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Abstract.

White Etching Areas observed in failed rolling bearings have been associated with the
presence of Severe Plastic Deformation conditions, which can be achieved by High-
Pressure Torsion tests; thus, this technique was selected to produce White Etching
Structures in annealed AISI 52100. Their origin arises from two main phenomena: Firstly,
the relative movement between anvil/samples creates instabilities and interruption to
plastic flow close to the surface of the sample. Secondly, the presence of hard

discontinuities such as carbide clusters and non-metallic inclusions interrupt plastic flow
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inside the samples. Both phenomena seem to promote carbide dissolution in the ferritic

matrix and so could produce not only White Structures but also White Etching Areas.
Keywords.

White Etching Areas, AISI 52100, High-Pressure Torsion.

1. Introduction.

Over recent years, White Etching Areas (WEAS) in bearing steels have received
increasing attention due to their relationship with premature failures of rolling element
bearings, especially those assembled in wind turbine gearboxes. WEAs have been linked
to a catastrophic surface damage phenomenon commonly called Brittle Flaking Wear
(BFW) [1] or White Structure Flaking (WSF) [2] [3] that appears visible to the naked eye as
smearing, cracks, and macro pitting. Although spalling resulting from Rolling Contact
Fatigue (RCF) would normally be expected to limit bearing service life to 20 years based
on the Lqg life estimate, WEAs formation and WSF can reduce this to as short as 5 - 10%
of the L1 bearing life [4]. WEAs are a particular type of microstructure in steels, which
appears to be white under Light Optical Microscopy (LOM) after etching. The white
appearance is due to their higher corrosion resistance to Nital etch compared to the matrix
that surrounds them [4]. WEASs have been related to microstructural discontinuities such as
non-metallic inclusions [5-7], carbide clusters [8, 9] and cracks [10-12]. These
discontinuities could interact with the Hertzian stresses in the subsurface of the contact
areas to generate localized and Severe Plastic Deformation (SPD) conditions. SPD could
promote grain refinement and dissolution of carbides in well-defined regions. Both
phenomena seem to be closely related to WEASs initiation and evolution [13-19]. Similar
mechanisms have been suggested to explain the origin of some white microstructures
encountered in pearlitic steels processed by High-Pressure Torsion tests (HPT) [20]. HPT
has also been used recently to study the mechanical decomposition of cementite by SPD
in a quenched/tempered AlSI 52100 bearing steel and its role in the formation of WEAS
[21] and to understand the nature and formation mechanism of White Etching Layers
(WELSs) in rail track steels [22]. HPT, as an SPD process, is generally conducted on a thin
disc sample placed between two anvils that transmit compression and high torsional

stresses through the rotation of one of the anvils. The combination of compression and



shear stresses can produce homogeneous microstructures with grain sizes of less than 1
pm [23].

Although HPT differs from RCF in many ways, it provides a fast procedure and simplifies
the microstructure alteration formation to the influence of stresses only and eliminates the
influence of lubricants, heat, electricity etc. but focuses on the effect of shear and
compressive stress. Moreover, HPT tests are simple to perform and allow easy
repeatability compared to both RCF tests and the analysis of field bearings, which usually
require millions of cycles to produce WEAs [24, 25], whilst HPT requires just a few minutes
to process one disc. Parameters such as pressure, strain (measured as rotational
displacement or turns), rotational speed and temperature can be easily controlled, allowing
efficient sample processing under different conditions. However, important limitations are
associated with HPT tests. One of these limitations is that the admissible final hardness of
discs must be lower than the anvil hardness to avoid permanent damage to the anvils and
the HPT test machine. Hence the original bearing roller samples were annealed to enable
them to be HPT processed. This has enabled the study the microstructural changes

produced under the influence of compressive and torsional stresses.

This paper presents the microstructural variations found after HPT tests conducted on
annealed AISI 52100 bearing steel, using pressures and turns limited by the hardness
limits admissible for the HPT testing machine. The most important result observed after
carrying out HPT tests was the formation of White Etching Structures (WES) in different
regions. Hence, this paper focuses on WES characterisation via LOM and Scanning
Electron Microscopy (SEM). As WES and WEAs share significant similarities, the
information obtained from WES could help shed light on the initiation and evolution of
WEASs in a bearing steel affected by SPD conditions.

2. Methodology.
2.1 Material preparation.

The material selected was an AISI 52100 bearing steel provided by a local supplier
(Simply Bearing Ltd. Halton House, Greenfold Way, Leigh WN7 3XJ, UK) as standard
rollers 10 mm in diameter and 14 mm long with 750 + 10 HV hardness. As the HPT test



machine available only allows the final hardness of the sample to be 800 HV, an annealing
heat treatment as detailed in [26] was conducted on the AISI 52100 rollers to reduce the
hardness of the rollers to 180 £ 10 HV prior to the HPT tests. After this heat treatment, the
roller diameter was observed to have reduced to 9.8 mm after eliminating the decarburised
layer on the roller surface produced during annealing. The rollers were then cut into 1 mm
thick slices followed by grinding using 800 and 1200 grade silicon carbide paper to obtain
a final disc thickness of 0.8 — 0.9 mm. Detailed technical information on AISI 52100

standard rollers can be found in reference [27].
2.2 HPT tests.

HPT tests were conducted on the thin disc samples using an HPT machine manufactured
by Riken Enterprise Co. Ltd. in Kokuraminami Ku Kitakyusyu City (Japan) under 0.5, 1, 3,
6 GPa pressure calculated as applied load over the cross-section area of the disc
samples. However, recent FEM and experimental work has shown that the hydrostatic
pressure is not uniform over the disc surface; it decreases with increasing distance from
the disc centre, remains unchanged across the disc thickness and the pressure at the
centre is higher than that calculated on load over cross-sectional area [28]. Both
experiments and simulations indicate that the mean hydrostatic pressure during HPT
processing closely corresponds to the compressive load over the disc area plus the
contact area between the anvils, thus that mean pressure calculated on just the cross-
section area overestimated the mean pressure by a factor of 2 [28]. Tests were restricted
to 1, 2, 3 turns were used under these pressures to avoid damaging the anvils by the
significant hardness increases observed during the HPT test. At least two repeat tests
were conducted for each condition. All tests were conducted at ambient temperature
without lubrication at a rotational speed of 1 rpm of the lower anvil, the upper anvil being
stationary. Because of the large amount of information available on HPT tests conducted
on steels using 1, 2, 3 turns under 1 rpm, the number of turns and the rotational speed
were chosen so as to provide useful comparative results to other HPT studies on steels
[20] [29-37]. The rotational speed was measured manually using an external chronometer.
All tests were conducted rotating in an anticlockwise sense with respect to the top anvil.
These parameters were also chosen to protect the HPT anvil integrity due to the significant

hardness increment found in the samples after 3 turns.



An adhesive tape was used to collect carefully the debris remaining on the surface of the
cavity in the upper anvil which had been in contact with the sample. In this way debris
resulting from flash formation during HPT was not collected. To determine if slippage had
occurred during the HPT tests (up to 1 turn), the method developed by Edalati et. al. [38]
has been used, where two parallel lines were drawn across the diameter of both top and
bottom surfaces of the discs prior to the HPT testing. The angular displacement of the two
lines was then measured in degrees and compared with the angular rotational of the
machine after HPT testing. Any difference in angular displacement of the lines and the
machine rotation angle allows the slippage between the anvil and sample surface to be
determined. All flash produced at the edge of the samples during the HPT tests was

removed by grinding followed by detailed metallography of the disc.
2.3 Characterisation of the HPT processed samples.

Features of the HPT processed samples have been characterised by standard
metallography and etching techniques. HPT samples were mounted in Bakelite, ground to
4000 grade SiC paper and polished using suspensions of 6 um / 1 um diamond pastes
using a Struers TegraPol 15 machine. Grinding was carried out with 10 - 15 N pressure
while the polishing pressure was 25 N. Etching with 2% Nital (2ml HNO3z, 98ml ethanol)
was conducted to reveal carbide distribution and WES. The HPT tested samples were
analysed in three ways: Firstly, 40 um was ground and polished from both their top and
bottom surfaces to study differences in the roughness patterns of the two surfaces in each
sample as well as between all tested samples. Then, selected samples were ground and
polished 360 um in successive steps from the bottom surface to find subsurface WES.
Some disc samples were also cut along their diameters in the axial direction to reveal
WES both on the surface and subsurface. All these sections were firstly subjected to a
preliminary inspection by LOM after etching to identify any microstructural variations.
Following this detailed analysis by LOM and SEM, (JEOL JSM-6500F with SEI/BSI
detectors and FEI/Philips XL30 ESEM with SE/BSI/GSI detectors) was carried out to

characterise the size and morphology of the WES.

An Image Processing Program (IPP) Image J — Flavour Fiji was used to quantify the WES

formed on the top surface. The Threshold tool was utilised to generate black/white masks



from the LOM images and to visualize the WES; the Particle Analysis tool was then used
to exclude unwanted objects as a function of their sizes (20, 40 and 60 pm?). This led to
the WES appearing as black patches whilst the matrix appeared white. Finally, the black
percentage in the images was obtained using the tool Analyze / Measure [39]. Thus, to
study the WES located at the top surfaces as a function of the pressure and number of
turns, four representative LOM images were taken every 90° around the circumferential
direction centred at a radial distance of 3.5 mm, Figure 1 a). The % of black masks
generated by Image J was calculated for all images, thus obtaining 4 measurements of the
% WES per sample. This procedure was repeated twice and hence 8 measurements of
the % WES were acquired from the two samples. Finally, an average of all 8 values was
reported as a representative % WES for each HPT parameter combination (pressure and
turns). Figure 1 a) shows a schematic of the positions of the four selected areas on a disc
surface, whilst Figure 1 b) and c) show examples of one image analysed and its

corresponding black / white mask.

a)

4.7 mm

3.5mm

2.3 mm

Figure 1. Quantification of % WES on the top surface of the sample discs processed by

HPT. a) Position of the representative areas analysed by IPP (measurements in mm). b)
Micrograph taken at a radial distance of 3.5 mm from the centre. c) IPP Image J used to

determine the % WES to the area showed in b).
2.4 Micro and nano hardness measurements.

To evaluate the hardness of WES in relation to its surrounding matrix, micro and nano
hardness measurements were taken. A Matzusawa Seijki MHT-1 micro hardness tester
with a Vickers indenter (100 g load for 15 s) and a NanoTest, Vantage Micro Materials Ltd,
with a Berkovich indenter (0.05 mN initial load and indenter contact velocity of 0.5 pm/s)



were used. Micro hardness values were taken on the WES and in areas adjacent using the
edge of the sample as a geometrical reference. However, their position was then defined
with respect to the centre of the sample using an Olympus BX51 LOM and the IPP Image
J.

In addition, nano hardness maps were constructed from measurements taken in a region
affected by WES located on the top surface located on a circumferential section). Nano-
hardness tests were carried out using a Depth Controlled Mode with a setup of 200 nm
maximum depth, to avoid any penetration of the ferritic matrix beneath the WES. The
selection of nano indentation parameters was based on previous experience measuring
other metals with similar or higher hardness than that expected for the deformed AlSI
52100. A grid of 10 x 10 indentations separated by 5 um was used. The separation
between indentations was the minimum admissible to avoid plastic effects between
neighbouring indents. The NanoTest Analysis Mode software was used to process the

data and produce the maps.
2.5 Anvil roughness measurements.

The anvil assembly was of a quasi-constrained configuration with a cavity 10 mm in
diameter and 0.25 mm deep in both top and bottom anvils. The cavity vertical walls have a
22° chamfer to facilitate plastic flow. The cavity allows sample discs of 9.8 mm diameter
and 0.8-0.9 mm thickness to be processed. The width of the contact area between the two
anvils, where the flashes is formed, is 2 mm. To obtain an impression of the roughness of
the anvils some sample discs were compressed by the HPT test machine under pressures
of 1, 3 and 6 GPa. The impressions on both top and bottom sides of the disc samples
were evaluated using a Taylor Hobson Form Talysurf 120L profilometer system to obtain
roughness profiles along the diameter of the disc samples. The lengths selected to be
measured were taken along five random diameters of each sample studied (unprocessed,
compressed under 1, 3 and 6 GPa). The main results of these measurements are reported
in Table 2. In addition, a reconstruction of the surfaces was made using an Alicona G4
Infinite Focus optical system (Figure 12). To evaluate the Ra, Rq, Rz parameters from the
surfaces, the standard recommendations in BS EN ISO 4288-1998 were followed [40]. The

cut — off (Ac) selection depended on the spacing of the profile features, peaks, and valleys



(RSm), which was estimated through visual inspection. For the HPT samples, two RSm
values were selected 0.13-0.4 mm for the unprocessed samples and 0.4 -1.3 mm for the

deformed ones.
3. Results.
3.1 Annealed microstructure.

The microstructure of the annealed AISI 52100 consisted of a ferritic matrix with an
approximately homogeneous distribution of spheroidal carbides of different shapes and
size. Etching with 2% Nital was effective at revealing the carbides but did not reveal all the
ferritic grain boundaries (Figure 2 a)). Although the main part of these carbides looked

“spheroidal”, a few of them appeared as pearlitic lamellae structures in very well-defined

areas. (White arrows in Figure 2 b)).

Figure 2. Microstructure of an axial section of an annealed AISI 52100 rollers. The white
rectangle shows a region detailed in b). a) Not all ferritic boundary grains were visible by
LOM after etching. b) Lamellae from the pearlitic structures still present after the annealing
heat treatment. LOM Nital 2%.

3.2 Evidence of slippage.

Macroscopic examination of the HPT tested samples revealed that slippage between the

top anvil and the disc top surface has occurred during the testing. By inspecting the lines



drawn along sample diameters prior to and after testing, the amount of slippage in degrees
after 1 turn was calculated. The percentage slippage was also calculated in relation to the
360-degree corresponding to one turn of the machine. It was not possible to assess the
slippage after more than one turn as the drawn lines were then no longer visible after HPT
testing. Table 1 gives the slippage measured after HPT for 1 turn. Five measurements

were taken for each test configuration.

Table 1. Slippage in HPT tests after 1 turn. The values correspond to averages from 5

samples.

HPT parameters Slippage angle (°) % Slippage
1GPal1T 80.2+22 22.3
3GPalT 526+1.9 14.6
6GPalT 29.6+1.7 4.05




Figure 3. Montages of top (Images from a) to d)) and bottom (Images from €) to h))

surfaces of annealed AISI 52100 samples after conducting HPT tests using 0.5, 1 GPa, 3
GPa, 6 GPa and 1 turn. The top surface exhibited grooves alternated by white patches;

the bottom surface showed an orange peel pattern. LOM, Nital 2 %.
3.3 Differences between top and bottom surfaces.

The top and bottom surfaces of the discs had a different appearance: concentric circle
tracks alternated by smooth and shiny regions appeared on the top surface (Figure 3,
images a) to c)), whilst a pattern similar to an orange peel appeared on the bottom surface
(Figure 3, images e) to h)). When the pressure applied was 6 GPa, this orange peel
pattern also appeared on the top surface of the disc samples (Figure 3, image d)). A thin
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extruded ribbon or flash was observed to form concentrically around the middle periphery
of the disc for all samples processed, the size of this flash increasing with higher pressure

and number of turns.

All samples remained adhered to the bottom anvil once the HPT tests ended. The circular
tracks shown in the upper images of Figure 3 (for tests carried out at 0.5, 1 and 3 GPa),
appeared as discontinuous grooves alternated by shiny and smooth patches that looked
white after etching. These white patches covered the main part of the top surfaces as a
succession of concentric rings, except for a small circular area at the centre of the
samples; their extent and shape seemed to be related to the pressure applied during the
HPT tests. For pressures of 0.5 to 1 GPa, they looked slim and elongated and affected
large areas, whilst at 3 GPa their incidences were less despite their bigger size. The lower
images in Figure 3 shows the orange peel pattern which affected the bottom side of all
samples processed by HPT tests. On samples processed using 6 GPa, this pattern

covered the top surface as well, replacing the grooves and white patches.
3.4 WES on the top surface and in the subsurface.

A detailed microstructural characterisation via LOM revealed several changes in the
annealed microstructure after HPT tests. These changes included evidence of plastic
deformation, carbide redistribution and WES, which were found in two different regions:
close to the top surface (designated as Top White Etching Areas or TWES) and in the
subsurface of the samples, 240-360 um from the bottom side, (designated as Subsurface
White Etching Areas or SWES). TWES were observed after grinding 40 um from the top
surface of the discs (in contact with the stationary anvil) to remove the roughness or
grooves caused by slippage between the top surface and the anvil whilst SWES were
explored by serial sectioning from the bottom side at 40 um intervals. Both TWES and

SWES were also studied on axial sections cut along the diameter of the samples.
3.4.1 TWES (at the top surface).

LOM revealed a large number of TWES at radial distances of between 1.5 mm and 5 mm
on all samples except those processed under 6 GPa. Figure 4 a) shows a LOM image of

the TWES from the sample processed using 1 GPa 1 turn. Details of the region b are also
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shown in Figure 4 b). TWES appeared elongated and in irregular patches that seemed to
follow the circular tracks on the sample. In some cases, TWES alternated with grooves, in
other cases they overlapped them. Regions of higher plastic deformation were visible
where patches overlapped each other more, producing bigger TWES (Figure 4 a), area
enclosed by yellow line); In other places, small isolated TWES appeared, but their
orientation and shape suggested that they were part of larger TWES located at the same
radial position (Figure 4 a) white arrows). Both linked and isolated TWES seem to be
related to the high plastic deformation imposed by the rotation of the sample against the
upper anvil. A fibrous structure was visible inside some TWES, the fibres extended along
TWES forming a swirl or vortex pattern in some regions (Figure 4 b), areas enclosed by
yellow lines). Some cracks were also observed following the fibres, especially close to the
TWES borders, others crossed TWES in a radial direction (Figure 4 b), white arrows). The
matrix that surrounded the TWES and grooves appeared as a continuous ferrite phase
with many small spheroidal carbides, approximately 2 um diameter that seem to be

distributed relatively uniformly at first sight. No carbides were observed inside the TWES

by LOM. Features found in this sample have also been found in other samples.

Figure 4. Details of WES structure on the top surface of a sample processed with HPT. a)
Overlapping TWES in a circular pattern at 3.5 mm radial distance (area enclosed by yellow
line) and isolated TWES that seemed to be part of a bigger TWES (white arrows). The
white rectangle shows the region detailed in b). b) The fibrous structures inside the TWES
adopt a swirled morphology (areas inside yellow lines); note the crack morphology present
in the TWES (white arrows). 1 GPa 1 turn, LOM, Nital 2 %.
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SEM / SEl images taken of the smooth and shiny regions revealed that TWES consisted of
several overlapped layers affected by high plastic deformation of the ferritic matrix. The
overlapping phenomenon seemed to be caused by the sliding contact between the disc
sample and the anvil, which deformed plastically the ferritic matrix and the TWES. This
phenomenon is visible in Figure 5 a), where some TWES located at a radial distance of
3.5 mm on the top surface of a sample processed using 0.5 GPa 1 turn are shown. The
smooth surface of the TWES appears to be comprised of several overlapped layers
stacked over each other as a result of plastic deformation. Flakes were visible on TWES at
several radial distances but were present in greater amounts when the pressure and the
number of turns were higher. They were formed by the high plastic deformation resulting
from sliding which generated severe adhesive wear conditions. Figure 5 b) shows some of
these flakes on a TWES located at a radial distance of 3.5 mm in a sample processed by 1
GPa 1 turn.

SEI 50kV  X1,000 10um WD 14.6mm X2,000 10um WD 14.7

Figure 5. a) Differences between the appearance of the deformed ferritic matrix (1) and
TWES (2). TWES layers appeared to overlap (white arrows) b) Flakes on TWES produced
by severe sliding and high plastic deformation. 0.5 GPa 1 turn, SEM/SEI Nital 2 %.
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SEI 150KV %2,000 10um WD 10.2mm SEI 150KV X4,000 1lum_ WD 10.2mm

Figure 6. Details on an axial section of a sample processed using 1 GPa and 2 turns. The
white rectangle indicates the area shown at higher magnification in b). a) Differences
between the carbide distribution located in the deformed ferritic matrix and the TWES.
Some small cracks are visible inside of TWES and near to the deformed ferritic matrix
(white arrows). b) Deformed carbides linked to the fibrous structure in a cloud TWES
(white arrows). The top surface of the sample is located at the bottom of these images.
SEM/SEI Nital 2 %.

A detailed SEM /SEI analysis conducted on axial sections revealed other interesting
features of the TWES. Firstly, TWES is clearly different from the deformed ferritic matrix
due to its fibrous microstructure. Small crack systems were observed along TWES, but
especially near to the deformed ferritic matrix (white arrows in Figure 6 a) and separating
both phases in several cases. Fewer carbides were observed inside the TWES, and their
distribution between the fibres was non-uniform, compared to their relatively homogeneous
distribution in the matrix. Moreover, carbides in the TWES were smaller, deformed, and in
some cases appeared linked to the TWES fibres (white arrows in Figure 6 b)). A similar
behaviour has been reported previously in annealed AISI 52100 sample discs processed
with HPT [41].

Eventually, with higher pressures and number of turns, cracks form inside or below these
flakes which promote material detachment. A dramatic reduction in the areas affected by
TWES was noted on a more highly deformed surface, i.e. on samples processed using 3
GPa and 3 turns. Abrasion and adhesion combined appear to have removed the majority

14



of the TWES, leaving just a few TWES clusters oriented in the sliding direction. The
abrasion and adhesion eventually produced wear debris that was trapped between the
contacting surfaces. Wear debris collected from the cavity in the upper anvil after

conducting a HPT test using 3 GPa 3 turns is shown in Figure 7.

Figure 7. Debris collected from the cavity of the upper anvil after conducting a HPT test.
The white rectangle indicates the area shown at higher magnification in b). a) Optical
image of debris produced after processing a sample disc under 3 GPa 3 turns. b) Detail of
debris surface exhibiting typical sliding wear features, such as high plastic deformation,

delamination and grooves produced by abrasion. LOM Nital 2 %.
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Figure 8. % TWES on the top surface of samples after HPT tests under different
conditions. Each image was taken from a group of eight images processed using an IPP.

The amount of TWES on the top surface was quantified using the method shown in Figure
1. The results are summarised in Figure 8 by black / white masks generated by IPP Image
J. The highest % TWES was registered in samples processed using 0.5 GPa 1 turn (75 *
1.2 %) and reduced with the number of turns to a very low value (around 6 %) at 3 GPa 3
turns. The amount of TWES varied more with number of turns than with pressure, but in all

cases, a significant reduction was reported with increasing turns/pressure.

3.4.2 Region 2, SWES (subsurface).

16



Circular sections generated by serial polishing from the bottom surface side of the samples
revealed white structures located between 240 — 360 um from the bottom side of the
samples. Most of the SWES was found at a radial distance of between 3.5 and 5 mm and
no SWES was observed in regions located at a radial distance of less than 3 mm. In
samples processed using 3 GPa, a significant increase in the amount of SWES was
observed between 1 and 2 turns, but then reduced after applying 3 turns; relatively few
SWES were found in samples processed using 6 GPa and 1 turn.

Figure 9. Different SWES configurations found in a disc sample processed using 3 GPa 2

turns. a) Large solid SWES system located between a radial distance of 4.6 mm and the
edge of the sample. b) Large cloud SWES system located between a radial distance of 4.6
mm and the edge of the sample. b). ¢) A large system of cloud and solid SWES at the
edge of the HPT sample. d) SWES apparently linked to a crack network (white arrows).
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The white rectangle indicates the area shown at higher magnification using SEM / SEI in
Figure 11 a). LOM 2 % Nital 2 %.

Two SWES configurations were identified, those with irregular borders and those with
more solid areas. The SWES with irregular borders had a swirled morphology and
resembled spiral clouds or vortices without clear boundaries, hence they are referred to
here as cloud SWES. Similar to the TWES discussed earlier, these cloud SWES usually
appeared overlapped by the ferritic matrix (Figure 9 a)). Their size also varied considerably
with radial position and tended to be bigger close to the edge of the samples. Moreover,
Solid SWES were characterised by their more well-defined borders; their size also
increased with radial distance, from isolated spots located at a radial distance of 4 mm to
large regions close to or at the edge of the samples (Figure 9 b)). In general, cloud SWES
were not located close to the sample edges, whilst most solid SWES were found there. In
other cases, cloud and solid SWES appeared joined in complex arrays that extended
across large areas until the edge of the samples was reached. Some parts of the clouds
appeared as solid, especially those located in the centre of the swirl pattern or close to the
edge of the samples. These systems often appeared linked to crack networks which
extended for significant distances. In these areas it was not possible to establish a clear

difference between clouds and solid structures (Figure 9 c) and d)).
3.5 Nano hardness measurements.

A region located at approximately 4.2 mm radial distance on the top surface of a sample
processed by 3 GPa 3 turns visible in the white square in Figure 10 a) was selected for
nano-indentation. In this region WES appeared as isolated patches affected by wear,
whilst some over-etched regions appeared as dark patches. The nano hardness map
produced after taking measurements is shown in Figure 10 b).

18



Hardness HV
1093

Figure 10. Nano hardness measurements. a). Top surface of a sample processed using 3
GPa 3 turns located at approximately 4.2 mm radial distance. The region selected for
nano-hardness measurements is defined in the white square. The yellow arrow indicates
the centre of the sample. LOM Nital 2. b). Nano hardness map taken from the area

enclosed by the white square shown in a).

The highest nano hardness values were located at the top of the region analysed where
the WES were concentrated. The hardness in this region varied predominantly between
658 and 963 HV corresponding to the green, yellow and red colours in the map; there was
also an isolated measurement of 1063 HV. The lower hardness values corresponded to
regions occupied by the matrix and here the hardness varied predominantly between 405
and 608 HV. The significant variation of the nano hardness values is a consequence of the
scale of the nano and micro indents. Nano indents could be located on hard particles such
as inclusions, carbides or carbide clusters so generating higher values. On the other hand,
different factors could influence the lower measurements, such as indents on ferritic
regions free or carbides or the lack of effective contact between the indenter and the

material due to roughness variations.
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Figure 11. General panorama of a SWES system close to the edge of a HPT sample The

white rectangles indicate the area shown at higher magnification in the next figure. a) Solid
SWES (enclosed by orange line, region 1) and cloud SWES (enclosed by yellow lines,
region 2). b) A fibrous structure is visible in both solid and cloud areas (regions 1 and 2). c)
Differences between the carbide distribution in the vicinity of SWES and other random
regions. d) Deformed carbides linked to the SWES thin fibres (white arrows). 3 GPa 2
turns SEM / SEI. Nital 2 %.

A detailed examination of the circumferential serial sections prepared through the sample
disc revealed more details of the morphology and distribution of SWES. Figure 11 a) was
taken from the same region studied by LOM in Figure 9 d) (area enclosed by white
rectangle). As was highlighted for TWES, the features described in these figures were
observed in all SWES identified, no matter the pressure or number of turns used for the
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HPT tests. Figure 11 a) shows a general panorama of the selected SWES system, which
consisted of a solid well-defined white region located close to the edge of the sample
(enclosed by orange line, region 1) and a group of small and elongated cloud SWES
located close by (enclosed by yellow lines). Figures 10 b), ¢) and d) present details of the
same SWES system at higher magnifications. A fibrous structure is visible inside both solid
and cloud SWES (regions 1 and 2 in Figure 11 b) and c)). Some cracks were located
preferentially in the solid SWES, forming an extended network. SEM / SEI images taken
from the clouds and small solid SWES showed a twisted and folded fibrous structure that
overlapped the ferritic matrix (Figure 11 c)). The carbide distribution in the vicinity of the
SWES differs from the random distribution observed in the ferritic matrix. The carbides
seemed to have been dragged by a flow force that surrounded the SWES, some of the
carbides appearing deformed and linked to the thin fibres (white arrows in Figure 11 d)).

4. Discussion.
4.1 Slippage and TWES.

TWES only appeared on the top surface of the samples where slippage took place. This
suggests that TWES could have formed as a consequence of the sliding taking place
between the top surface of the disc and the anvil. Thus, to understand the origin of TWES,
it is necessary to study the evolution of slippage. At the beginning of the HPT tests, the
pressure imposed embedded the anvil asperities in both top and bottom surfaces of the
samples. Once torsion is applied the top surface of the rotating sample slips against the
stationary top anvil, and the anvil asperities create grooves and deform the top surface
except when the pressure is very high, e.g. at 6 GPa. As a consequence, the circular
patterns alternated by smooth and shiny areas were formed. Similar configurations have
been reported as a usual feature on HPT samples affected by slippage [42, 43]. Thus, for
pressures between 0.5 and 3 GPa the frictional stress between the top rotating surface of
the sample and the anvil will be below the shear yield stress of the sample and slippage
occurs. Localized plastic flow takes place because of asperities sliding and the circular
pattern features observed on the sample surface are formed. When the pressure is
increased, the frictional stress will also increase and at a certain point it will reach the

shear yield stress producing “sticking” between the surfaces in contact. Hence, as the
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applied pressure increases the slippage starts to reduce and the circular patterns reduce
significantly until they disappear [44, 45]. Significant % slippage reductions have been
reported experimentally in Al, Cu and Fe when pressures are increased from 2 to 6 GPa.
In the annealed AISI 52100 steel samples studied here the % slippage also reduced
significantly as the pressure increased from 1 to 6 GPa (Figure 8). The transition from
slippage to “sticking” is gradual, hence, to avoid any slippage, and the formation of TWES
associated with it, high-pressures (3.5 — 5 GPa) and relatively high roughness of the anvils
(approximately 30 um Ra) have been recommended [46].

4.2 The role of surface roughness.

Nevertheless, the process described above cannot be used to explain the interaction
between the bottom surface of the samples which reproduced the anvil roughness in all
cases, generating orange peel patterns. A similar surface configuration has been
described in a previous study, where the roughness of the anvils used to process stainless
steels were carefully characterised [43]. Based on this examination it was concluded that
the orange peel impression occurred on the lower surface of the disc because the
roughness of the bottom anvil was higher than the top anvil. At this point, the roughness
impressions taken from the samples pressed using the HPT test machine can help.
Roughness measurements on these surfaces indicated that the top sample surfaces in
contact with the stationary top anvil had smaller values of all parameters evaluated (Ra,
Rq, Rz) than the lower surface in contact with the rotating anvil (the results of these
measurements are summarised in Table 2). Figure 12 also shows that areas of the top
surface had no impression of the anvil indicating that over some areas of the top surface of
the disc there was no contact between anvil and sample when only compression was
applied, thus no frictional forces in these areas and hence slippage is easier. This lack of
contact across some of the top surface of the sample might result from two factors: the top
and bottom surfaces not being completely parallel, and the anvils having suffered
significant wear after a certain time of usage. When torsion is applied sufficient
deformation of the sample occurs so that contact is then made across all the surface,

friction increases and slippage decreases.
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Table 2. Roughness measurements taken from the disc samples after being compressed

in the HPT test machine. UP refers to an unprocessed sample. Values are the average of

five measurements (Ra £ 0.5 um, Rq = 0.2 um, Rz + 2.1 pm)

Top Bottom Top Bottom Top Bottom Top Bottom
surface surface | surface | surface | surface | surface | surface | surface
(UP) | wp) | 16Pa | 1GPa | 3GPa | 3GPa | 6GPa | 6GPa
Ra (um) 0.18 0.16 2.62 3.64 2.69 4.14 2.6 3.95
Rq (um) 0.25 0.22 3.28 4.39 3.38 4.88 3.29 4.87
Rz (um) 1.73 1.62 15.04 19.14 15.6 20.86 | 14.97 | 22.14
Ra
interval
(um) 01-2 0.1-2 2-10 3-10 4to0 10 5-10 6 -10 7-10
Rz
interval 0.5to
(um) 0.5-10 10 10-50 | 11 -50 12 -50 13-50 | 14-50 | 15-50
Cut off
0.8 0.8 25 25 25 25 25 25
Ac (mm)
Length 4 4 12.5 12.5 12.5 12.5 125 12.5
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Figure 12. Reconstruction of a) top and b) bottom anvil surfaces along the diameter of a
sample disc pressed under 1 GPa. The roughness on the top surface is less than that of
the bottom surface (See Table 2). Note the large smooth area at the right of the top

surface of the sample, and the orange peel pattern at the centre of the bottom surface.

The lower roughness of the top anvil could act to produce lower friction forces on the top
surface and thus aid slippage and the generation of TWES. On the contrary, because the
bottom surface of the anvil has a higher roughness and complete contact over all the
surface, the pressures applied were sufficient to generate higher friction forces and
slippage did not occur on the bottom surface side. The amount of TWES decreased when
the number of turns was increased; this could result from material detaching from the top
surface during the rotation because of severe sliding wear. It is clear that TWES have
higher hardness than the matrix, but less than the anvil asperities. If these asperities slide
against the TWES after one or more turns, they could detach these areas eventually
producing wear debris that becomes trapped between the surfaces in contact, generating

a three-body wear system [47]. Figure 7 shows some of the debris collected from the top
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anvil after conducting HPT tests, typical sliding wear features appear on their surfaces as

has been reported before [48].
4.3 TWES formation.

TWES consisted of a fibre / layered structure that extended parallel to the top surface in
some regions but containing swirls or vortices in other places. The origin of the fibres /
layers seems to be related to the strain and plastic flow caused by the interaction between
anvil asperities and the sample surface during the slippage. As their geometry was not
regular, anvil asperities could create heterogeneous flow conditions in very localized
places causing small neighbouring regions to flow under different conditions, generating
interactions between them. As a result, the interactions could produce shear instabilities,
atomic scale mixing, and the generation of nano eddies or vortices at the sliding interfaces
[49, 50].

As a consequence, the interface between the neighbouring regions could change to nano
fibres / layers with different mechanical properties [51]. The primary nature of these fibres /
layers in the annealed AISI 52100 is not completely understood but could be related to
transformation mechanisms observed under SPD conditions, such as segregation and
diffusion of interstitial elements through “non-equilibrium” grain boundaries [52], the
formation of high-density dislocation clusters (called by some authors dislocation cores)
and the generation of new structures by dynamic recrystallization [20]. These processes
might be influenced by any heat generated by HPT such as that resulting from plastic
deformation of the sample, sample / anvil friction, and flash formation. Any resultant
temperature rise could affect the evolution of the fibre / layered structure and the vortices
described above. However, according to previous experimental and FEM studies the effect
of temperature rise can be considered negligible due to three main factors: the heat sink
effect resulting from the large mass of the anvils compared to the sample discs, the small
temperature increments, and the HPT parameters used in the tests. Firstly, the heat
generated is dissipated by conduction from the sample to the anvil and by convection /
emission from the HPT machine to the environment [53, 54]. Secondly, plastic deformation
as the main heating source, generates little heating and gives rise to temperatures far

below any steel transformation temperature [53-55, 56]. Thirdly, parameters such as the
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low rotational speed and short processing time (1 rpm and between 1 and 3 minutes), low
final strain (up to 3 turns on 0.98 mm diameter samples) [56], and a soft material
processed (180 + 10 HV for the annealed AISI 51200) [55], would also limit greatly the
temperature rise in the sample discs processed by HPT. As slippage progressed, new
fibres / layers were formed and stacked over each other. Different flow conditions could
appear between the deformed matrix and the stacked fibres, recreating new
heterogeneous flow conditions. Thus, the process described above could take place
several times until structures on a micro scale are produced. The differences between the
mechanical properties of these new fibre / layered structures (TWES and SWES hardness
were higher than the adjacent ferritic matrix) could also explain the beginning of small
cracks around the fibre / layered structures (white arrows in Figure 6 a)). The soft ferrite
could tend to flow more easily around them than through them. This movement could
continue until the brittle interface cannot support the flow and the excess energy
accumulated during the sliding is liberated through crack formation. At higher strains,
bigger vortices appeared affecting ever-larger regions, preferentially close to the edges of
the samples. The vortices by themselves could provide more conditions where more
interactions take place to generate new fibres / layers and so extend the WES. The nature
of these bigger vortices is not related directly to the atomic interaction and will be
discussed later for the SWES case. However, voids and cracks could progress creating
bigger crack networks on a micro scale and are possibly responsible for the detachment of

significant portions of the deformed surface.

Based on these observations, it would appear that the shear stress promoted by the
slippage was responsible for the transformation of the ferrite matrix and carbides located
close to and inside the TWES. This transformation could include grain refinement and
diffusion of carbon from the carbides to the deformed matrix. Similar transformations have
been considered to explain the formation of white layers in AlISI 52100 in hard turning [57-
59] and drilling [60] machining processes at temperatures below any phase transformation,
i.e., without static recrystallization promoted by high temperatures. Similar conditions also
have been claimed to describe the microstructural evolution of railway steels under rolling-

sliding contact loading [61, 62].
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4.4 SWES formation

The strain in HPT tests is estimated by a simple model to be constant throughout the
thickness of the sample discs but changes linearly with radial distance [23]. Thus,
variations in the mechanical properties or microstructure are not expected in the thickness
direction, i.e. on surfaces of axial sections. This model has good experimental support
when the materials have reached a saturated condition, usually after applying High-
Pressure s and several turns, however significant differences appear when low strains are

imposed.

Some studies in Mg, Al, Zr3Al, iron and pearlitic steels have shown dissimilarities in terms
of hardness distribution and microstructural changes across the axial sections of samples
which suggests a non-homogeneous strain distribution inside the samples and changes in
the plastic flow [63 — 65]. Moreover, FEM simulations have reported concentration of the
strain at the centre of the diametral axial section, with the highest values at the edge. The
strain rate also appeared greater in this region, with values increasing with radial distance
[66]. The parameters used to conduct the HPT tests did not allow a completely refined
grain structure with similar mechanical properties to be achieved. On the contrary, the
samples showed microstructural changes across the whole thickness, such as evidence of
localised high plastic deformation in the ferritic matrix, cracks and the formation of the
subsurface white structures (SWES). These SWES, indicated by white arrows in Figure
13, seem to be concentrated at the sample mid-thickness and between a radial distance of

3.5 mm and the edge of the sample.
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Figure 13. An axial section of a disc sample processed using 3 GPa 2 turns, showing

SWES at radial distances of between 3.5 mm and the edge of the sample (white arrows).
LOM Nital 2 %.

The sample thickness was originally 0.8-0.9 mm and was reduced to around 0.7-0.6 mm
during the HPT test. As that higher strain allows conditions to generate white structures
(as was discussed in the TWES case), the concentration of SWES at the edge of the
samples could be justified [67, 68]. However, the plastic flow at the edge of the sample can
vary significantly due to other complex factors, such as the friction between the flash and
anvils outside of the anvil cavities, the friction against the vertical cavity walls, or the
formation of dead metal zones [69, 70]. Hence, the study of plastic flow in this region is

complex.
4.5 SWES fibre / layered structure

Figures 11 a) to d) show structures that resemble vortices created by turbulence in fluids.
Similar flow patterns have been observed in previous HPT tests conducted on high-purity
aluminium and a Zn—-22%Al eutectoid alloys [71] and magnesium AZ80 alloy [72]. In these
tests, structures such as swirls or vortices and tracks of local turbulence that resembled
the vortices associated with Kelvin—Helmholtz instabilities in fluids were identified.The
instabilities could occur where there are local shear velocity gradients between adjacent
positions. However, the Kelvin—Helmholtz instabilities requires inertial forces in rapidly
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flowing low viscous fluids at high Reynolds numbers, and metals flow with very small
Reynolds number because of their high viscosities and very low flow velocities. Therefore,
this hypothesis cannot explain the vortices registered in HPT sample discs. Some authors
have suggested that the origin of vortices could be linked to dislocation-mediated plastic
flow, with suitably oriented slip systems. Subsequent folding could be explained by the
inhomogeneity of plasticity on polycrystalline surfaces which favours bulge formation on a
scale of the grains [71]. However, the vortices observed are much larger than any grains,
suggesting that another factor must be related to their evolution. Jiang W. et al. they have
provided experimental evidence supporting the vortex formation is related to the presence
of well-developed grains and/or nano-crystalline structures [72]. Other studies, based on
computational simulations, have suggested that some obstacles could block the shear
deformation and generate swirls and coils [73, 74]. Experimental evidence of this
phenomenon has been used to account for the decomposition of spheroidal cementite
immersed in a martensite matrix of an AISI 52100 bearing steel processed by HPT. The
softer matrix flows around the harder spheroidal carbides, dragging C and Cr due to a
wear effect registered at the matrix-cementite interface [20]. The plastic flow patterns
around cementite particles resembled small coils which could be the origin of bigger
vortices, higher C and Cr dissolution rates and hence, a possible driver for the initiation of
WEAs. However, in this study no white etching structure similar to WEAs were produced
by HPT. The nature of the obstacles in the present case (annealed AISI 5210 processed
by HPT) is not completely clear, although they could be related to hard bodies inside the
matrix such as non-metallic inclusions or carbide clusters. Advanced characterisation
methods such as Electron Backscatter Diffraction (EBSD) and / or Energy-dispersive X-ray
spectroscopy (EDS) could help to identify or discard the presence of these atypical bodies

and their role in the formation of vortices and SWES.
5. Conclusions.

WES, similar to the WEASs found in failed rolling bearings affected by WSF, were revealed
after conducting HPT tests on annealed AISI 52100 bearing steel. These WES were
observed in two main regions: close to the top surface at a radial distance of between 1.5

mm and 5 mm (TWES), and subsurface in a region located approximately 250-350 pum
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from the bottom surface of samples at a radial distance of between 3.5 mm and the edge
of the samples (SWES).

TWES covered the top surfaces as an irregular layer that was confined to a region within
100 um of the surface. They consisted of a fibre / layered structure that extended parallel
to the surface in some regions but contained swirls or vortices in other places. SWES
varied in size and shape with radial distance, from spots with irregular borders to well
defined solid structures. The regions with irregular borders which looked similar to swirled
clouds (cloud SWES) appeared in various regions in random patterns. Solid SWES
appeared largely at the edge of the samples. Both TWES and SWES, share similar
features such as fibre / layered internal structure, higher hardness compared to the
deformed ferritic matrix that surrounds them, and the absence of the carbide distribution

observed in the matrix.

Different drivers have been suggested to explain the origin of WES. For TWES, the sliding
of the asperities on the top anvil against the sample created heterogeneous flow
conditions in small neighbouring regions and instabilities between them. For SWES, the
interruption of the plastic flow due to hard bodies such as non-metallic inclusions or
carbide clusters, could create vortices. These vortices may be responsible for the initiation
and growth of WES. Vortices could act also close to the edge of the samples, where other
factors, such as influence of dead metal zones, lateral friction and flash formation helped

to create more complex flow conditions.

The drivers described above share a common factor: the interactions between small
neighbouring regions that flow under different conditions. The local shear instabilities,
atomic scale mixing, and the generation of nano eddies or vortices at the sliding interfaces
generated between them could promote the movement of carbon from carbides to the
ferritic matrix and hence contribute to their dissolution. Similar transformation mechanisms
could operate in other materials under different SPD conditions, such as those present in

guenched/tempered bearing steels working in rolling contact fatigue regimes.
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Highlights

High — Pressure Torsion tests (HPT) to achieve Severe Plastic Deformation
conditions (SPD) on annealed AISI 52100 bearing steel.

HPT reproduces microstructures similar to the white etching areas (WEAS)
observed on failed wind turbine bearings.

LOM and SEM characterisation allows identification of two different white structure
groups on HPT samples.

Interruption of plastic flow on HPT samples are responsible to the white structure
formation.
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