation of heat generated due to
the cyclic stressing of the material leads to the decay of the hard martensitic phase
present in the initial microstructure and the formation of areas of troostite. This phase
transformation is the result of subsurface tempering. The authors named their theory
the “shear strain energy theory”.

Troostite is an olden term used to name a fine mixture of ferrite and cementite in
the 1920s. This mixtures are typically observed in the DERs. Because of the similarity
in microstructure, tempering of the parent martensite induced by stress/strain is the
main claim in this mechanism to describe the formation of DERs. The necessity for the
energy to first transform into heat in order to cause phase transformations, is however
questionable.

5.2. Bush et al. [31]

Bush et al. studied the nature of the structural changes at the subsurface of ball
bearing inner races and rollers subjected to rolling contact fatigue, all of them made
from bearing steel SAE 52100. As commonly done, they define the DERs as the area
of the material that su ers a more rapid etching attack and, as a result, darkens. They
also use the term “stress a ected zone” to refer to the DERs, due to the fact that it
is initiated in the region of maximum reversed orthogonal shear stress.

In terms of microstucture, they compare the structure of the DERs to that of tem-
pered martensite while showing that in both cases there is a change of the hardness
of the microstucture. Nevertheless, they describe it as a zone consisting of extruded
carbides and highly deformed ferrite bands. Interestingly, they propose that the aug-
mentation of the coverage of the of DER is a consequence of the nucleation of additional
transformed areas, instead of a consequence of the growth of the previously formed
dark areas. Additionally, based on the observation that there is a threshold stress for
the emergence of DERs, it is suggested that the nucleation of DERs is the result of
yielding or a plastic flow phenomenon, instead of a thermal e ect.

In terms of the underlying mechanism, they distantiate themselves from Jones’
theory, stating that “heat tempering” is not a condition for the transformation. In-
stead, they proposed that the transformation is governed by an exchange of material
between the carbides and the matrix, a process evidenced by the formation of intru-
sions/extrusions within the microstructure (see Figure .

5.3. Swahn et al. [14]

Swahn et al. reported experimental observations on the formation of DERs on SAE
52100 bearing steel, see Figure In their work, the DERs are described as a mixture
of 1) a ferritic phase containing inhomogeneously distributed excess carbon, and 2)
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Figure 28. SAE 52100 steel ball bearing inner race. Transverse section showing intrusions (arrows) and
extrusions along edge of undissolved iron carbide particle. Etched in picral [31].

residual martensite from the original microstructure.

The transformation mechanisms that lead to the formation of the new features in
the microstructure (DER) are said to be a result of the redistribution of 1) the carbon
present in the initial microstucture in solution in martensite, and 2) the carbon result-
ing from the dissolution of carbides. They also proposed a chronological description of
the features that occur during cyclic rolling contact. The main idea is that, initially,
stress induced carbon di usion leads to the migration of carbon from the martensitic
lattice towards various defects in the material (mainly dislocations). Then, as plastic
deformation accumulates, the movement of dislocations eventually creates carbon rich
grain boundary-type interfaces.

Their chronological description of the carbon redistribution in the parent martensite
does not incorporate the dissolution of carbides. What the role of carbide dissolution
in the formation of the DERs is, and at which timescale carbide dissolution happens
within the formation process, are questions that remain unanswered.

5.4. Voskamp

Voskamp characterised the DER as decayed martensite, more specifically, as a mixture
of martensite and ferrite, the latter resulting from localised, stress-induced phase trans-
formations. The author proposed that stress-induced phase transformations are “not
improbable” when the material is subjected to high pulsating loads for a large number
of cycles (103-10%), a hypothesis that is supported by transmission electron microscope
observations of heavily deformed ferritic domains, see Figure The transformations
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Figure 29. Successive stages of the formation of DER on TEM. (Left) Very early stage of martensite decay. A
represents transformed zones separated by residual martensite (at B). (Right) Later stage of DER development
showing patches where the parent martensite has disappeared

in the microstructure happen in the following order: first, the cyclic stresses generate
a local rise in the temperature which induces the di usion of atomic carbon available
in the martensitic matrix. As the carbon di uses, dislocations that were previously
trapped by the carbon are no longer pinned, and potential slip systems are activated.
Finally, the movement of the un-pinned dislocations causes plastic deformation.

5.5. Polonsky and Keer [35]

Polonsky and Keer proposed a model with the final goal of explaining the phenomenon
of white etching band (WEB) formation in rolling bearings. They consider the forma-
tion of DERs as a precursory microstructural change to the WEBs, and suggest that
both phenomena are the result of the same basic mechanism. Hence, the mechanism
that they propose for the formation of the WEBs is also valid to study DERs.

The authors describe the DERSs as a region composed of ferritic microbands -regions
of localised plastic shear stress- separated by the untransformed parent martensite. The
microbands are the result of cyclic-plastic-strain-induced material softening, caused
by the redistribution of carbon solute. The driving force for carbon redistribution is
ascribed to the stress induced release of atomic carbon into ordinary solution (initially
segregated in dislocations).

In more detail, the process is as follows: all dissolved carbon is initially segregated
in the form of dislocations atmospheres, due to the high dislocation density of the
initial microstructure (martensite); concurrently, the dislocations are pinned by the
presence of carbon. When stress is applied, some dislocations are unpinned and become
mobile, and a process of dislocation multiplication/annihilation starts. During this
process, when a dislocation is annihilated, the carbon atoms in the atmosphere that
was previously surrounding it, find themselves in ordinary solution. Hence, the amount
of segregated carbon (in dislocations) decreases while the amount of carbon in ordinary
solution increases. The carbon in ordinary solution is then available for di usional
flow, resulting in the formation of ferritic microbands, the main characteristic of the
microstructural decay inside the DERs.

Additionally, they propose a model to estimate the growth of WEB: it allows to
predict the time and number of revolutions required for the formation and growth of
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Figure 30. TEM image of DER with plastically deformed ferrite (A), residual martensite (B), and a decaying
carbide particle (C) [18].
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