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Over-based calcium sulfonate (OBCaSul) additives in oils are considered potentially critical in driving WEC
formations, this ‘driving’ effect being unclear. Rolling contact fatigue testing of 100Cr6 steel using FE8 and PCS
Micro-Pitting-Rig lubricated with oils containing varying OBCaSul concentrations have been conducted, tested
samples being analysed using serial sectioning, Thermal desorption analysis (TDA) to measure hydrogen dif-
fusion, and SEM/EDX of the tribofilms formed. Results show that OBCaSul concentration appears to affect WEC

formation propensity, a reversal relationship of formations being shown between test rigs. Evidence shows oils
containing OBCaSul form thick Ca dominated tribofilms, potentially promoting hydrogen diffusion and WEC
formations in the FE8 rollers, where thinner Zn—S tribofilms on the FE8 raceways may demote hydrogen dif-

fusion and WEC formations.

1. Introduction

Premature failures of wind turbine gearbox bearings (WTGBs) cause
significant downtime and high repair costs causing substantial impact
to the wind energy industry. One of the most noted failure modes of
WTGBEs is that of White Structure Flaking (WSF) due to the formation of
White Etching Cracks (WECs) typically ~ 1 mm below the contact
surface, WECs being associated with a microstructural alteration known
as White Etching Area (WEA).

Driving mechanisms for WSF and WECs have been debated for a
number of years and a consensus into what the major influencing factor
is has yet to be decided. One specific factor is the effect of additive
chemistry and in addition, the effect additive chemistry has on the
generation and diffusion of hydrogen, as a prominent driver for WSF
and WECs. Additives found in lubricants that have been shown to re-
duce RCF life and promote WSF include; greases and lubricants con-
taining sulphur-phosphorous extreme-pressure/anti-wear (EP/AW) ad-
ditives, such as zinc dithiophosphates (ZDDP/ZnDTP/ZnDDP) and
detergent/rust preventatives such as calcium sulfonates [1-10]. Hy-
drogen poisoning sulphur can aid in hydrogen diffusion by inhibiting
molecular hydrogen recombination [11], where decomposition of EP/
AW additives such as ZDDPs at nascent catalytic surfaces can generate
hydrogen [12,13].

A number of studies conducted by the authors of this manuscript
and others have used an automotive gear oil known to be ‘bad’ and
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rapidly promote WECs [3,6,14-19], this oil containing Over-based
calcium sulfonate (OBCaSul) and AW ZDDP additives. This oil causes
bearing failure on the FAG-FES8 test rig between 16 and 40 h [14,18,20]
in contrast to the 1000 h test under the same conditions without WSF,
where a pure base oil was used [20]. FAG-FE8 testing conducted by the
authors using this oil has shown that the diffusible hydrogen measured
in the test rollers increased with RCF test duration, where this was
coupled with an increase in WEC formations [21]. FAG-FES8 testing has
shown that oils containing ZDDP, without the introduction of metal or
non-metal additives formed WECs, addition of Ca/Na sulfonates also
formed WECs as well as Ca/Na in the absence of ZDDP [5]. It is also
noted that FAG-FE8 tests have created cracks using a mineral oil
without any ‘considerable’ oil additives [22].

Calcium sulfonate detergents and more specifically OBCaSul are
typically used in automotive gear oils; therefore, most of the literature
focuses on their impact on AW performance of engine components for
the automotive industry. Calcium sulfonate detergents are used to keep
metal surfaces clean by forming a protective layer as well possessing
good AW/EP, friction reducing and anti-scuffing properties. ZDDP de-
composition rates have been found to be retarded by the OBCaSul de-
tergents since the reaction between ZDDP and OBCaSul is proposed to
be antagonistic to the performance of the AW tribofilm [23]. OBCaSul
are suggested to have an antagonistic effect toward sulphur containing
species in film formation, OBCaSul inhibiting ZDDP tribofilm formation
[24-26], creating ‘patchy/weakened’ heterogeneous ZDDP tribofilms
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[26-30] and potentially aiding in hydrogen diffusion processes by
promoting and prolonging nascent surface exposure [31].

A number of suggestions explaining the antagonistic effect of
OBCaSul are as follows; OBCaSul inhibits the formation of a ZDDP film
due to the formation of a colloid dispersion with ZDDP [32]. OBCaSul
competition with ZDDP at the contact surface in the formation of a
tribofilm, the OBCaSul breaks down to form carbonate, which is de-
posited on the metal surface [33]. It has been shown from multiple
surface techniques that Ca displaces the Zn polyphosphates in the AW
film [34,35], OBCaSul may inhibit polyphosphate chain formation by
formation of Ca phosphate [36]. X-ray absorption near-edge structure
spectroscopy (XANES) has shown that mix of ZDDP and OBCaSul re-
sulted in the formation of considerable Ca phosphate in the film [37].
The over-basing component is suggested to retard the rate-determining
step of AW action (decomposition stage) of ZDDP [38], however, others
suggest that it can improve AW performance by forming a ‘paste-like’
structure in the contact [39,40].

Based on past literature, it is considered that the OBCaSul in the
‘bad’ oil mentioned above is the critical additive driving WEC forma-
tions, this ‘driving’ effect being unclear, where this study aims to in-
vestigate this. To accomplish this, rolling contact fatigue (RCF) testing
of 100Cr6 steel using FAG-FE8 and PCS-MPR test rigs, lubricated with
the ‘bad’ oil and purposely-formulated oils containing varying wt% of
OBCaSul additive have been conducted. The tested samples have been
examined and analysed using serial sectioning techniques, Thermal
desorption analysis (TDA), and SEM/EDX of the tribofilms formed (RCF
testing, serial sectioning, and TDA for the FE8 tests lubricated with the
‘bad’ oil are from previous studies conducted by the authors [18,21],
and are used for comparison in this study). By using these techniques,
the effect that oils containing OBCaSul additives have on the tribofilm
formed in the contact, diffusion of hydrogen into the steel during op-
eration, and WEC formations has been investigated, where the effect
that these additive have on tribofilm and hydrogen diffusion influen-
cing WEC formations have been explored.

2. Materials, techniques and experimental methods
2.1. FAG-FE8

Testing was conducted on a standard FAG-FE8 rig, comprehensive
details of which can be seen in Ref. [18]. The test conditions (with the
exception of the oils used) can be found in Ref. [18]. The tested bearing
raceway are pre-roughened before testing to R, value of 0.5 um. As il-
lustrated in Ref. [18], the centre of the raceway track and rollers ex-
periences pure rolling with rising slip of up to *+ 12.5% slide-roll-ratio
(SRR) along the contact major axis towards the edges. The rollers ex-
perience both — ve and + ve directional slip due to being sandwiched
between two raceways.

Four tests were conducted in total using an oil specifically for-
mulated for this study containing Group III ISO VG 68 with ZDDP AW
additive, where the OBCaSul detergent wt% in the oil for each of the
four tests was altered (ZDDP only (0% OBCaSul), 1.4%, 2.8% and
5.6%), base oil and ZDDP staying constant. Tests were shut down
manually at 18h to keep duration constant between tests. The
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calculated maximum Hertzian contact pressure Pmax is in the range of
~1.5-1.9 GPa.

Initial minimum oil film thickness (hmy;,) between rollers and race-
ways is calculated using the Hamrock and Dowson equation [41,42].
Lambda ratio (A) is calculated based upon hp;, and the roughness (Rg)
values given in Ref. [18], the bearing has been run under boundary
lubrication. Oil temperature in the contact is controlled at 100 °C.

2.2. Micro-Pitting Rig (MPR)

Testing was also conducted on a PCS-Micro-Pitting Rig (MPR)
(Fig. 1) so that a comparative assessment between the MPR and FAG-
FE8 rigs on WEC formations could be made. The MPR is a computer
controlled RCF rig in which three equal diameter counterface rings are
in contact with a smaller diameter roller positioned in the middle of the
rings. The three rings have a diameter of 54 mm and the test roller is
12 mm with a 1 mm wide wear track (Fig. 1 (c)). Rings and rollers are
AISI 52100 martensitically through hardened steel. Chemical compo-
sition of the roller and rings can be found in Ref. [3]. Rollers and rings
have a Rockwell C hardness of 60 (746 HV) and 63 (867 HV) respec-
tively [3]. Servo controlled motors control the rings and roller sepa-
rately to allow for testing at different SRR. Lubricant is supplied to the
contact through a dip lubrication system. A motorised ball screw ap-
plies load, which acts through an arm. A piezoelectric accelerometer is
used to measure vibration in the contact during operation, once a
threshold is reached the test is stopped automatically.

Five tests were conducted using the same four OBCaSul oils tested
on the FAG-FE8 as detailed above, and a fully formulated semi-syn-
thetic gear oil (Oil X) that contains ZDDP and OBCaSul 2.8% which is
known to be ‘bad’ and promote WEC formations (full details can be
found in Ref. [18]). The water content of these oils was also measured
pre-RCF testing using Karl Fischer titration (see Table 1). All tests were
run to 18 h before being shutdown manually. The calculated Hertzian
contact pressure P, is 1.9 GPa. Subsurface shear stresses have been
calculated using Hertizian contact theory. The SRR during operation is
set at - 30%. The test conditions of the five tests are given in Table 2.

Initial minimum oil film thickness (h,,;,) between the rings and
roller has been calculated using the Hamrock and Dowson visco-elastic
equation [41,42]. Lambda ratio (A) has been calculated based upon
hmin and the roughness (Ry) values given in Table 2. Oil temperature is
kept at 100 °C during operation as is measured by a probe inserted into
the test chamber.

2.3. Contact surface inspection and subsurface examination using
metallographic analysis

All tested sample surfaces were initially inspected using optical
macroscopy. For the FAG-FES8 test samples, images were taken at 60°
intervals around the circumference of the rollers. For the MPR samples,
images were taken at 120° intervals around the circumference of the
rollers. Example images of the contact surface for each test can be seen
in Fig. 3.

Metallographic analysis was then conducted to record individual
WECs and associated damage features in all the RCF tested samples

Fig. 1. MPR set-up. (a) Overview of MPR
test rig. (b) Inside the test cell. RTD denotes
Resistance temperature detector. (c) Test
roller. (a) and (b) adapted from Ref. [3]. (a)
and (b) Reprinted and adapted by permis-
sion from Springer Nature: Springer, Tri-
bology Letters, The Influence of sliding and
contact severity on the generation of white
etching cracks, Gould, B. and A. Greco,
Copyright (2015), https://link.springer.
com/journal/11249.
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Table 1

Water content (ppm) for the tested oils pre-RCF test.

Test Oil

Water content (ppm)

ZDDP only (OBCaSul 0%)
OBCaSul 1.4%

OBCaSul 2.8%

OBCaSul 5.6%

Oil X (OBCaSul 2.8%)

40
83
87
175
209

Table 2
MPR test conditions.

Test specimen dimension
Test Roller

Test Rings

0il properties

Oil type

Viscosity

Pressure viscosity coefficient (o)
Dynamic viscosity 1, (100 °C)
Bearing material properties
Rings/roller

Hardness roller/rings

Surface roughness (R,) rings/
roller

Test conditions

Rolling speed (m/s)

Load (N)

SRR (%)

Max contact pressure (Ppax)

Bearing/oil temperature (°C)

Minimum film thickness (hp;,)

Lambda ratio ()

Test durations

Test number (all 18 h) 1/2/3/4/
5

Subsurface shear stresses

Max orthogonal shear stress

Diameter 12 mm
Diameter 54 mm

Group III ISO VG 68 with ZDDP anti-wear and

OBCaSul detergent (varied between 0 and
5.6%) additives

62 cSt (40 °C), 10.23 ¢St (100 °C)

1.6E-08 Pa™"

8.7E-03 Pa*S

Martensitic AISI 52100 steel/Martensitic AISI

52100 steel
746 HV/867 HV
0.1-0.15pm/0.1-0.2 pm

3.4m/s

500N

—30%

~1.9GPa

100°C

0.125um

A = 0.5-0.8 (depending on Ra used)

ZDDP only (0% OBCaSul), 1.4% OBCaSul,
2.8% OBCaSul, 5.6% OBCaSul, and Oil X

~495 MPa (acting @ a depth below the

(To, max) contact surface of ~80 pum)
Max unidirectional shear stress ~602MPa (acting @ a depth below the
(Tuni, max) contact surface of ~126 um)

from both FAG-FE8 and MPR testing using the same procedures as
detailed in Ref. [18]. For the FAG-FES tests, rollers were prepared in the
same way as in Ref. [18]. The MPR test roller were prepared in a similar
way, the single test roller being analysed. Rollers were mounted such
that they were sectioned in the axial direction from the outer roller
edge (see Fig. 1 (c)). Details of the sectioning analysis for FAG-FE8 and
MPR samples are given below.

Table 3
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2.3.1. FAG-FE8

Macro sectioning (at 50 um per slice material removal rate) was first
conducted on rollers from all the tests from the outer edge of the rollers
until the point where WECs were first found. This was then followed by
coarse serial sectioning (at average material removal rate of ~30, 35
and 38 um per slice depending on the test). This is deemed a suitable
sectioning removal rate to catch the majority of WECs including smaller
networks; however, very small WECs may have been missed due to the
slice removal rates. Imaging of WECs was taken at every five slices.
Inclusions were recorded during sectioning. Inclusions may have been
missed due to the sectioning removal rates conducted, where inclusions
observed in the FAG-FE8 rollers are typically small in size
(typically ~ 2-15um) [18]. The individual sectioning ranges (sec-
tioning start and stop range) and removal rates (um/sectioning slice)
for each test are listed in Table 3. Oil X data is from Ref. [18], data for
Oil X rollers given in Table 3 is for an 18 h test for comparison. Fig. 2
details the sectioning analysis procedure.

2.3.2. MPR

Careful material removal was first conducted on all tests from the
outer edge of the roller up until the edge of the wear scar at ~3.5mm
(no contact between roller and rings before this point). Once com-
pleted, fine serial sectioning was started (~4.3-7.4um per slice de-
pending on the test). Imaging of WECs was taken at every five slices.
Inclusion-WEC interactions were recorded during sectioning. The in-
dividual sectioning interval ranges and removal rates for each test are
listed in Table 3. Fig. 2 details the sectioning analysis procedure.

2.4. Thermal desorption analysis (TDA)

To measure the hydrogen content in the tested samples, that may
have diffused into and been trapped in the steel during RCF testing,
TDA was performed for the samples from the FAG-FES8 tests using two
different experimental set-ups under BS ISO 3690 standards [43] as
detailed in Ref. [21].

2.5. Tribofilm analysis

The rollers and raceways from FAG-FES8 testing have been analysed
using SEM/EDX to check the tribofilms formed on the contact surface
during operation. The MPR samples were not analysed in this study.
Tribofilms formed by ZDDP only (0%), OBCaSul (1.4%-5.6%) and Oil X
have been examined, where for Oil X the tribofilms formed at 2, 6 and
18 h RCF test durations have been examined (Oil X RCF testing is from
Ref. [18]). Prior to the analysis, samples are rinsed in heptane, iso-
propyl alcohol and blow-dried. 5 kV accelerating voltage is used for the
analysis. The estimated tribofilm thickness is calculated based upon an
empirical power fit of 100+ MTM-Slim analyses spanning ashless and
ZDDP AW tribofilms. The fit is developed between a normalisation

Sectioning intervals and removal rates conducted during the metallographic analysis.

Test Oil Ne samples analysed Sectioning range (start and stop positions) (~mm) Removal rate (~pm/slice)
Macro sectioning/material removal Serial sectioning Serial sectioning
FAG-FE8 MPR FAG-FE8 MPR FAG-FE8 MPR FAG-FE8 MPR
ZDDP only (OBCaSul 0%) 3x Rollers 1x Roller Avg: 0-1.52 0-3.5 Avg: 1.52-3.0 3.5-3.8 Avg: 35 4.3
OBCaSul 1.4% 3x Rollers 1x Roller Avg: 0-2.01 0-3.5 Avg: 2.01-3.0 3.5-3.8 Avg: 30 4.3
OBCaSul 2.8% 3x Rollers 1x Roller Avg: 0-2.04 0-3.5 Avg: 2.04-3.0 3.5-3.8 Avg: 30 4.3
OBCaSul 5.6% 3x Rollers 1x Roller Avg: 0-1.52 0-3.5 Avg: 1.52-3.0 3.5-3.8 Avg: 38 7.4
Oil X [18]* 3x Rollers 1x Roller Avg: 0-1.85 0-3.5 Avg: 1.85-3.0 3.5-3.8 Avg: 3.6 or 15 7.4

KEY:For the FAG-FES rollers, macro sectioning at ~ 50 pm slice intervals is conducted at the start from the outer roller edge (0.00 mm) until the first visible sign of
WECs are found in any one test roller. For the MPR roller, careful material removal from the outer roller edge (0.00 mm) until the edge of the wear track is reached (at
~ 3.5 mm) was conducted. Note 1: for the FAG-FES8 rollers, sectioning ranges and removal rates are given as an average across the 3x analysed rollers. *“Note 2: data
for Oil X FAG-FES8 is from Ref. [18], this data is from an 18 h FE8 test for comparison.
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Step 2 - 3 (3.5 mm -y mm): Serial sectioning to record WECs and damage features from 3.5 mm —y mm.
Step 1 -2 (0.00 - 3.5 mm): Material removal from outer edge of roller until edge of wear track at ~3.5 mm.

Step 1 (0.00 mm): Outer edge of roller; face mounted for start of material removal.

Wear track

- Step1-2
Serial sectioning removal rate of ~ x pm/slice

&

T
Metallography conducted on outer

yoel) Jesp\

| Outer

roller edge face.

Serial sectioning removal rate of ~ x pm/slice

AU

T
Metallography conducted on

outer roller edge face.

Step 1 (0.00 mm): Outer edge of roller; face mounted for start of macro sectioning.
Step 1 -2 (0.00 - x mm): Macro sectioning from outer edge of roller until first visible WECs at —=x mm.
Step 2 - 3 (x — y mm): Serial sectioning to record WECs and damage features from x — y mm.

Fig. 2. Details of the sectioning procedure for the FAG-FE8 and MPR tests.

3 |z
-
MPR s
& =1
§ a Sectioning
direction
Outer
FAG-FE8
Sectioning
direction
Inner
| 1
ZDDP only (0%

1.4% OBCaSul

OBCaSul)

Direction of
sectioning

ZDDP only (0%

OBCasSul) 1.4% OBCaSu

2.8%

i

2.8% OBCaSul

OBCaSulA

5.6% OBCaSul

834-9V4d

Fig. 3. Optical macroscope images of rollers from each test for the FE8-FAG and MPR test rigs. Images (a)-(e) show one of the 60° interval zones around the
circumference of the roller for the FE8-FAG tests, for Oil X see Ref. [18]. Images (f)—(j) show one of the 120° interval zones around the circumference of the roller for

the MPR tests.

factor for the 100 + tests and the tribofilm thickness when measured by
the MTM-Slim. For the FAG-FE8 analysed tribofilms, no corresponding
MTM-Slim data was available; therefore, the normalisation factor is
used to get an estimate.

3. Results
3.1. Contact surface inspection
3.1.1. FAG-FE8

Wear across the rollers is observed on both sides of the central pure
rolling region corresponding to outer and inner zones (Fig. 3). No

249

visible signs of spalling were seen on any of the rollers except that from
Oil X test. Mild wear is observed on the ZDDP only (OBCaSul 0%) and
OBCaSul 1.4% tests with a slight increase seen for OBCaSul 2.8% and
5.6%. Oil X [18] in comparison showed visible signs of damage on the
surface in the form of dents/impressions, no signs of spalling were
found on the rollers sectioned, however, spalling was observed on other
rollers from the same bearing.

3.1.2. MPR
Only Oil X showed visible signs of spalling damage (Fig. 3 (j)). Wear
and micropiting are observed on all rollers from the OBCaSul oil tests.
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Table 4
Summary of serial sectioning results.
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Test oil WECs recorded Surface connections Inclusion interactions
FAG-FE8 MPR FAG-FE8 MPR FAG-FE8 MPR
ZDDP only (OBCaSul 0%) Total: 0 Total: 49 Total: 0 Total: 1 Total: 0 Total: 12, Total: 11*
Total SF: 21
OBCaSul 1.4% Total: O Total: 27 Total: O Total: 2 Total: 0 Total: 7, Total: 6*
Total SF: 9
OBCaSul 2.8% Total: 17 Total: 0 Total: 5 Total: 0 Total: 2, Total: 2* Total: O
Total SF: 15
OBCaSul 5.6% Total: 12 Total: 0 Total: 0 Total: 0 Total: 10, Total: 10* Total: 0
Total SF: 8
Oil X [18]* Total: 119 Total: 27 Total: 16 Total: 2 Total: 50, Total: 30% Total: 7, Total: 7*
Total SF: 63 Total SF: 18

Key: *Total number of inclusion-WEC interactions ranked high likelihood (1 or 2) of initiation (see Appendix A for details on ranking system). *Note 1: data for Oil X
FAG-FES8 is from Ref. [18], this data is from an 18 h test for comparison. Note 2: for the FAG-FES tests, the ‘Total’ number of WECs recorded is the total across all 3x
analysed rollers, for the MPR this is across the 1x analysed roller. Total SF denotes the total number of WECs recorded that started and finished within the sectioning

range i.e. recorded in the entirety.
3.2. Metallographic analysis

An overview of the FAG-FE8 and MPR tests results, including
numbers of WECs, NMIs interacted with WECs and whether the WECs
have surface connections, is summarised in Table 4. Inclusions were
evaluated using a ranking system described in Appendix A.

Examples of NMIs found to have interacted with WECs are shown in
Fig. 4, where the corresponding information of the inclusion type, size,
location and test oil type is provided. As it can be seen, from the MPR
testing, inclusions observed in the OBCaSul 0%, 1.4% and Oil X are
small (average size at ~3-11pm, ~2-8um and ~3-13 um respec-
tively) and are either globular sulfide-oxides (Dp,p), globular oxide (D)
of manganese sulphide or manganese duplex (A). For the FAG-FES tests,
the inclusions have been previously observed in the rollers as either
globular sulfide-oxides (Dpyp) and globular oxide (D) based upon ex-
tensive collection of inclusion results [18]. Due to the size of the serial
sectioning rates (15-38 um) conducted on the rollers from the ZDDP
only (OBCaSul 0%) and OBCaSul (1.4%-5.6%) oils tests in this study, it
was not possible to gather clear data on the length of inclusions.
However, since the same type of bearings are used; it is assumed similar
type and size of inclusions present in the rollers from the ZDDP only
(OBCaSul 0%) and OBCaSul (1.4%-5.6%) oil tests.

The spatial distributions and depth of inclusion-WEC interactions
for the FAG-FE8 and MPR tests are shown in Fig. 5.

During the serial sectioning processes, where possible, the dimen-
sion and location of individual WECs was observed and have been re-
corded, the results from the FAG-FE8 and MPR tests are summarised in
Fig. 6.

3.3. Thermal desorption analysis

Both rollers and the raceways from the FAG-FE8 tests have been
analysed to measure the content of diffusible hydrogen, and the TDA
results are summarised below and in Table 5 and Figs. 8 and 9 (TDA
results for Oil X are from Ref. [21]). TDA results from set-up 1 (Fig. 8)
have shown that.

e Elevated concentrations of diffusible hydrogen were measured in
the rollers.

e An increase in diffusible hydrogen is measured for increase in
OBCaSul (1.4%-5.6%).

e ZDDP only oil (OBCaSul 0%) showed average hydrogen concentra-
tion of 0.37 ppm.

e For both TDA setups, diffusible hydrogen contents in raceway sec-
tions are found to be negligible across all oils (close to the detection
limit of the instrument) and are similar to that of the untested (0-h)

control rollers.
e Higher water content (ppm) coupled with higher concentrations of
diffusible hydrogen measured.

TDA set-up 2 (Fig. 9) has shown that.

Elevated concentrations of diffusible hydrogen measured for ZDDP
only oil (OBCaSul 0%) and OBCaSul 5.6% w.r.t untested (0-h)
control rollers.

For Oil X rollers and raceways, hydrogen desorbs out from the start
of the analysis, this being later (250-300 min) for the OBCaSul 0%
and 5.6% oils at a temperature range of ~125-150 °C.

® A single desorption peak is seen at ~250-300 °C for the ZDDP only
oil (OBCaSul 0%) and OBCaSul 5.6% oil roller and raceways, this
being much shallower for the raceways.

3.4. Tribofilm analysis

Tribofilm analysis results using SEM/EDX on rollers and raceways
from FAG-FES8 testing are summarised in Figs. 10-14 and Table B1-B3
in Appendix B. EDX results of the film formed across the axial contact
length of rollers and width of the wear track on the raceways for Oil X
(2, 6 and 18h) are shown in Fig. 10, and the corresponding results for
the ZDDP only (0%) and OBCaSul (1.4%-5.6%) oils are shown in
Fig. 11. Estimated tribofilm thicknesses are presented in Fig. 12.
Figs. 13 and 14 present EDX phase maps for Oil X (2, 6 and 18 h) rollers
and raceways.

4. Discussion
4.1. Oil chemistry influence on WEC formations

4.1.1. WEC formation propensity

A significant difference in propensity and size of WEC formations is
found for Oil X compared to the ZDDP only (OBCaSul 0%) and OBCaSul
(1.4%-5.6%) oils (see Table 4 and Fig. 6 and 7), thus the different oil
chemistry of Oil X promotes WEC formations more so than OBCaSul
oils. ZDDP only oil (OBCaSul 0%) when tested on the FE8 showed no
WEGCs (see Table 4 and Fig. 6), conversely, when tested on the MPR rig,
this is the most detrimental oil to WEC size and propensity (see Table 4
and Figs. 6 and 7).

For the FE8 rollers, an increase in OBCaSul wt% from 1.4% to 2.8%
and 5.6% resulted in a jump from zero WECs recorded to a number of
WECs being recorded (17 and 12 WECs recorded for the 2.8% and 5.6%
oils respectively) (see Table 4 and Fig. 6). Further testing with different
wt% of OBCaSul between 1.4% and 2.8% should be conducted to
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KEY Rank of likelihood initiation of WEC (determined upon location, crack continuity and crack angle):
1: Strong evidence to suggest butterfly initiation of WEC.

WEC label - # > 1-R1, DDupl_“(A:“u' C:~8)  2:possible butterfly or strong likelihood of WEC initiation (non-conventional butterfly mode)
3: Inclusion association with WEC however low likelihood of initiation.

Inclusion plane lengths [um] = A: axial, C: circumferential.
Inclusion depth [pm].

A: manganese sulfide or sulfide duplex, D globular sulfide, D,p: globular duplex, Doypric,y): globular
duplex + titanium carbonitride, Ti(C,N): titanium carbonitride, X: hole (assumed inclusion pull-out).

Inclusion type

D1 72(A:~9, C:~4) - SEM  plor2 (A~13, C:8)

Inclusion *

|

D1.32(A:9, C:~11)

A

FAG-FE8

Fig. 4. Images of typical inclusion-WEC interactions recorded in the MPR and FAG-FE8 analysed rollers. The white and black arrows indicate the inclusion in each
case. A key above the images details how to interpret the inclusion-WEC interaction information in each case. See Appendix A for more details on the ranking system.
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a Inclusion interaction location w.r.t zone of sectioning for FAG-FE8 (mm) b Inclusion interaction location w.r.t zone of sectioning for MPR (mm)
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Fig. 5. Spatial distribution of inclusion-WEC interactions. (a) FAG-FE8 with respective zone of maximum subsurface shear stress, Oil X data from Ref. [18]. (b) MPR
with respective zones of maximum subsurface shear stress.
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Fig. 6. (a) and (c) Distribution of individual WECs recorded in FE8 and MPR rollers respectively across the area of sectioning with corresponding WEC mid-range
depth below the contact surface (0.00 mm) (y-axis). (a) Shows pressure P, absolute sliding velocity V, and slip energy PV superimposed onto the plot for the FE8 tests
(adapted from Ref. [16]). (b) and (d) 3D plot of recorded WECs in the FE8 and MPR tested rollers respectively. X-axis: axial length of the roller (FE8: 0-5.5 mm and
MPR: 3-4.5mm). Y-axis: mid-range depth below the contact surface (0.00 mm). Z-axis: max span of individual WECs (see Fig. 7 for details). YZ-projection dots
represent the position of each independent WEC in the Y-axis and Z-axis. For FAG-FE8 testing, note that Oil X data is taken from Ref. [18] and presented here for
comparison.
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Concentration of diffusible hydrogen (ppm) measured by TDA using set-up 1 and 2.

Bearing section 0h (ctr]) ZDDP only (OBCaSul 0%)

1.4% OBCaSul

2.8% OBCaSul 5.6% OBCaSul “0il X @ 18h [21]

Set-up 1 (TDA @ 400 °C), Set-up 2 (TDA to 300 °C @ 25 °C/hr) concentrations in ppm

Roller SU1l su2 suU1 sU 2 Su1 suU2 sU1 sU2 SU1 SU 2 SU1 sU 2
1x Roller 0.40 0.39, 0.31, 0.36, 0.58 0.25, 0.24, - 0.35, 0.43, - 0.60, 0.40, 0.45, 0.46, 0.63 0.78
0.40 0.37 0.45 0.50

"Multiple roller combinations 0.12 Avg: 0.50
Raceway

1x Section 0.07 0.32 0.02 0.12 0.16 - 0.13 - 0.09 0.23 0.29
“Multiple raceway section “Avg: 0.09

combinations

KEY:All samples with non-spalled contact surfaces unless otherwise stated. SU 1 or SU 2 denotes setup 1 or setup 2.

2 TDA results for Oil X at 2, 4, 6, 12 and 16.5h are detailed in Ref. [21].

b Average concentration from multiple Oil X 18 h rollers (combinations of 1, 2, 3x rollers and 2x inner and outer roller halves).
¢ Average concentration from multiple Oil X 18 h raceway sections (combinations of 1 and 2x sections).

examine if any trend in WEC propensity exists between these wt%. For
an increase in OBCaSul wt% from 2.8% to 5.6%, although no great
difference in number of WECs were recorded, WECs were found to be
on average longer for the 5.6% oil (see Figs. 6 and 7).

The opposite is seen in OBCaSul wt% versus number of WEC for the
MPR tests, a decrease in OBCaSul from 2.8% to 1.4% resulted in a jump
from no WECs recorded to several WECs being recorded (see Table 4
and Fig. 6), the 5.6% oil also showing no WECs. Testing of OBCaSul wt
% below 1.4% but more than 0 wt% should be conducted to see if there
is any trend for decrease in WEC propensity. It is suggested that the
opposite behaviour between the FAG-FE8 and MPR tests may be due to
differences in the rigs respective contact dynamics influencing the be-
haviour of OBCaSul, where differences may include.

(i) Slip — On the FAG-FES8 at the centre of bearing contact exists a pure
rolling region, with rising slip of up to = 12.5% SRR along the
contact major axis, corresponding to slip regions on the roller/ra-
ceway. The MPR tests on the other hand run at —30% SRR, cal-
culated ‘frictional energy accumulation’ [16] is thus far greater for
the MPR (300%) compared to the FAG-FE8 (100%) [44]. It is
noted, however, that lubricant factors are not accounted for in the

energy accumulation model [44]. Frictional energy accumulation
in areas of high slip [16] and resultant higher hydrogen adsorption
are proposed to lead to higher concentrations below the surface
resulting in WEC failures.

(ii) Contact conditions - smaller area of contact for the MPR in com-
parison to the FAG-FE8, where for the MPR case it is proposed
through modelling that the smaller contact area allows for less
hydrogen diffusion/penetration and a faster escape rate due to the
surrounding ‘out of contact’ area [44].

(iii) Contact cycles and ‘regeneration time’ - (the time between sub-
sequent contact cycles, rollers being slightly longer than the ra-
ceways in the FE8 case), where longer regeneration times lead to
longer WEC lives [16]. This is considered to be due to lower fric-
tional energy accumulation and influence on surface film forma-
tion, which in turn may affect hydrogen diffusion.

It was also suspected that the differences in lubrication chemistry
between the tested oils could affect the tribofilm formed during RCF
operation (this is discussed in 4.4 of this paper), where contact dy-
namics/conditions could effect this, in turn potentially playing a role in
hydrogen diffusion, and WEC formations.

Average WEC dimensions for FAG-FE8 and MPR sectioned rollers

600
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200

Dimensions of WEC (pm)

100

%

% :

FE8 OBCaSul (5.6%) FE8 OBCaSul (2.8%) MPR OBCaSul (1.4%) MPR ZDDP only (0%)

Z Z

MPR Oil X

%

mCrack length mCrack span @Min Depth ©Max Depth

< Rolling eiefnent

l,-"WEC span measured at
largest point in axial
length

Fig. 7. Average dimensions for the FAG-FE8 and MPR recorded WECs. Note no WECs were recorded in rollers from the FE8 OBCaSul (1.4%), FE8 ZDDP only (0%),
MPR OBCaSul (2.8%), and MPR OBCaSul (5.6%) tests. FAG-FE8 Oil X data is from Ref. [18].
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TDA of ROLLING ELEMENTS from FAG-FE8 CRTBs

0.80
. Test Oil Water content (ppm) Avg. H (ppm)

=] ‘ Oil X (OBCaSUl 28%) ZDDP only (OBCaSul 0%) 40 0.37
£ @ OBCaSul 5.6% OBCasul 1.4% 83 029
° 0.70 1 " OBCaSul 2.8% 87 041
= OBCasSul 2.8% OBCasul 5.6% 175 1 048 t
£ g @ OBCasul 1.4% Oil X (OBCaSul 2.8%) 209 | L
§§ 0.60 1 4 OBCaSul 0% (ZDDP only) Increase in water content coupled with | g 57
S <' T Range of obtained values (minimum to maximum) : an increase in avg. H concentration. A .
2 P
£E o050 1 o= 4050
e Elevated H concentrations measured in the ZDDP _.--=771048
g g only (0% OBCaSul) and OBCaSul (1.4% - 5.6%) — >
E2 040 rollers w.r.t untested (0 hour) control rollers AT
g9 @ 0.37
- -
cZ _?
e e
S £ 0.30 A 0.28 @ 0.29
58 o~ P
S o
£ s
§€ 020 -

@
6 E
3o
% 010
e
2
= 0.00 T T T T T T T T T

0 2 4 6 8 10 12 14 16 18 20

RCF test duration (hours)

Fig. 8. Thermal desorption analysis (set-up 1 TDA @ 400 °C) of rollers from FAG-FE8 ZDDP only (OBCaSul 0%) and OBCaSul (1.4%-5.6%) tested oils and Oil X. Oil X
TDA data is from Ref. [21]. Diffusible hydrogen concentrations in ZDDP only (OBCaSul 0%) and OBCaSul (1.4%-5.6%) oil tested rollers (all run to 18 h), super-
imposed onto the measured concentrations for Oil X tested rollers on the FAG-FES8 rig.

WECs recorded in the FAG-FES8 rollers across all oils fall within the
zones (around ~ 2 mm zone) of high slip energy (PVmax, see Fig. 6). It
has been identified previously by the authors on serial sectioning ana-
lysis of the FE8 Qil X rollers [18], that this zone is where the highest
propensity for WEC initiations exists (as shown in Fig. 6).

4.1.2. Subsurface or surface initiation of WECs

The vast majority of WECs recorded in the FAG-FES rollers across all
oils were contained entirely within the subsurface and without con-
nection to the contact surface, therefore surface initiation of these
WEGs is infeasible (Table 4). Any interaction/connections to the surface

[CJ ZDDP only (0%) R1, H=0.36 ppm
@ ZDDP only (0%) R2, H=0.58 ppm
/\ ZDDP only (0%) Race, H=0.12 ppm 4 Oil X Roller,
® 5.6% OBCaSul R1, H=0.46 ppm

Total amount of Hydrogen desorbed out

A 56% OBCaSul R2, H=0.63 ppm
[ 5.6% OBCaSul Race, H=0.23 ppm

M Oil X Race, H=0.19 ppm

Elevated concentrations measured in
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sections having shallower desorption peaks.

Hydrogen desorbs out straight away for Oil X and after 125 °C — 150

Single desorption peak between ~250 — 300 “C for the ZDDP only
(0%) and OBCaSul 5.6% rollers and raceway sections, raceway

TDA indicates that diffusible hydrogen
was fully desorbed by the time the
analysis had finished at ~800 minutes.

Fig. 9. Hydrogen desorption curves for FAG-FE8 ZDDP only (0%), 5.6% OBCaSul and Oil X (18 h only) RCF tested bearings using TDA set-up 2 (ramped TDA to
300 °C including the total diffusible hydrogen concentration measured. (a) Hydrogen desorption rate (ppm/minute) vs. desorption temperature (°C). (b) Hydrogen
desorption rate (ppm/minute) vs. analysis time (minutes). See Table 5 for individual TDA measurements. Note: Data for Oil X is from Ref. [21].
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across 2, 6 and 18-h. (a—c) rollers and

made were predominantly small/short in size relative to the size of the
WEC network. Only five cases of interaction/connection to the contact
surface were recorded for WECs across all oils tested on the MPR rig

(Table 4), connections again being small/short in size. It must be noted
that for any WECs that had not started and finished within the sec-
tioning range, interactions/connections still may exist, and further
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Fig. 11. EDX analysis of normalised tribofilms formed in the approximate roller/raceway contact zone for RCF tested ZDDP only (OBCaSul 0%) and OBCaSul

(1.4%-5.6%) oils. (a) ZDDP only (OBCaSul 0%) roller. (b—d) OBCaSul 1.4%-5.6% rollers. (¢) ZDDP only (OBCaSul 0%)
raceways.
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Fig. 12. Estimated tribofilm thickness from SEM/EDX analysis. (a—b) Oil X 2, 6 and 18 h and (c-d) OBCaSul 0%-5.6%.

sectioning would be needed to confirm this.

A number of inclusion-WEC interactions have been recorded in the
OBCaSul oil rollers (see Table 4 and see Fig. 4 for examples). Inclusions
recorded are small/short in size (FE8: ~2-20um, and MPR:
~2-13um) and being predominantly globular sulfide-oxides (Dpyp),
globular oxide (D) or manganese sulfide/sulfide duplex (A) (A type only
recorded in MPR rollers) in type. For the FAG-FES8, inclusion-WEC in-
teractions recorded in the OBCaSul oil rollers are within a similar size
range and type to the inclusion-WEC interactions recorded in the Oil X
rollers [18]. It is considered that a number of inclusions may have been
missed in the OBCaSul oils due to size of the sectioning removal rates
(~15-38 um) conducted relative to the small size of the inclusions. A
far greater number of inclusion-WEC interactions have been recorded in
the FAG-FE8 Oil X rollers in comparison to the OBCaSul (1.4%-5.6%)
oils (see Table 4). This is proposed to be due to (i) smaller removal rates
(~3-5um); therefore, more chance to ‘catch’ WEC-inclusion interac-
tions; (ii) higher number of WECs recorded in the Oil X rollers, thus
more inclusion interactions; (iii) specific lubricant chemistry of Oil X
allowing inclusion initiation to occur more easily.

Given the evidence, one mechanism for WEC initiation and propa-
gation for the FAG-FE8 and MPR tested oils is in the subsurface, where
differences in lubrication chemistries between the tested oils has not
affected this. This further verifies the author's previous findings on
FAG-FE8 testing using Oil X [1,18] and other works by the authors
[45-47] that WECs can initiate and propagate entirely within the
subsurface. In contrast to the results found in this paper and previous
works by the authors of this study [14,18], where WECs were recorded

in the FE8 rollers only, in Ref. [22], as well as cracks also being re-
corded in FE8 raceways, cracks found in the FE8 raceways and rollers
are proposed to originate from the surface in high slide regions, in-
itiated by local high stresses at asperity contacts due to the rollers high
surface roughness (it is noted that rollers were intentionally not ground
to achieve a high surface roughness and intentionally embrittled
through high temperature austenisation), cracks subsequently propa-
gating into the subsurface toward the zone of maximum subsurface
shear stress. WECs have been created and recorded previously through
MPR testing [3,4] however, the authors of this manuscript point out
that conclusive evidence on whether WECs initiated at the surface/
subsurface or interacted with inclusions cannot be made, since 3D
mapping of WECs in their entirety was not conducted. This study shows
conclusively that subsurface initiation and propagation can be one
mechanism in the MPR tests.

In addition, evidence from this study further verifies the author's
previous revelations that subsurface initiation is highly likely at small/
short non-metallic inclusions [1,18,45-47]. Again, differences in lu-
brication chemistries between the tested oils has not affected this. For
the FAG-FE8 case this is strongly supported, since inclusion-WEC in-
teractions have been recorded at the infant stages of their evolution
[18]; however, for the MPR case, this would require further sectioning
analysis to catch inclusion-WEC at the early stages.

4.2. Influence of oil chemistry on hydrogen diffusion

Discussions are focused on FE8 testing only. Due to time
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Fig. 13. EDX phase maps for Oil X rollers across 2, 6 and 18 h. Key explains difference between thickness terms.

the FE8 steel rollers during RCF operation and not the raceways (neg-
ligible concentrations measured similar to untested ‘O h control’ sam-
ples) (Table 5 and Fig. 8). Differences in oil chemistry, therefore, having

considerations, TDA was not conducted on the MPR rollers.
TDA for set-up 1 has shown that oils containing OBCaSul with
ZDDP, and ZDDP only oils have allowed the diffusion of hydrogen into
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Fig. 14. EDX phase maps for Oil X raceways across 2, 6 and 18 h. Key explains difference between thickness terms.
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no effect on the diffusion of hydrogen into the raceway, this potentially
being due to the tribofilm formed on the raceway (discussed in 4.4). For
the OBCaSul (1.4%-5.6%) oils, there is a positive correlation between
increase in OBCaSul wt% and increase in diffusible hydrogen con-
centration. Again, this could be due to the tribofilms formed (see 4.4 for
further discussion), where it is considered that differences between oil
chemistries (and respective tribofilms formed) could affect the flux/rate
of hydrogen diffusion into the steel during operation. TDA results from
set-up 2 showed that hydrogen diffused into the ZDDP only (OBCaSul
0%) and OBCaSul 5.6% oils (Table 5 and Fig. 9). TDA was not con-
ducted on the OBCaSul 1.4% and 2.8% oils due to time considerations
and so trends cannot be examined, further TDA on these oils should be
conducted so that a comparative assessment can be made. Differences
in measured hydrogen concentrations between roller and raceway may
be due to.

(i) The differing dynamics experienced between roller and race, for
example, number of contact cycles experienced and ‘regeneration
times’ as mentioned above in 4.1.1. However, regeneration times
are slightly longer for the rollers than the raceways, where longer
times are said to lead to longer WEC lives, only the raceways
failing during FAG-FES8 testing [16]. This was said to be due to the
higher asperity energy accumulation experienced by the raceways.
This is contradictory to results found by the authors of this
manuscript, where only the rollers contained WECs [18].

It may be due to differences in steel cleanliness, the raceway being
shown to be far ‘cleaner’ than the rollers [18], thus a lack of
trapping sites for hydrogen being available.

(iii) Differences in respective tribofilms formed on the roller and ra-

ceway (see 4.4 for further discussion).

(i)

Finally, differences in the water content measured between the
tested oils (see Table 2) may play a role in the amount of diffusible
hydrogen measured. Results show a correlation between increase in
water content (ppm) measured in the oils pre-RCF testing, and an in-
crease in diffusible hydrogen concentration measured in the rollers (see
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Fig. 8). The hygroscopic character of ZDDP, Na, Mg and Ca alkyl sul-
fonate additives may be a reflection on the increase in water content
measured for the respective oils, where it is proposed that water dis-
sociation and subsequent hydrogen generation due to high friction films
formed by these additive components can occur [5]. Although water
contents are low, small amounts of water as little as ~100 ppm have
been shown to have a detrimental effect on fatigue life [48]. It has been
said that water desorption spectra should be taken into account when
measuring the total amount of diffusible hydrogen in steels, where
thermal desorption and XPS analysis showed that the permeation of
hydrogen is strongly influenced by the formation of oxide and/or hy-
droxide film when water is present [13]. It is noted, however, that when
water is present hydrogen is mainly sourced from the oil opposed to
water [49].

The trapping behaviour of hydrogen is discussed in Fig. 15 below.

4.3. Hydrogen diffusion and its relation to WEC formations

Discussions are focused on FE8 testing only.

While the diffusible hydrogen concentrations are comparable in the
tests lubricated by the Oil X and OBCaSul oils, the number of WECs
recorded in the rollers are significantly different, i.e. the concentration
of diffusible hydrogen found in rollers lubricated by different oils may
not have had the same effect on WEC formation, where minute differ-
ences or similar diffusible hydrogen concentration between rollers
‘with’ and ‘without’ WECs between the tested oils are found. Comparing
for example TDA results for Oil X at 12h and OBCaSul 1.4% at 18h
(Fig. 8). Although the average hydrogen concentrations are similar, no
WECs were recorded in the 1.4% OBCaSul rollers while a number of
WECs were found to have formed in the Oil X 12 h rollers (see Ref. [18]
for Oil X 12h WEC details). Again, if we compare diffusible hydrogen
concentrations between Oil X and OBCaSul 5.6% (at 18 h), although
their average hydrogen concentrations are similar, there is a vast dif-
ference in the number of WECs recorded (Table 4 and Fig. 6). This
supports the suggestion made in a previous study by the authors, that
hydrogen may not be an initiator but an accelerator to WEC formation

[ ZDDP only (0%) R1, H=0.36 ppm
@® ZDDP only (0%) R2, H=0.58 ppm

® 5.6% OBCaSul R1, H=0.46 ppm

Total amount of Hydrogen desorbed out

A 5.6% OBCaSul R2, H=0.63 ppm
[J 5.6% OBCaSul Race, H=0.23 ppm
A ZDDP only (0%) Race, H=0.12 ppm 4 Oil X (2.8%) Roller, H=0.70 ppm
B Oil X (2.8%) Race, H=0.20 ppm

* In contrast, more hydrogen desorbs
out for ZDDP only (0%) and 5.6%
between ~225 — 300 °C, attributed to
trapping sites listed in [21].

\
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S 2
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T =

0 4
a T a e
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5.6% OBCaSul R2

ZDDP only (0%) R2

0.0025 5.6% OBCaSul R1
ZDDP only (0%) R1
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Oil X (2.8%)
0.0015 5.6% OBCaSul Race
Oil X (2.8%) Race
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(0%) Race,

1

00 80
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» Hydrogen starts to desorb .
out straight away for Oil X. -

H trapped in Oil X rollers between 0 — 200 “C is not seen in the ZDDP only and 5.6% oils.
Thought to be due to the significant difference in WECs formed between oils (Fig. 6 and
Table 4), this being a reflection on hydrogen trapping at the much greater number of WECs
recorded in Oil X. Therefore, WECs may act as ‘weak’ ‘reversible’ traps.

+ This could be a reflection on the saturation of trapping sites between ~225 — 300 °C,
Hydrogen at this point preferentially moving towards cracks and crack interfaces.

Fig. 15. Trapping behaviour of hydrogen in FAG-FE8 tested rollers and raceways analysed through TDA set-up 2.
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[21], and/or becomes instrumental in formation when in combination
with other factors e.g. tribofilm formed. It is noted that, at this stage, it
is not clear what the influence of local diffusible hydrogen, i.e. at crack
tips or inclusions, may have due to the limitation of the TDA, which
only measures diffusible hydrogen in the bulk of the specimens. It is
also considered that differences in oil chemistries may affect the flux/
rate of hydrogen diffusion and penetration, this being directly related to
the respective tribofilms formed (further discussion in 4.4). It could be
that.

(i) Hydrogen diffused later towards the end of RCF operation, not
allowing a sufficient amount of time for hydrogen to take effect.
Further TDA to measure diffusible hydrogen at varying stages of
RCF operation for the OBCaSul oils (test run to only 18 h for these
oils) would be able to provide more detail on this.

Hydrogen penetration may be outside the zones of maximum
subsurface shear stresses, or where critical inclusions are located in
the depth of the steel.

Insufficient hydrogen diffusion in critical zones where greater
propensity for WEC formations exists, the diffusion of hydrogen in
these zones being governed by the presence of metal-containing
additives in the film such as calcium sulfonates under high fric-
tional energy accumulation [44].

(i)

(iii)

A difference in hydrogen trapping behaviour is seen between Oil X,
and the ZDDP only (OBCaSul 0%) and OBCaSul 5.6% oils (Fig. 15). This
may be a result of the greater number of WECs formed in the Oil X
lubricated rollers in comparison, where it is suggested that crack in-
terfaces have acted as ‘weak’ ‘reversible’ hydrogen traps.

Based on the TDA and serial sectioning analysis, a positive corre-
lation is shown between the OBCaSul concentration and the amount of
diffusible hydrogen. In addition, a jump in diffusible hydrogen con-
centration is seen for a jump in WEC formations between OBCaSul 1.4%
and 2.8%, further TDA and serial sectioning for OBCaSul wt% between
1.4% and 2.8% is recommended to explore this. An increase in hy-
drogen concentration is seen between OBCaSul 2.8% and 5.6%, how-
ever, no great difference in number of WECs was seen, although the
length of WECs formations increased. TDA was not conducted on the
MPR rollers due to time constraints and so it is not possible to derive
this relationship for the MPR tests, further testing is thus required to
make a comparative assessment. The vast majority of WECs recorded
for the OBCaSul FE8 tested oils were contained entirely within the
subsurface. This supports previous findings by the authors on FAG-FE8
testing lubricated with Oil X [21], that the suggested mechanism of
hydrogen entry into the steel during operation is at wear induced
nascent surfaces or areas of heterogeneous tribofilm, hydrogen being
generated by decomposition of lubricant through catalytic reactions
and/or tribo-chemical reactions of water [12,13].

4.4. Influence of oil chemistry on tribofilm formation

4.4.1. Tribofilm composition

Discussions below focus on SEM/EDX analysis of the tribofilm from
the FES8 tests only.

SEM/EDX has shown that the OBCaSul (1.4%-5.6%) oils have
formed thicker Ca dominated films across wear zones on the rollers in
comparison to ‘normal’ Zn—S films that are shown to form for the ZDDP
only (OBCaSul 0%) rollers and raceways, and the Oil X and OBCaSul
(1.4%-5.6%) raceways. For Oil X, an increase in RCF test duration has
also resulted in thicker Ca films forming across wear zones on the
rollers. ZDDP + OBCaSul combinations have shown that surfaces
covering worn areas showed mainly Ca and O in the film [32], the Oil X
and OBCaSul (1.4%-5.6%) lubricated rollers in this study exhibiting
this behaviour. AES has shown that by using neutral calcium sulfonate
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with ZDDP, films contained Ca but were otherwise similar to ZDDP, the
OBCaSul showing Ca and O with no traces of ZDDP in the film and
having a greater effect on the AW properties [32]. The dominance of Ca
over Zn shown on the rollers is suggested to be a reflection of OBCaSul
additive being a ‘strong’ competitor to ZDDP in the oil. It is proposed
that a replacement of Zn in the anti-wear tribofilm has resulted in
thicker Ca films forming on the rollers. Ca replacement of Zn has been
shown using multiple techniques on the analysis of automotive AW
tribofilms on cam/tappet friction test specimens [35] and other engine
parts [34].

As shown in Fig. 10, for Oil X at 2h, the elements in the film are
sporadically dispersed across the roller, while a well formed ZDDP
tribofilm is shown to have developed on the raceway (indicated by the
higher concentrations of Zn, S and P in the wear zones). In addition, the
film thickness on the raceway is found to be thicker than that on the
rollers at 2h (see Fig. 11). Over time, while the film on the raceway
does not change significantly, those on the rollers have developed and
grow thicker, tribofilms on the raceway being on average thinner than
the rollers. It is not clear why tribofilms form quicker on the raceway,
but it may be an explanation for why no WECs were found to have
formed in them. It is suspected that the differing contact dynamics
between roller and raceway may affect film formation. For example, the
rollers experience slightly longer ‘regeneration times’ (the time between
subsequent contact load cycles) than the raceways, where longer re-
generation times are said to improve resistance to WEC formation [16].
This is, however, contradictory to the results found in studies by the
authors on FE8 tests using Oil X, where rollers contained multiple
WEGs, the raceway sections not showing any [18]. It is considered that
longer regeneration times could influence film formation [16], which
may be a reason as to why differences in tribofilm have been found in
this study. More recently, it has been proposed that high surface shear
forces in sliding areas due to the tribofilm formed (heterogeneous films
composed of AW/EP and detergent/rust inhibiting additives) caused
the initiation of surface cracks in FE8 RCF tested raceway samples [17].

4.4.2. Tribofilm formation influence on H-diffusion and WEC formations

TDA showed a positive correlation between OBCaSul wt% and dif-
fusible hydrogen concentration for the FE8 rollers (see Table 5 and
Fig. 9), where OBCaSul in oils containing ZDDP have formed thick Ca
films. Therefore, it is suggested that the thick Ca films formed on the
FE8 rollers have promoted hydrogen diffusion into the bearing steel.
For Oil X an increase in RCF test duration also resulted in thicker Ca
films forming, this being correlated with an increase in diffusible hy-
drogen concentration and WEC formations in the FE8 rollers. Based on
TDA and serial sectioning analysis of the FE8 raceways, negligible hy-
drogen concentrations were detected and no evidence of WECs found,
therefore, it is considered that the thinner Zn—S containing films
formed on the raceways has demoted hydrogen diffusion and WEC
formations.

Literature reports that an oil containing OBCaSul resulted in WEC
detection (using ultrasound) in FE8 raceways, XPS/SNMS analysis
showing increased film thickness (reaching 100 nm) over test duration
and comprising of Ca—P on the raceway slip zones [2]. In contrast,
removing OBCaSul resulted in no WEC detection, the developed film
being thinner (20 nm) and comprising of Zn—S in the same regions. It
must be noted that these tests used ceramic rollers to ‘push’ WEC failure
to the raceways. ZDDPs are shown to reduce hydrogen permeation into
steel, where it is suggested that these additives can form protective film
preventing hydrogen permeation [50]. Studies in literature also pro-
pose that OBCaSul inhibit film formation and create ‘weakened’ het-
erogeneous ZDDP films [24-30], OBCaSul being suggested to promote
and prolong nascent metal exposure [31].

In literature, STEM analysis shows heterogeneous tribofilms con-
taining Ca, S, Zn, P, Na and O with varying thickness (5-100 nm) to
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form on FE8 raceways that also showed WECs [17]. These elements with oils containing varying wt% of OBCaSul detergent additive. The
were also observed on the roller films, where the study notes that the effects that oils containing OBCaSul have on tribofilm formation, dif-
morphology and composition are different to the raceways, however, fusion of hydrogen into the steel, and the formation of WECs has been
limited results are presented. It is worth mentioning that the rollers investigated. The findings of this study are:
were not examined for damages since the majority of damage was
found on the raceway surfaces, this contradicts what the authors of this e Serial sectioning has shown that WECs can initiate and propagate
study have seen on FE8 bearings using Oil X, where damage is only seen entirely within the subsurface and are frequently found to interact
on the rollers [1,18]. with small/short non-metallic inclusions. This has confirmed and
Finally, it has been shown that for higher water contents (ppm) added further verification to the author's previous findings.
measured in the tested oils pre-RCF testing, higher diffusible hydrogen ® The number of WECs formed in the FE8 rollers appears to be in-
concentrations were measured (see Fig. 8). Water dissolved in the oil is creasing with the increase of OBCaSul wt% from 1.4% at 0 WEC, to
said to influence the functionality of ZDDP AW additives and enhance 2.8% and 5.6% at 17 and 12 WECs respectively, suggesting that
wear [51-54]. A feature of ZDDP, and Ca alkyl sulfonate is that they are OBCaSul has promoted WEC formation. However, in the MPR tested
hygroscopic, where these additives may carry water molecules to rub- rollers, only the OBCaSul 1.4% lubricated roller showed WECs,
bing contact surfaces [5]. MTM-Slim studies have shown oils containing higher OBCaSul wt% (2.8% and 5.6%) not creating any potentially
ZDDP, Na, Mg and Ca alkyl sulfonates form thick patchy tribofilm, due to their differences in contact dynamics.
which are proposed to cause high friction in an initial incubation period e Similar to the results obtained by FAG-FES8 testing using the fully
(~20h for FE8) resulting in water dissociation at fresh nascent surfaces formulated ‘bad’ oil (Oil X), TDA has also shown hydrogen to have
and subsequent generation of hydrogen that diffuses into the steel diffused into the FE8 rollers and not the raceways during RCF op-
promoting WEC formations [5]. eration for the OBCaSul containing and ZDDP only oils. TDA has
Mechanisms for why Ca tribofilms are thicker than the Zn—S tri- shown a positive correlation between OBCaSul wt% and con-
bofilms and why these films may promote/demote hydrogen diffusion centration of diffusible hydrogen. Further TDA should be conducted
is still unclear based on the SEM/EDX analysis. Further tribofilm ana- on the MPR rollers to confirm this relationship.
lysis using XPS and STEM has been conducted by the authors (to be ® Detailed tribofilm analysis has shown that oils containing OBCaSul
published in a later study) and may be able to provide more informa- additive form thicker Ca dominated tribofilms on the FE8 rollers as
tion on the properties of the tribofilms and reveal physical mechanisms opposed to the normal Zn—S dominated tribofilm. This may have
further. One answer may be that sulphonates can act as hydrogen promoted hydrogen diffusion and WEC formations in the FE8
poisoners, meaning that they can inhibit the recombination of hydrogen rollers. Thinner Zn—S containing films have been found to form on
atoms (or radicals) to molecular hydrogen, hydrogen ions that then the FE8 raceways however, and these may have demoted hydrogen
exist at the contact surface can recombine with electrons at fresh nas- diffusion and WEC formations.

cent metal surfaces forming atomic hydrogen that can diffuse into the
steel [11]. Adding to this effect, it is also proposed that due to OBCaSul
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Appendix A
Rank 1: Strong evidence for butterfly initiated WECs.

(i) Orientation of wings (+ ve or —ve) being consistent with the wings of independent butterflies found in the serial sectioning analysis (not in the
WEC network). +ve or —ve wing orientation is determined by the over —rolling direction, a second pair of wings being formed upon reversal of
the over-rolling direction after a certain period [55].
(ii) The crack/wing angle, this being mainly ~45° with a range of 0-60° for typical butterfly formations [56,57].
(iii) If the microstructural change morphology associated with the crack/wing is of a typical ‘classic wing-like pattern’.

Rank 2: Possible butterfly initiation or strong likelihood of WEC initiation independent of butterfly.

(i) This is the case when crack initiation features are observed however, the characteristics of butterfly formation as stated in Rank 1 type damage
features are not observed.

Rank 3: Crack has passed through the inclusion during crack propagation; inclusion can therefore potentially aid in the propagation however, the
inclusion is not involved in the initiation process of a crack.

(i) Orientation of the crack when passing through the inclusion was in a radial or near radial direction.
(i) The inclusion interaction location is somewhere along one of the radial (depth direction) cracks of the WEC. In addition, microstructural change
may not be observed around the crack.
(iii) The inclusion interaction depth is in an area of low subsurface shear stress.
(iv) The inclusion is small and is located inside a zone of considerable microstructural change with no crack visibly connecting to the inclusion.
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Appendix B
Table Bl
Average normalised atomic concentration for the FAG-FE8 tested Oil X analysed by SEM/EDX
Test duration Norm. 0% Norm. Na% Norm. S% Norm. Zn% Norm. Ca% Norm. P% Avg. Tribofilm thickness (nm)
Roller Race Roller Race Roller Race Roller Race Roller Race Roller Race Roller Race
2h 71.07 73.7 1.42 2.25 6.57 4.53 3.83 5.21 13.15 11.53 4.00 2.79 15 57
6h 59.42 49.18 3.80 1.76 4.92 14.5 6.64 18.51 16.10 8.46 9.12 6.20 162 135
18h 55.56 47.01 3.81 2.32 5.81 15.48 8.11 21.73 18.89 7.27 6.82 4.64 157 95
Table B2
Normalised atomic concentration for EDX mapping of FAG-FE8 tested Oil X roller and raceways
Roller Phase Norm. 0% Norm. Na% Norm. P% Norm. S% Norm. Ca% Norm. Zn%
2 Hours Tribofilm 66.97 0.00 4.68 7.54 15.47 5.20
Roller Edges 94.07 1.40 2.85 0.00 0.00 1.57
6 Hours Thick Tribofilm 54.60 4.38 12.13 3.86 17.46 7.57
Medium Tribofilm 56.77 3.95 8.41 4.72 20.68 5.47
Thin Tribofilm 64.35 0.00 3.68 8.63 16.23 7.11
Roller Edges 79.75 3.27 3.71 3.68 0.00 4.41
18 Hours Thick Tribofilm 54.26 3.93 8.23 4.70 22.47 6.39
Thin Tribofilm 51.40 3.48 4.14 9.73 18.18 13.11
Roller Edges 78.90 3.74 3.02 3.28 3.83 7.19
Raceway Phase Norm. 0% Norm. Na% Norm. P% Norm. S% Norm. Ca% Norm. Zn%
2 Hour Steel/Tribofilm 20.46 0.81 1.03 1.50 4.04 1.50
Embedded Silica? 23.84 0.87 1.00 1.44 3.92 2.11
Marker 53.96 0.59 0.00 0.00 0.00 0.00
6 Hour Thickest Tribofilm 31.29 0.00 6.74 25.33 2.44 28.08
Thicker Tribofilm 32.66 0.00 4.73 15.49 2.59 18.85
Thinner Tribofilm 26.82 1.20 3.61 6.87 5.74 9.21
Thinnest Tribofilm 18.23 0.00 1.18 3.99 2.46 4.87
Embedded Silica? 33.02 0.61 1.73 5.15 2.36 6.56
Raceway Inner Edge 34.58 0.00 0.00 4.55 0.00 5.95
Marker 51.39 0.00 1.50 4.83 0.00 6.75
18 Hour Thickest Tribofilm 33.56 0.00 4.22 19.77 0.00 24.00
Thicker Tribofilm 27.20 0.00 2.83 13.26 1.80 17.07
Thinner Tribofilm 19.17 0.82 2.08 6.12 3.71 8.81
Thinnest Tribofilm 11.81 0.00 0.42 2.26 0.00 3.33
Embedded Silica? 21.80 0.80 1.75 5.15 4.31 7.40
Table B3
Average normalised atomic concentration for the FAG-FE8 tested OBCaSul oils analysed by SEM/EDX
Test Oil Norm. 0% Norm. S% Norm. Zn% Norm. Ca% Norm. P% Average tribofilm thickness (nm)
Roller Race Roller Race Roller Race Roller Race Roller Race Roller Race
ZDDP only (OBCaSul 0%) 61.47 59.21 7.10 11.16 19.11 17.21 0 1.06 12.31 11.34 137.2 167.7
OBCaSul 1.4% 57.36 45.85 5.46 16.47 9.72 21.45 16.87 10.4 10.59 5.83 225.9 129.7
OBCaSul 2.8% 57.75 44.02 6.00 17.94 7.60 21.94 21.59 10.76 7.07 5.33 200.1 127
OBCaSul 5.6% 60.59 46.49 6.12 18.87 5.87 16.89 19.53 11.56 7.89 6.19 218.8 134
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