
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
D

ec
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 1
0:

49
:5

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
The role of synth
aDepartment of Mechanical Engineering, Ky

Fukuoka 819-0395, Japan
bResearch Centre for Hydrogen Industrial U

Motooka, Nishi-ku, Fukuoka 819-0395, Japa
cFaculty of Engineering and Environment, U

UK. E-mail: m.ratoi@soton.ac.uk
dInternational Institute for Carbon-Neutral

Motooka, Nishi-ku, Fukuoka 819-0395, Japa

Cite this: RSC Adv., 2021, 11, 726

Received 10th January 2020
Accepted 25th November 2020

DOI: 10.1039/d0ra00294a

rsc.li/rsc-advances

726 | RSC Adv., 2021, 11, 726–738
etic oils in controlling hydrogen
permeation of rolling/sliding contacts

Hiroyoshi Tanaka, ab Monica Ratoi *c and Joichi Sugimura bd

Bearing steels suffer from degradation of mechanical properties when atomic hydrogen diffuses into the

steel from the contact surface. In rolling contact fatigue tests this can lead to a significant reduction in

fatigue life of the specimens as the amount of hydrogen diffused into the steel increases. To mitigate

this challenge, synthetic oils of different chemistry have been studied so as to identify their efficiency

and mechanism of retarding or preventing hydrogen permeation. Thrust bearing type tests were

conducted with three synthetic base oils. The effect of base oil chemistry on hydrogen generation and

permeation in bearing steel was explored by relating the concentration of hydrogen species in

specimens with changes in the surface and subsurface of the wear track and the condition of the oil.
1. Introduction

The current search for sustainable engineering in the elds of
energy, materials, transportation and manufacturing requires
lubricating solutions which can solve new and complex chal-
lenges. Bearings used in applications such as hydrogen fuel
cells, wind turbine gearboxes, automotive applications etc.
experience demanding operating conditions (higher rotation
speed, temperature, vibrations etc.) that lead to a shortening of
their service life due to an unusual premature failure damage.
This differs from the classic RCF described by ISO 15243 and
consists in the appearance of a peculiar type of white etching
area (WEA) associated with cracks (WEC).1,2

It is believed that one of the main causes for WEAs is
hydrogen which in its atomic form can readily diffuse through
the lattice of solid materials and cause embrittlement i.e.
degradation in high strength steels, and lead to catastrophic
failure. In fuel cells that use hydrogen as a source of energy,
hydrogen-assisted fatigue can result in formation of WECs and/
or accelerate classic RCF3–11 and therefore represents an extra
challenge for tribological parts.

In the high-stress, high-temperature conditions encountered
in these applications both the environment (i.e. hydrogen gas in
fuel cells, water vapors in air) and lubricant molecules (hydro-
carbon oil and solubilized water) can decompose on the fresh,
nascent, metal sites generated on the wear tracks and create
ushu University, 744 Motooka, Nishi-ku,

se and Storage, Kyushu University, 744
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atomic hydrogen.3,9,12–17 Severe lubrication conditions may
produce more activated sites and increase hydrogen generation
and diffusion in steel. In a hydrogen atmosphere, the amount of
hydrogen diffused into the steel has been shown to be directly
related to the reduction in service life.18–20 It is also reported that
high-operating temperatures generate increased concentrations
of hydrogen and consequently some research studies recom-
mended that the lubricant temperature in wind turbine gear-
boxes which tend to overheat should be maintained below 75–
90 �C to reduce hydrogen permeation and extend bearing life.

Hydrogen permeation can be prevented through the pres-
ence of a protective lm on the wear track. The thin oxide lm
which normally covers steel surfaces is swily removed during
operation and nascent metal sites are generated. One of the
advantages offered by lubricants is their ability to continuously
generate protective tribolms on the wear track which can both,
prevent wear and thus atomic hydrogen formation on the
nascent steel surfaces and act as a barrier to hydrogen
permeation.21

A previous study which investigated the effectiveness of
a range of oils to generated hydrogen in vacuum conducted ball-
on-disc sliding tests found that the amount of hydrogen was
proportional to the wear width measured at the end of the test22

and therefore depends on the lubricity of the oil.
Thicker oxide layers generated in rolling contact fatigue tests

lubricated with PAO in air atmosphere have been shown to
reduce the amount of hydrogen diffused into the steel and
signicantly increase the fatigue lives.18

The presence of water and oxygen in the environment i.e. gas
atmosphere and/or in the lubricant was shown to exert
a signicant effect on the tribolm characteristics and the
fatigue life in studies using dry and oil lubricated tests. In dry
tests, a higher water concentration (95 ppm) increased the
relative amount of Fe(OH)3 in the tribolm and both water and
© 2021 The Author(s). Published by the Royal Society of Chemistry
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oxygen increased the total wear rate and wear debris forma-
tion.23 A concentration of 100 ppm dissolved water in paraffinic
hydrocarbon used to lubricate RCF tests led to a signicant
reduction (36–48% depending on the Hertzian contact pressure
applied) in fatigue life.24

Despite hydrocarbon lubricants have been denounced as one
of the main sources of atomic hydrogen, recent studies of RCF
tests lubricated with PAO in air, hydrogen and argon atmo-
spheres proved that air and hydrogen gas can enable the
formation of tribolms on the wear track and reduce the
hydrogen content in steel.18,25 The tribolm consisted of mainly
solidied hydrocracked or oxy-polymerized carbon species and
iron as oxides and elemental forms possibly generated through
oil oxypolymerization (in air) and hydrocracking (in hydrogen)
and its thickness decreased in the order Air > H2 > Ar.25

The chemistry of the hydrocarbon oils determines their
physico-chemical properties such as polarity, water and air
solubility, oxidation, thermal and hydrolytic stability etc. These
characteristics are important not just to ensure efficient lubri-
cation but also for their ability to generate tribolms on the
wear track through processes such as oxypolymerization and
hydrocracking.25 This study aims to ascertain how the base oil
chemistry inuences lubrication performance, tribolm char-
acteristics and the changes in oil condition during testing in air.
Thrust bearing type tests were conducted in air for up to ten
hours using three types of synthetic oils selected to have similar
viscosity but different chemistry.
2. Materials and methods

Three types of synthetic base oils, summarised in Table 1 were
selected to lubricate the RCF tests: a polyalphaolen (PAO32),
a polyol ester – trimethyolpropane ester (POE) and a poly-
propylene glycol (PPG). The three oils have similar viscosities at
the testing temperature (120 �C) but different chemical struc-
tures. From the lubrication viewpoint, the similarity in viscosity
values will ensure similar lm thicknesses in the EHD regime.
The tests were carried out in mixed lubrication which is
a combination of EHD and boundary and is governed by both
the physical properties of the lubricant (EHL) and the chemical
ones (boundary).26 The different chemistry of the oils confers
distinct physicochemical properties such as polarity, thermal
conductivity, specic heat, thermal and oxidative stability.26

Base oils characterized by high polarity (affinity for metal oxide
surfaces) such as polyglycols and polyesters have a greater
tendency to form coherent chemisorbed or physiosorbed layers
and reduce boundary friction (and wear if the lm is strong and
Table 1 Base oil lubricants

POE PPG PAO

Density g cm�3 0.993 0.991 0.826
Viscosity at 40 �C cSt 24.5 32.3 28.8
Viscosity at 100 �C cSt 5.1 7.6 5.6
Film parameter L 2.26 2.26 1.99

© 2021 The Author(s). Published by the Royal Society of Chemistry
thick enough), than less polar uids such as PAOs. The thermal
conductivity and specic heat properties are important in
removing heat by conduction and convection, thus preventing
overheating and the thermal and oxidative degradation of the
hydrocarbon oil which can result in release of atomic hydrogen.
In general, POE and PAO oils are more resistant to oxidation
than PPG while POE and PPG have superior thermal stability
properties than PAO. The thermal diffusivity of the oil dened
as the its ability to conduct heat and calculated as thermal
conductivity divided by density and specic heat capacity, varies
in the order POE > PAO > PPG.26

Tribological tests were carried out in a ball-on-disc trib-
ometer. Fig. 1 shows a schematic illustration of the test rig and
Table 2 summarizes the test conditions. Trust bearings were
modied to contain only six balls (6.35 mm diameter) separated
by a retainer. The balls were placed between a grooved top ring
as a guide ring for the ball movement and a reversed lower ring
with the at surface in contact with the balls, nished as
described below. The ball and disc steel is JIS SUJ2, equivalent
to AISI 52100. An Rq (root mean square roughness) of 0.005 mm
was achieved for the disc surface by grinding with silicon
carbide paper followed by buff polishing with a 3 mm diamond
slurry. The specimens were ultrasonically cleaned with hexane
and acetone prior to the rolling contact tests.

A normal load of 2650 N (equivalent to a Hertzian pressure of
4.8 GPa between balls and at disc and approximately 2.6 GPa
between groove and balls) is applied by a lever and the disc/ball
contact undergoes rolling through the rotation of the upper
sha. This contact pressure is higher than the calculated pres-
sure encountered during standard operation in bearings and it
follows the recommendations from other publications3,9,12,18–20

to accelerate wear, the formation of hydrogen and initiation of
embrittlement. The Hertzian pressure employed of 4.8 GPa is
almost equal to the shakedown limit (the maximum contact
pressure which the material can support in the elastic range in
steady state conditions) which implies that plastic deformation
below the surface may continue to occur. In practice however,
Fig. 1 RCF tribometer.
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Table 2 RCF test conditions

Temperature 120 �C
Hertzian pressure 4.8 GPa
Entrainment speed 1500 rpm (3.4 m s�1)
Initial composite surface roughness 11 nm
Film parameter L 2
Test gas Air
Lubricant POE/PPG/PAO
Specimens JIS SUJ2 steel balls/discs, Rq 10/5 nm
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the pressure reduces due to the surface geometry changes which
becomes more conformal through initial deformation and
wear, and virtually elastic contact occurs in the rest of the test.
The Hertzian contact pressure for the dynamic load rating (load
for a rating life of 106 load cycles) of this steel is 4.2 GPa. The
lm parameter L which represents the ratio between the oil
minimum lm thickness (h) and the surface roughness (s) has
a value of 2 and thus the contact works in the mixed lubrication
regime.

The balls were immersed in the oil lubricant before the test
was started and no additional oil was supplied during the tests.
Dry compressed air was continuously blown in at a rate of 100
ml min�1. Four RCF tests were carried out lasting 1, 2, 5 and 10
hours and these were considered to show appropriate trends in
the behavior of the three lubricants.

The hydrogen content in the bearing steel discs was
measured by Thermal Desorption Spectroscopy (TDS, Denshi-
Kagaku TDS1200). Immediately aer the rolling contact tests,
the specimens were cooled to ambient temperature (23 �C),
cleaned with hexane and acetone in an ultrasonic bath and the
disc cut into small pieces (7 � 3.5 � 1 mm, weighing approxi-
mately 0.2 g) in less than two hours. The TDS technique consists
of heating the sample under a constant temperature gradient in
order to induce desorption of all gaseous species, which are
then analysed by a mass spectrometer. During the TDS analysis,
the cut disc pieces were heated from ambient temperature to
800 �C at a rate of 60 �C min�1 and 10 �C min�1 respectively.
This leads to the desorption of all hydrogen species released
from the disc which are then measured and analysed with
a quadrupole mass spectrometer.

The amount of hydrogen is calculated by integrating the
hydrogen spectrum over temperature.

Wear track surface investigations were carried out by optical
microscopy, SEM and optical prolometry aer the 2, 5 and 10
hour RCF tests.

Wear scars were investigated under an Nikon Eclipse optical
microscope to characterise surface defects, deposits and
corrosion damage.

A Bruker ContourGT optical prolometer was used to
generate a 3D surface prole of the wear track on the disc
specimens aer the RCF tests and investigate the depth and
width of the wear tracks. The measured proles of the disc wear
track were used to calculate the wear loss volume. This involved
the calculation of the area of the wear track prole using the
trapezoid rule, followed by the use of the Archard equation27 for
the determination of the wear loss volume.
728 | RSC Adv., 2021, 11, 726–738
Optical prolometry (Bruker ContourGT) was used to inves-
tigate the depth and morphology of the wear tracks on the disc
specimens aer each test. The equipment generates a 3D
surface prole of the wear track that can be analysed with the
supplied soware. For each sample multiple surface proles
were measured and used to calculate average depth values.

Raman and Auger Electron Spectroscopy (AES) were used to
investigate tribolms formed aer 10 hour RCF testing because
these lms were the most developed.

Auger electron spectrometry was carried out using JEOL
JAMP 9500 F with a 10 keV electron beam. A 10 seconds ion
sputtering was performed before the analysis to remove the
contaminated layer on the surface of approximately 3 nm.

Raman spectrometer analysis was performed using
a Thermo Fisher Scientic DXR Raman Microscope with an
internal YAG 532 nm laser wavelength and about 1 mW output
power. The laser source was focused on the sample through
either a 10� or 100� objective to a spot diameter of 10 or 1 mm.
The acquisition time for Raman spectra varied depending on
the strength of the Raman signals, until a satisfactory signal to
noise ratio was achieved.

Wear track subsurface investigation was also carried out on
the 10 hour specimens. The presence of cracks and White
Etching Areas (WEAs) was investigated by a ‘standard’ serial
sectioning method and the sections were made at 50 mm
intervals. The sectioning technique involved the use of an ATM-
OPAL 410 for mounting samples in Bakelite prior to grinding/
polishing with a Struers Tegra automatic polisher with inter-
changeable polishing platens. A Vickers hardness indent was
used to indicate the depth removed. To reveal the microstruc-
ture, cross-sections were etched in Nital (98% methanol, 2%
nitric acid) for 15 seconds according to ASM guidelines.28

The oil condition was monitored before and aer the 2, 5
and 10 hour RCF tests by FTIR and Karl-Fischer water content
analysis.

A FT-IR Nicolet iN Microscope and spectrometer has been
used for the FTIR analysis.

The water content of the lubricants was measured by
titrating samples with Karl-Fischer reagent.
3. Results and discussion
3.1 Condition monitoring of the base oil lubricants

The condition monitoring of the oil at the end of the RCF tests
to reveal changes in chemical composition due to oil degrada-
tion (oxidation and oxypolymerization) and variations in the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FT-IR spectra of (a) PAO and (b) POE after tests for 0, 2, 5 and
10 h.

Table 3 Water concentration in oils (in ppm) from Karl-Fischer
titration

0 h 1 h 2 h 5 h 10 h

POE 317.4 166.2 186.3 254.6 229.1
PPG 899.6 836.1 1578.8 1405.9 973.8
PAO 13.8 — 42.1 187.9 479.4
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amount of solubilized water (water dissolved in oil is a facile
source of atomic hydrogen), can provide important information
not only about the contribution of the lubricant to atomic
Fig. 3 FT-IR spectra of PPG after (a) 0, 2, 5 h and (b) 10 h in locations 1

© 2021 The Author(s). Published by the Royal Society of Chemistry
hydrogen generation but also on the role of water to tribolm
formation, wear and fatigue life.

FTIR spectra of the three oils measured before (in their fresh
state) and aer the 2, 5 and 10 h tests are shown in Fig. 2 and 3.
While the spectra for POE (Fig. 3b) did not indicate that
substantial changes occurred during the tests, PAO and PPG
spectra (Fig. 2a and 3) showed signicant deterioration with test
time. The FTIR spectra for PAO at the end of the 5 and 10 h RCF
tests show the formation of an ester bond (peaks at 1750 cm�1)
that indicates oxidative degradation of the oil. The PPG spectra
showed the ester bond even in the fresh oil indicating a low
structural resistance to oxidation. At the end of the 10 h test the
FTIR analysis revealed irreversible changes visually identied in
Fig. 3b as two insoluble phases with distinctly different chem-
istry. Phase 1 contained less ether and hydroxyl groups than the
original oil while phase 2 had more.

In RCF tests, three important factors responsible for the
generation of free radicals and increase in the rate of oxidation
are encountered: oxygen dissolved in the oil (from the contin-
uous supply of air during the tests), high temperatures (tests are
run at 120 �C and oxidation rate rises approximately three times
per every 10 �C increase above ambient temperature) and the
and 2.

RSC Adv., 2021, 11, 726–738 | 729
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Fig. 4 Water content (ppm) in oils from Karl-Fischer analysis before
and after the 1, 2, 5 and 10 h of RCF testing.
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presence of metal ion catalysts (nascent iron surfaces generated
on the wear track during the test). Excessive oxidation results in
the formation of water (particularly in the propagation stage of
the oxidative chain reaction), sludge and acids and the rate of
oxidation determines the useful life of an oil lubricant. A good
example of this was the phase segregation of the PPG oil seen at
the end of the 10 h test.

The water solubilized in hydrocarbon oils and that from
humid air (this study used dry compressed air) can also
contribute to the overall water content. Water can be expected to
dissolve in hydrocarbon oils to the extent of several hundred
parts per million (ppm) and this amount increases with solvent
polarity and temperature. The amount of water in the oils
Table 4 Hydrogen content (in ppm) in discs measured by TDS

0 h 1 h 2 h 5 h 10 h

POE 0.274 0.152 0.225 0.163 0.295
PPG 0.274 0.282 0.216 0.458 0.302
PAO 0.274 — 0.229 0.2044 0.203

Fig. 5 Hydrogen content in disc as measured by TDS before and after
the 1, 2, 5 and 10 h of RCF testing.

730 | RSC Adv., 2021, 11, 726–738
determined by Karl-Fischer titration before and at the end of the
1, 2, 5 and 10 hour RCF tests is shown in Table 3 and Fig. 4. In
the fresh state, PPG contained the largest amount of solubilized
water (three times more than POE) while PAO contained the
least. The analysis at the end of the 10 h RCF tests revealed that
except for POE, the other two oils (PPG and PAO) contained an
increased amount of dissolved water. The water dissolved in oil
is an easy source of atomic hydrogen and therefore, a high-water
content can increase atomic hydrogen generation.

PAO contained a very low amount of water during the rst
two hours of testing but then the water increased quickly and
aer 10 h overtook the concentration found in POE. Because of
its chemical structure POE has high resistance to oxidation but
its polar groups can solubilize residual water from air. This can
Fig. 6 Profiles of disc wear tracks at 2, 5 and 10 h.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Wear volume loss of the disc wear track and the hydrogen content.
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explain the relatively large concentration of water measured in
the fresh POE oil. FTIR spectra for PPG show the presence of the
ester peak in the fresh oil which indicates that the oil was
slightly oxidized, and the large amount of water could be the
product of its oxidation. Indeed, PAO and POE are characterized
by very good oxidation stability, superior to PPG oils.26 Another
contributing factor is the marked difference in the polarity of
the oils. Both PPG and POE are polar oils which can solubilize
signicantly larger amounts of water than PAO which is a very
low polarity oil.26
3.2 Amount of permeated hydrogen

As Table 4 and Fig. 5 shows, the concentrations of permeated
hydrogen in the discs measured by TDS were lower for POE and
PAO and did not substantially change with rolling time for these
oils while for PPG the concentration increased with time.
Fig. 8 Optical microscope images of the disc wear tracks.

© 2021 The Author(s). Published by the Royal Society of Chemistry
3.3 Wear track surface and subsurface investigation

To investigate the morphology and size (width and depth) of the
wear track, optical prolometry has been employed. The
proles measured across the wear track were then used to
calculate wear volume loss for each test. Fig. 6 compares the
typical 2D proles of the raceways as measured by optical pro-
lometry at the end of the 2, 5 and 10 h tests and Fig. 7 shows
the calculated wear volume loss.

As previously reported,29 during high load testing, the edges
of the wear track become slightly raised due to plastic defor-
mation and the height of the side ridges or furrows of the track
usually do not change (unless there is additional pile-up due to
wear). This situation was seen to similar degree in all
specimens.

Aer 10 h testing the width of the track was similar for the
three oils but the PPG lubricated wear track was signicant
deeper than the rest and the wear loss evolved more rapidly.
RSC Adv., 2021, 11, 726–738 | 731
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Fig. 9 SEM images of the disc wear tracks.

Fig. 10 AES spectra on the 10 h PPG disc wear track.

732 | RSC Adv., 2021, 11, 726–738 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Aer 10 h of continuous testing the wear loss varied in the order
POE < PAO < PPG. This is also the order in which the content of
hydrogen in the discs decreased (Fig. 2 and 7). For PPG this
outcome can be related to the large amount of water formed/
solubilized in the oil during the RCF tests which contributed
to the wear through corrosion mechanisms while its decom-
position led to an increased hydrogen content in the race.

The wear tracks of the disc specimens were in the rst stage
investigated by optical microscopy and SEM as shown in Fig. 8
and 9. Images acquired by both techniques showed the pres-
ence of a tribolm which formed gradually during the RCF
testing with different kinetic rates. The PPG formed a tribolm
slowly (aer about 5 h of testing) while the PAO formed a thin
uniform tribolm in under 2 h which became thicker aer 5 h
and developed an additional black lm on the surface in 10 h of
testing.

The nature of the tribolms generated on the discs wear
track during the RCF test was analyzed by Auger Electron
Spectroscopy (AES) and Raman Spectroscopy.

The AES spectra for the 10 h test races, which had the most
developed tribolms was used to investigate the elemental
distribution across the wear track and are shown in Fig. 10–12.
The wear tracks were observed by SEM to have two areas of
signicantly different darkness (marked as 1 and 2 on SEM
images in Fig. 10–12) and these areas were selected for the AES
analysis. The AES spectra show peaks for iron, oxygen and
carbon but of different intensities which indicates differences
in the composition of the tribolms. The black patches of the
Fig. 11 AES spectra on the 10 h POE disc wear track.

© 2021 The Author(s). Published by the Royal Society of Chemistry
PAO tribolms are mainly carbon, while the grey ones are
predominantly iron oxide. The POE and PPG tribolms are rich
in both iron oxide and carbon but POE tribolms contain
signicantly more carbon than iron oxide.

AES analysis was also used to investigate the differences in
the kinetics of tribolm development for the three oils. The
results conrmed the optical and SEM observations that the
formation of an oxide lm with PPG was slower compared to the
other synthetic oils. Only a thin oxide lm was generated during
the rst 5 hours of testing and it took up to 10 hours to grow to
a thick oxide lm. This behavior can explain the large amount of
hydrogen permeated in the PPG discs during the 5 hours testing
while the decrease in hydrogen concentration aer that can be
the result of iron oxide formation on the wear track and more
hydrogen being desorbed than generated and absorbed. The
formation of the tribolm led to deactivation of the catalytic
action of nascent steel surface, reduced wear and thus less
atomic hydrogen permeation into the steel substrate. When
inorganic carbon lms additionally form on the track at an early
stage of RCF testing as seen on PAO and POE tribolms,
hydrogen generation and permeation in steel could be further
prevented.

Raman spectra of the 10 h tribolms (Fig. 13–15) show that
tracks were covered by iron oxide and carbon.

Hematite (a-Fe2O3) is found in all three tribolms with peaks
at 226, 293, 413, 498 and 660 cm�1.30

The common features for carbon Raman spectra, the G and
D peaks lie at ca. 1580 and 1360 cm�1. A single Raman peak is
RSC Adv., 2021, 11, 726–738 | 733
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Fig. 12 SEM images (a and b) and AES spectra (c and d) on the 10 h PAO disc wear track.

Fig. 13 Raman spectra for the PPG 10 h disc wear track.

734 | RSC Adv., 2021, 11, 726–738 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Raman spectra for the POE 10 h disc wear track.
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theoretically expected for the hexagonal lattice of graphite and
has been observed around 1580 cm�1 in natural graphite and
stress-annealed pyrolytic graphite. The Raman peak at 1360
cm�l has been shown to arise from graphite containing disor-
ganized regions near crystal edges and lattice defects such as
edge dislocations, lattice vacancies and interstitial carbon
atoms between the basal planes of carbon atoms, sp2 bonded as
in the graphite-crystal structure. The amorphous graphite
exhibits a single broad asymmetric peak ranging from
1000 cm�1 to 1800 cm�1 and centred at about 1500 cm�1, while
for Raman shis <1000 cm�1, the amorphous graphite has an
additional weak asymmetric peak around 730 cm�1. The Raman
spectra of ball-milled graphite powder showed that both the
1360 cm�1 and 1580 cm�1 peaks of microcrystallite graphite
broaden continuously with milling which generates amorphous
carbon. Prolonged mechanical milling generates graphite with
nanocrystalline phase and amorphous phase.31,32 This graphite
has a similar Raman spectra pattern to that measured on the
wear tracks of POE, PAO and PPG discs in this study which
indicates that the rolling of balls on races can generate
a graphite lm consisting of nano/micro and amorphous
phases.

The POE 10 h track is covered by both carbon and iron oxide
while the PAO 10 h track shows even more carbon than POE.
PPG 10 h shows much weaker D and G-bands (especially) and
therefore low carbon content. The oxide lm detected by AES is
now identied to be Fe2O3 and it basically covers the entire
track. The band intensities and their ratio are different from
© 2021 The Author(s). Published by the Royal Society of Chemistry
location to location on the wear track suggesting that the
structure of the carbon lms is not uniform.

The wear track subsurface in races was investigated using
serial sectioning which revealed a small number of subsurface
cracks as seen in Fig. 16a–c. The PPG lubricated wear track
experienced aking (Fig. 16a) and the serial sections also
showed the presence of voids.

The aking of the PPG track could be explained by the slow
formation of the PPG tribolm and increased wear. A similar
situation was encountered when RCF tests were run in an inert
argon atmosphere where oxypolymerization of the hydrocarbon
lubricant cannot take place; the resultant tribolm was thinner
and contained less carbon and iron oxide. This situation led to
extensive surface-initiated spalling and pitting and therefore
reduced service life.

Hydrogen permeation in steel during RCF tests conducted in
air environment depended on the synthetic oils ability to: (1)
generate tribolms on the wear tracks. The tribolms took
approximately 5 hours to develop fully. They were made up of
iron oxides (hematite) and carbon (graphite with micro/
nanocrystalline and amorphous phases) and formed under
the inuence of the oxygen (in the air environment), water (from
oil and air), the high RCF testing temperatures and prolonged
rolling contact. The tribolms formation led to a decrease in the
hydrogen content in discs aerwards. They reduce wear and
thus prevent the formation of the catalytic nascent metal sites
which generate atomic hydrogen by splitting up the
hydrocarbon-based oils and water (i.e. in air and hydrocarbon
RSC Adv., 2021, 11, 726–738 | 735
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Fig. 15 Raman spectra for the PAO 10 h disc wear track.

Fig. 16 Serial sections of the disc specimens revealing flaking in PPG 10 h disc.
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oils); (2) possess very good oxidation and thermal stability. Both
POE and PAO oils excel from this point of view and the results
showed they are highly t for purpose; (3) display little solubility
for water (a low dissolved water content). PPG contained the
highest amount of dissolved water and generated the largest
content of hydrogen in the race.
4. Conclusions

The study revealed that base oil chemistry plays an important
role in wear prevention and hydrogen permeation in bearings.
These effects are inuenced by the ability of the lubricant to
generate tribolms on the wear track while preserving its bulk
chemical makeup and composition. The following conclusions
that relate the synthetic oil chemistry to its performance in the
RCF tests can be drawn: (1) the amount of hydrogen permeated
736 | RSC Adv., 2021, 11, 726–738
into steel is relatively small with POE and PAO and it does not
change with rolling time; (2) the chemical stability (oxidative
and thermal degradation) of the synthetic oils during the RCF
tests varied in the order POE > PAO > PPG; (3) hydrogen
permeation depends on the amount of water solubilized in oils.
PPG contained a relatively large amount of water and induced
a higher concentration of hydrogen in steel; (4) all three
synthetic oils generated tribolms made up of iron oxide
(hematite) along with micro/nanocrystalline and amorphous
graphite. Thick carbon lms cover the iron oxides in the tri-
bolms formed by PAO and POE while PPG lms are mainly
made of iron oxide; (5) the tribolms reduced the wear rate and
suppressed hydrogen generation and permeation in discs; (6)
essentially, the amount of hydrogen permeated in the steel
during rolling depends on the formation of tribolms at con-
tacting surface and on the water content in the oils. These
© 2021 The Author(s). Published by the Royal Society of Chemistry
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important ndings enable a better understanding of the
complex lubrication challenges posed by the sustainable energy
industry and help lubricant formulators to offer efficient
solutions.
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