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Abstract

A form of damage in bearing steels subjected to rolling contact fatigue
is the formation of localised regions of white material just below the contact
surface. These ‘white-etching regions’ are strikingly visible signs of damage
during metallographic examination. One mechanism proposed to explain
their formation is adiabatic shear localisation. Experiments are reported
here using high strain-rate (250s7!) tensile testing to show that this is not
the case.
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1. Introduction

White-etching matter (WEM) consists of nanostructured ferrite that forms
in steels subjected to rolling contact fatigue [1-6]. It can have different mor-
phologies, which can be harder or softer than the matrix depending on their
carbon concentration. Harder types include layers, spheres, white-etching
cracks, or ‘butterfly’ wings [7-9], while softer ones are low and high angle
bands [10-13]. In the case of large bearings used in wind turbine gear-
boxes, white-etching cracks and butterflies can lead to their premature fail-
ure through a mechanism called white-structure flaking; the subject has been
reviewed extensively [5, 13-16].
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One mechanism that has been suggested for the formation of the white-
etching matter is adiabatic shear [17], which occurs when strain rates as-
sociated with localised plasticity in steels exceed about 10?s™! [18]. The
mechanism requires that deformation is first initiated locally (for example
at inclusions), but the high strain rate leads to the generation of heat that
cannot be dissipated fast enough into the surroundings. As a result, the
local region heats up and softens at a rate that is greater than any work
hardening effect, thus exacerbating the strain localisation [19-24]. This idea
has been applied to a common bearing steel where white-etching matter was
observed in the microstructure following high strain-rate compression tests,
leading to the conclusion that the high-angle white-etching bands, and possi-
bly white-etching butterfly wings, that are observed in bearings are the result
of adiabatic shear localisation [17].

However, an alternative interpretation is that the uniaxial compression
causes the formation of cracks, and the crack faces then rub together under
the influence of the compressive stress to form the white-etching matter. In
this interpretation, the damage by cracking must occur first, as has been
demonstrated in rolling-contact experiments on bearing steels [16, 25-27].
In other words, those white bands, which are more likely band-like white-
etching cracks, are not the cause but the symptom of the damage mechanism.

To prove this, we report experiments where high strain-rate tensile tests
are conducted to eliminate the possibility of crack faces rubbing against each
other following the initial fracture event. Both uniaxial compression and
uniaxial tension lead to the same shear stresses so the formation of the ‘adi-
abatic shear bands’ should be insensitive to the type of applied stress.

2. Experimental Methods

2.1. Material

The material used is a hot-rolled and spheroidised 52100 steel rod man-
ufactured by Ovako with the following composition in weight percent:

0.98C-1.38Cr-0.28Mn-0.06Mo-0.28Si-0.18Ni



0.04A1-0.010P-0.017S-0.21Cu-0.015C0-0.001Ca-0.001Ti

Flat tensile samples 2.5 mm thick, 160 mm long, and 20 mm wide were cut
using an electric discharge machine along the rolling direction of the rod.
The gauge section was 2.5 mm thick, 40 mm long, and 10 mm wide.

2.2. Heat treatments

Samples were individually wrapped in three layers of stainless steel foil,
welded to a thermocouple to monitor the temperature, and heat treated in
a standard Carbolite RWF1200 box furnace. All four samples were austeni-
tised at 840 °C for 20 min and quenched in GP/60 oil at room temperature;
these samples are referred to as #-Q. One of the quenched samples was then
tempered, without the foil, at 160 °C for 2 h, which corresponds to the stan-
dard heat treatment for 52100 steel. The tempered sample is labelled #-QT.
Electron microscopy and vickers hardness measurements were performed to
ensure the heat treatments created the desired microstructures and mechan-
ical properties.

2.3. Tensile testing

Before testing, the samples were instrumented with 5 mm long ultrahigh-
elongation Cu-Ni alloy foil strain gauges/sensors that have a resistance of
120.240.2€2 and a gauge factor of 2.03+1.0% at 24°C. The strain sensors
were fixed to the centre of the gauge section of the sample with a cyano-
acrylate base cement after slightly grinding the surface with a 320 SiC sand-
paper. The wires of the strain sensor were soldered to a small terminal, glued
outside the gauge section, and to the two 0.5 mm in diameter tinned copper
conductors of a sensor cable that connected the strain sensor to the ampli-
fier. The strain sensor, its wires and the terminal were then covered in a two
component epoxy adhesive to prevent a short circuit or detachment during
testing.

The instrumented samples were then placed between the clamps of a
Zwick/Roell Amsler HTM 5020 tensile testing machine operating at a test
speed of 10ms~! and a measurement time of 32ms. A speed of 20ms™!
could not be used because the samples slipped off the clamps and due to
their high hardness, damaged the knurling pattern of the grips.
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2.4. Characterisation

After testing, samples were cut up and the fracture surfaces studied using
an Olympus stereographic microscope and a JEOL JSM 5500LV scanning
electron microscope (SEM) equipped with an Ozford Instruments EDS de-
tector. The surface of the samples along the length and thickness of the
gauge section in proximity to the fractured edge were then metallographi-
cally prepared and observed using using a Zeiss optical microscope (OM)
and the SEM. These samples were ground and polished several times to ob-
serve the microstructure of the bulk at different depths with respect to the
surface. Some micrographs were stitched together to provide a high-quality
macroscopic perspective.

3. Results and Discussion

The average Vickers hardness values and standard errors based on twenty
indentations close to the fractured edges are: 751+6 HV30 for sample 1-Q*,
79942 HV30 for sample 2-Q, 7782 HV30 for sample 3-Q, and 700+4 HV30
for sample 4-QT. Since each sample was heat treated individually, the differ-
ences in hardness are attributed to how tightly the foil was wrapped around
each sample, which affects the heat conduction when inside the furnace and
during the quench.

The speed of the cross head created an initial strain rate of 250s~! at the
gauge section that initiated fracture most likely at surface imperfections or
surface inclusions and propagated in a direction normal to the applied stress,
as shown in fig. 1. The fracture topography of samples 1-Q and 3-Q indicates
brittle failure. At high magnifications, a characteristic mottled pattern and
many examples of intergranular fracture can be seen (fig. 2a). In sample
3-Q, one of the corners showed a collection of bright spots under the OM,
which were suspected to be cross sections of adiabatic shear bands. Further
analysis using the SEM showed a more brittle fracture surface at these spots
compared to the matrix, as seen in fig. 2b. Nevertheless, EDS measurements

*Q stands for quenched and QT for quenched and tempered
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confirmed these regions to be enriched in sulphur (2.91+.18 wt%) and man-
ganese (2.76+0.19 wt%) in addition to chromium (1.65+0.27 wt%) and iron
(92.674+0.36 wt%), suggesting the spots are simply a family of manganese sul-
phide inclusions, broken down during rolling. Their presence was confirmed
by the thickness profile shown in fig. 2d.

Figure 1: Stitched SEM micrographs of the fracture surfaces of samples: a) 1-Q, b) 3-Q,
and ¢) 4-QT.

The microstructure of the lateral (along the length) and thickness profiles
are presented in fig. 3. The uneven surfaces of the profiles confirm brittle
failure in all samples, irrespective of heat treatment. The microstructure
reveals a strong presence of segregation bands, more evident under the optical
microscope, but no sign of adiabatic shear bands or white-etching bands,
even at high magnifications, different depths with respect to the surface, and



Figure 2: Higher magnification SEM micrographs of: a) fracture surface of 3-Q, b) two of
the bright spots found in 3-Q indicated by white arrows, c) surface along length of sample
1-Q in proximity to the fractured edge showing cracks at 45° to the fracture surface,
which is the angle of maximum shear stress and a MnS inclusion pointed by an arrow,
d) thickness profile of 3-Q showing that MnS inclusions, pointed by arrows, and granular
carbides are more common inside the segregation bands outlined by the dashed lines.

etched or unetched conditions (fig. 2¢ and 2d). It would be expected to find
adiabatic shear bands following the lines of maximum shear stress or slip
planes [19], such as the cracks shown in fig. 2c, but such was not the case.
The lack of adiabatic shear bands seems to be caused by the tensile stress
applied, which does not allow for cracks in the bulk of the sample to form
and then rub their surfaces against each other under the generated shear
stresses, as it happens under compressionf. This fact suggests that adiabatic

tA recent publication by Dodd et al. presents the findings and translation of the two
first recently rediscovered studies on what is now known as adiabatic shear banding [28].
The translated version of the work of Davidenkov and Mirolubov describes the formation
of adiabatic shear bands as a sequence of plastic deformation, heat generation, softening,



shear localisation cannot describe the appearance of white-etching cracks or
white-etching wings. Instead, the more appropriate mechanism seems to be
the frictional contact of broken surfaces within the bulk that reduce the local
compliance and causes intense localised deformation [27, 30].

Figure 3: Stitched micrographs showing: a) surface along length of 1-Q (SEM), b) surface
along thickness of 3-Q (SEM), and c) same sample as as b) after further grinding (OM).
b) and c) share the same magnification.

deformation localisation, fracture along the maximum shear stress direction, and sliding of
the cracked surfaces against each other that elevates the temperature further and creates
a band whilst the crack welds itself closed [29]. This work is the second paper to ever
describe this phenomenon and already acknowledges the fact that in compression, the
rubbing of sheared cracked surfaces precedes the formation of transformed bands.



4. Conclusions

High strain rate tensile testing of quenched, and quenched and tempered
bearing steel revealed no signs of adiabatic shear banding, like those reported
for compressive stress. This fact serves as evidence to question the adiabatic
shear localisation theory for the formation of white-etching matter in bearing
steels subjected to rolling contact fatigue. Instead, the more likely mechanism
responsible for the formation of hard types of white-etching matter such
as white-etching cracks and white-etching butterfly wings seems to be the
beating/rubbing of crack faces under the resulting shear stresses of either
compressive loading or rolling contact fatigue that lead to a reduction of local
compliance and increased localised deformation. This proposed mechanism
instead, does explain why white-etching matter can be seen in high strain
rate compressive tests where cracks can be rubbed against each other, but
not in equivalent tensile tests.

The corollary of this work is that adiabatic shear bands and white-etching
matter form by distinct mechanisms, at different scales, and under signifi-
cantly different strain and strain rates.
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