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Abstract

This study investigates the tribological performance of lubricants used in hydrogen-assisted diesel engines with specific
focus on their rheology, additives and the formation of tribo-films. While there are concerns about reduced lubricant
viscosity and increased wear due to hydrogen combustion, the impact of hydrogen on lubricant quality and tribology
in Internal Combustion Engines (ICEs) is a less-explored topic. As an initial step, this study provides an in-depth analysis
of lubricant performance in diesel engines, both with and without hydrogen assistance. The study includes chemical evalua-
tions, and controlled tribometric performance analysis of lubricants from refuse trucks after an operation interval equiva-
lent to 2000 km. The results show marginal changes in the lubricant rheology with the use of hydrogen, but there
are differences in frictional behaviour under mixed and boundary lubrication regimes. In addition, X-ray Photoelectron
Spectroscopy (XPS) analysis shows variations in anti-wear additive adsorption on surfaces, with a noticeable difference
between fresh and used oil samples, aligning with the lubricant analysis data. Despite a noticeable difference in measured
friction in mixed and boundary regimes of lubrication, the chemical analysis and XPS results show only marginal differences
in the anti-wear additive content and the associated tribofilms. The study demonstrates that changes in the chemical and
rheological states of the lubricant affect frictional performance and interaction of additives with surfaces in mixed and
boundary regimes of lubrication. Understanding these changes is crucial for the future development of suitable formulations
for use in dual-fuel hydrogen-assisted ICEs.
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Introduction Hydrogen is considered as an attractive alternative
fuel for combustion due to its higher flame propagation
speeds, albeit at a lower ignition energy. Nevertheless,
presently there are challenges regarding the use of hydro-
gen as a fuel, primarily stemming from a lack of requisite
infrastructure for its production using renewable methods,
efficient storage and transportation. There are also con-
cerns regarding lack of sufficient relevant regulatory
guidelines and standards.”

It is widely anticipated that hydrogen-assisted combustion
will play an increasing role in generation of power for
marine, mining, agriculture, construction, haulage, and
stationary auxiliary power plants. The major advantage
in using pure hydrogen fuelled internal combustion
engines (HICEs) or dual fuel hydrogen internal combus-
tion engines (ICEs) is the reduction of greenhouse gas
emissions such as CO, and major air pollutants such as
NOx at the tailpipe, providing that it is produced from
renewable energy sources.! Therefore, hydrogen can
play an important role in the quest for achieving oson b ) '
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Some of the early research on the use of hydrogen in
ICEs was reported by Furuhama and Fukuma® and an
overview of progress and challenges, particularly on the
combustion of hydrogen, has been provided by Verhelst
and Wallner* and more recently by Stg:pier'l.5 Qin et al.®
have conducted an experimental study on H,-diesel dual
fuel ICE performance subject to different H, ratios.
They noticed that addition of hydrogen causes an increase
in combustion pressure peak (7.7%), as well as cumula-
tive heat release rate (3.5%) at H, to diesel fuel ratio of
20%. However, they did not provide any insight into the
impact on the quality of lubricant or other tribological
issues.

There are relatively a limited number of studies on the
impact of hydrogen combustion on the quality of lubricant
and its rheology, as well as the effect on the tribology
of various ICE conjunctions such as the piston-cylinder
system, valve train and engine bearings. A study by
Pardo-Garcia et al.’® examined the effect of introducing
hydrogen in a dual-fuel diesel-hydrogen ICE. It was shown
that the presence of hydrogen in the fuel mixture reduces
CO, HC and smoke. However, a notable consequence was
the reduction of lubricant viscosity by as much as 26%.
There was a decline in the Total Base Number (TBN) and
an upsurge in the Total Acid Number (TAN) of the lubricant,
which are indicative of increased contamination and oxida-
tion. These findings were in line with the previous research
by Mathai et al.” which reported similar trends in the TBN
and TAN values in the case of engines fuelled with a
mixture of hydrogen and Compressed Natural Gas (CNG).
Furthermore, metallic components such as Fe, Cu, Al, and
Cr exhibited substantial increases in concentration within
the lubricant. This indicated increased wear of engine compo-
nents.® As a result, the lifespan of hydrogen-fuelled ICEs is
generally considered to be lower than their conventional
hydrocarbon-fuelled counterparts.’

Rahmani et al.'® developed a novel integrated analytical
thermodynamic and tribological analysis of hydrogen-
fuelled ICEs, including fuel injection type, gas blowby
and lubrication models (a multi-physics approach) to
study in-cylinder combustion and tribological performance
of hydrogen-fuelled engines in an integrated manner. They
also showed that the degraded (sheared) lubricants with
lower viscosity produced lower Friction Mean Effective
Pressure (FMEP). The lower lubricant viscosity resulted
in a reduction in hydrodynamic load carrying capacity of
the contacts, leading to reduced lubricant film thicknesses
and a longer duration of direct boundary friction. Thus,
owing to the decrease in lubricant viscosity, conjunctional
film thicknesses reduce to maintain the load carrying cap-
acity, resulting in increased instances of direct boundary
interactions and wear. Under these circumstances, the
role of lubricant additives in the formation of low shear
strength tribo-films becomes crucial. Clearly, an increase
in the production of water, arising from hydrogen combus-
tion not only affects the viscosity of the lubricant, but can
also potentially affect the formation of critical tribo-film
components, comprised of friction modifiers and anti-wear
additives.'! McQueen et al.'? noted that tribo-film formation

can significantly impact friction and wear performance.
Their experiments demonstrated the prompt formation of
tribo-films with supplemental anti-wear additives in
tandem  with  zincdialkyldithiophosphate  (ZDDP).
Temperature also emerges as a catalyst for tribo-film forma-
tion and its stability.'>'*

Some preliminary studies of surfaces have shown the
influence of hydrogen combustion upon the formation of
tribo-films. Verhelst and Sierens'> showed that the proper-
ties of engine oil were significantly affected. The concen-
tration of various additives in the lubricant such as
ZDDP, which is used as an anti-wear agent, was signifi-
cantly reduced along with almost complete disappearance
of esters. This was attributed to the ability of hydrogen in
breaking down the double carbon—carbon bonds in the
hydrocarbon-based lubricants. Although this possibility is
noted, there is no direct evidence that pure hydrogen
would penetrate the lubricant. Therefore, it is essential to
study the formation of tribo-films, as well as lubricant rhe-
ology in the presence of hydrogen-assisted combustion.

The proliferation of research on dual-fuel hydrogen-
assisted ICEs has largely concentrated on engine thermo-
dynamic performance, engine efficiency and durability,
and critical outcomes regarding emissions. The study of
tribological performance, particularly lubricant perform-
ance in rheological terms, as well as in the formation of
tribo-films have been somewhat lacking. This requires a
multi-scale investigation from in-field trials to micro-scale
lubrication and onto nanoscale tribo-film formation.'®
Clearly, development of lubricants suitable for the new
emerging engine technologies is critical for their optimal
performance. This paper provides a comparative study of
lubricant performance for diesel-fuelled, and dual diesel-
hydrogen fuelled ICEs through an in-field study of a
number of refuse trucks, undergoing their normal daily
duty cycle. Small samples of used lubricant were siphoned
from the trucks’ engines, rheologically tested and subjected
to precision mini-traction machine (MTM) tribometry, as
well as X-ray photoelectron spectroscopy (XPS) of the
tested surfaces. This is a comprehensive study, not hitherto
reported in the open literature.

Methodology
In-field testing

Domestic waste is collected at regular periods of time by
local authority refuse trucks traversing fixed routes. The
trucks in the current study are powered by 7.7 litre
6-cylinder diesel ICEs. Two such trucks were used in
the current field study; one using dual diesel-hydrogen
fuel. At instances of high-demanded power, up to 20%
of the fuel injected into the cylinders was hydrogen.
The trucks mileage before the study ranged 45,000 to
52,000. They used the same route in their rounds. These
trucks were operated by Aberdeen Local Authority,
Scotland, UK with fixed scheduled round-trip routes
and usage frequency. They were all subject to very
similar operating conditions. This was further ensured
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by telemetric monitoring of ECU (Electronic Control
Unit) data. Small amounts of used lubricant (150 ml)
were drained off from all the engines’ oil sumps after a
2000 km interval. An oil change interval of approximately
15,000-20,000 km is recommended. Therefore, all the
in-field investigation is carried out within this period and
with the same lubricant volume with no change or refill.
The rheological state of the lubricant was first measured
to ascertain the changes, such as viscosity, that affect
bulk lubricant film performance. The lubricant samples
were then subjected to precise laboratory-controlled tribo-
metry using an MTM. This was carried out to establish
the bulk lubricant behaviour and to promote creation of
tribo-films, the constituents of which were ascertained
through X-ray photoelectron spectroscopy (XPS).

Experimental set-up

Valve train systems are the highest loaded contacts in ICEs
and are subjected to elastohydrodynamic regime of lubrica-
tion (EHL). The cam-roller follower contact is often sub-
jected to a varying slide-roll ratio.!” Therefore, an MTM
with independent rotations of the ball and disc samples
can be used to achieve representative slide-roll contact
kinematic ratios. A PCS Instruments MTM was utilised
for the tribometric studies. The ball and disc specimens
were driven independently, whilst the generated friction
was automatically measured and recorded throughout the
testing process. A lubricant reservoir, termed a “pot
reducer” in the MTM parlance was used to conduct the
tests if the volume of lubricant sample was reduced.
Without the pot reducer, more than 35 ml volume of lubri-
cant sample was required. With the use of the pot reducer,
the required sample volume could be as low as 10 ml. This
is an important feature that allows for utilising small
samples of lubricants taken from real operating vehicles
without having to replenish the lubricant with the conse-
quence of affecting the ongoing in-field tests.

The specimens employed comprised standard MTM
%" ball and a disc specimen kit. To obtain the desired
Stribeck curves, required steps in the tests were imple-
mented within the MTM software. A contact load of
65N was chosen for all tests. The maximum Hertzian
contact pressure, representative of primary EHL pressure

peak, is obtained as'®'?
6wE2\ "
b= (257) 0
w3 R?

where, R is the radius of the ball and W is the applied

normal load and the composite (effective) Young’s
modulus of elasticity is:

2

1_1—1/b 1—1/3,

E* Ey E,;

(@)

in which, £ and v denote Young’s modulus of elasticity
and Poisson’s ratio and subscripts b and d refer to the
ball and the disc, respectively. Table 1 outlines the mater-
ial and geometrical properties of the ball, and the disc
samples used in the current study.

Based on the data presented in Table 1, the average
Hertzian contact pressure is determined from Equation
(1) to be 0.8 GPa, which is within the typical range
expected for vehicular valve train cam tappet or roller
contacts.'”?%%!

The MTM lubricant pot temperature was maintained at
100°C for all the tests to provide a representative contact
temperature.”” Tribometric tests were carried out with
selected lubricant samples from the aforementioned
ICEs, collected at different mileages. The tests were
carried out at a slide-roll ratio (SRR) of 50%, whilst the
lubricant’s speed of entraining motion was set to vary
from 2010 mm/s to 10 mm/s with decrements of 20 mmy/s.
These are typical kinematic contact conditions encountered
in valve train contacts.** This range provided an initial full
fluid film lubrication conditions at the higher speeds of
entraining motion, which also allowed for minimising
early onset of wear. Then, the reduction in speed was
expected to lead to mixed or partial, and subsequently
boundary regimes of Ilubrication. In this manner a
Stribeck curve for each lubricant sample can be made.
Additionally, commencing the tribometric tests from a
higher entrainment speed allows for minimal running-in
conditions, affecting the surface topography at the early
stages of all the tests. This approach ensures that any poten-
tial wear of contiguous surfaces can be kept to a minimum,
at least for most of the complete Stribeck test conditions.
Table 2 provides a summary of the operating conditions
used.

The intention was to remain within piezo-viscous
elastic (EHL) fluid film regime of lubrication, which is
experienced in highly loaded contacts of ICEs, such as
those of valve train system and timing gears. To ascertain
that the chosen conditions complied with this require-
ment, dimensionless elastic and viscous parameters were
evaluated as follows:'**

Ge — W*8/3 U*—Z (3)

Table I. Properties of the ball and disc samples used in the current study.

Property Unit Ball Disc Source

Material - AISI 52100 AlISI 52100 Manufacturer specification
Diameter, D mm 19.05 - Manufacturer specification
Young’s modulus of elasticity, E GPa 207 207 Manufacturer specification
Poisson’s ratio, v - 0.29 0.29 Manufacturer specification
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Table 2. Operating conditions for the Stribeck tests.

Parameter Symbol Unit Value/Range
Contact load w N 65
Entrainment speed u mm/s 0-2010
Slide-roll ratio SRR % 50
Temperature T °C 100
1E+13 .
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Figure 1. Fluid film regimes of lubrication.”***

Gv — G* W*3 U*72

where, the dimensionless load, speed (rolling viscosity)

and materials’ parameters are given as:

W*= —W
T E'R?
*_ uno
E'R
G*=F«a

in which, a is the lubricant’s piezo-viscosity coeffi-
cient, u is the lubricant speed of entraining motion, and:

E =2FE*

Figure 1 shows the fluid film lubrication chart used to
4) determine various regimes of fluid film lubrication, which
was used in the current study for mapping the MTM operat-
ing conditions.”*** The contact conditions listed in Table 1
were used to obtain and plot the dimensionless elastic and
viscous parameters. The results plotted on the chart in
©) Figure 1 show that the tribometric analysis remains entirely
in the piezo-viscous elastic regime (elastohydrodynamic
lubrication), as intended at the outset of all MTM tests.
(©) However, as the speed of entraining motion reduces, full
film conditions are expected to alter to mixed and boundary
regimes of lubrication.

0

Preparation of sample surfaces

The initial preparation of the existing specimen discs for the
(®) MTM tests involved the use of EcoMet 30 twin manual
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grinding polisher, along with the application of silicon
carbide polishing papers in the sequence: P320, P400,
P600, and P1200 grits. Following the EcoMet 30 treatment,
a thorough rinse was carried out to remove any residual
debris from the surfaces of the discs. To polish the discs
the Metaserv twin universal polisher was used multiple
times. First the 6-micron pad was used and then to finish
the 1-micron pad was used. The discs were once again
cleaned to remove any loose material on the surface. The
discs were then dried using acetone and blowing hot air
in a desiccator for a period of approximately 10 min. The
ball used was a standard MTM % inch ball purchased
from PCS Instruments with nominal Sa=0.02 pm.

Topographical characterisation

After the completion of the disc polishing procedure, the top-
ography and geometrical profiles of the discs were assessed
using the Bruker NPFlex optical microscope, employing a
white light interferometric (WLI) technique. A magnifica-
tion factor of x20 was employed, with three measurements
taken at the start of the tests. Subsequently, these measure-
ments were imported into the Mountains Map v10 software
tool, where the recorded surface curved profiles were
removed, levelled, and a robust Gaussian filter was applied
with a cut-off length of 0.25 mm. Average roughness of
three measured location on each disc sample including the
associated standard deviations are shown in Table 3.
Figure 2 depicts examples of the measured surface topo-
graphical profiles prior to the tests carried out.

Tribofilm assessment by X-ray photoelectron
spectroscopy (XPS)

Chemical analysis of MTM disc surfaces indicates the
presence of various adsorbed/bonded elements, some of

which are additives within the formulated lubricant and
intended to facilitate certain functions in mixed and

Table 3. Measured roughness parameters for the discs.

boundary regimes of lubrication. Such additives may
comprise anti-wear, friction modifier, antioxidant, deter-
gents, and surfactants, to name but a few. With the
increasing use, both the bulk rheological properties of
the Iubricant, such as its viscosity and the additive
package can be subject to degradation or depletion.
Therefore, the aim of surface analysis, post MTM tribo-
metry using XPS, is to determine the extent to which
various active elements are affected in different lubricant
samples as indicated by their effectiveness in the forma-
tion of desired tribofilms. XPS is a highly effective and
a pertinent technique for surface examination and wear
scar characterisation due to its shallow probing depth of
a few nanometres (~5nm). The apparatus employed
was the PHI Quantum 2000 system, featuring a robust
monochromatic Al Ko X-ray source with a photon
energy of 1486.68 eV.

In the typical XPS analytical procedure, an initial
survey scan was conducted to discern the chemical ele-
ments present within a probed region. Subsequently, high-
resolution spectra of specific characteristic peaks, corre-
sponding to each element were acquired to yield a more
in-depth insight into the formed tribo-film’s chemical
composition, including the nature of chemical bonds
formed. The acquired spectra were recorded in spatial
mode. Deconvolution techniques were applied to
discern distinct chemical species, and the C1s peak’s pos-
ition (284.8 eV) was employed for charge correction.
Analysis was performed on the disc specimens both
before and after the MTM tests. To ensure consistency
in the acquired results, multiple measurements were
undertaken both within and outside the wear track area.
Specifically, three areas were analysed. For after test ana-
lyses, two areas on wear track and one area off-track were
chosen for analyses. The XPS data obtained from
high resolution scans were subjected to analysis using
ThermoFisher’s Scientific Avantage System for quantita-
tive evaluation of the peak intensities and peak area sen-
sitivity factors. This systematic methodology ensures

Disc / roughness parameter [nm] Rq Rz Ra
Disc with fresh oil 3.19+0.29 21.05+1.62 249+0.20
Disc with H, engine oil 2.80+0.35 1750+ 1.13 223+0.29
Disc with diesel engine oil 3.29+0.31 2245+ .11 2.58+0.20
y [}
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Figure 2. Examples of measured surface topography profiles after the polishing process.
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accurate determination of the chemical constituents and
properties of the formed tribo-films.

For the XPS system used, the maximum sample size
was 60 mmx60 mm with a sample thickness of 20 mm.
During the analysis, the X-ray beam was focused pre-
cisely onto the contact track. The contact patch radius
can be determined using the Hertzian contact mechanics,
with the contact footprint radius obtained as:'®'?

3IWR 1/3
0= ( 4E*) ©)

Using the data in Table 1, the contact footprint radius is
obtained as ¢ = 160 pm. Therefore, areas encompassing
100 pm X 100 pm in the contact wear track were used
for XPS probing.

Characterisation of the lubricant samples

Samples of lubricant were siphoned from 2 refuse trucks
powered by 7.7 1 diesel engines and 2 refuse trucks with
identical engines but modified to receive a mixture of
diesel and hydrogen, with the latter accounting for a
maximum 20% volumetric share at instances of peak or
near-peak required power. The volumes of sampled lubri-
cant from engines’ sumps were kept to 150 ml after inter-
vals of 2000 km. This sample size is sufficient for the
subsequent investigations, including detailed chemical
analysis of the lubricant and MTM tribometry. The
volumes of siphoned lubricants were not replaced as
this would have affected the integrity of the analyses.

All the lubricant samples taken from the engines along
with a sample of fresh lubricant were chemically analysed
for their rheological state, additive composition, contamin-
ation, and presence of wear metal content. Table 4 lists
typical detailed chemical analysis content for the fresh
lubricant, used lubricant samples from diesel powered
trucks and those from dual-fuel diesel-hydrogen powered
trucks. Such typical samples were used for the MTM tribo-
metric investigations.

Table 4 shows that the viscosity at both 40°C and 100°C
is higher for the used lubricants from both engine types
when compared with the baseline fresh lubricant. This
can be attributed to the accumulation of contaminants
and oxidation products in the used/sheared lubricants. In
addition, the oxidation and nitration, which are common
indicators of degradation processes in engine oils, are
higher in the used oils as would be expected.

The Total Base Number (TBN), which indicates the
lubricant’s ability to neutralise acids. This is typically
higher in fresh lubricants due to the presence of alkaline
additives, designed to neutralise acidic by-products and
prevent engine corrosion. Over time, it is expected that
TBN would be decreased as the additives are depleted.
However, in the current results the TBN for the used
oils and that of the fresh lubricant are barely different
(within the measurement errors). This is again expected
because the truck was in use for limited mileage.

The Total Acid Number (TAN), which is a measure of
lubricant’s acidity, is higher for the H,-assisted engines
similar to the findings in,® indicating higher lubricant oxi-
dation, thermal degradation, or contamination with acidic
products. This is expected as combustion of hydrogen
leads to increased production of acidic content. The
diesel-operated engine lubricant shows little change in
TAN in comparison to that of the fresh oil and is close
the reported results elsewhere.*’

Boron is often used as an additive in engine oils due
to its excellent anti-wear and antioxidant properties.
However, the oil analysis results show significantly
higher concentration of boron in the used engine oil
samples. Considering that boron is also used in the
additive package of engine coolants due to its
corrosion-inhibiting properties, the higher concentra-
tion of boron in the used oils implies that there has
been potentially some coolant leakage into the oil
sump of the engines. However, glycol levels from the
coolant, as shown in Table 4, are zero and therefore,
possibility of cross-contamination from previous oil
should be considered.

The existence of magnesium in the fresh oil sample is
expected as it is a common detergent lubricant additive.

The concentrations of wear metals including alumin-
um, iron, chromium, and molybdenum are higher in the
used oil samples, indicating propensity to potential
engine wear. The higher levels in the H,-assisted engine
lubricant could suggest increased wear in this engine.
Although the viscosity of the lubricant is only marginally
altered with the presence of hydrogen (as shown in
Table 4), under engine operating conditions the conjunc-
tional surface temperatures are expected to be higher in
the presence of hydrogen in the combustion process as
it increases the heat release rate.’ This means that the
operating viscosity of the lubricant could be lower than
that shown in Table 4. As a result, with hydrogen combus-
tion, transient viscosity of the lubricant would be lower,
and thus the load carrying capacity would be reduced.
This means more instances of direct interaction of sur-
faces can occur, leading to a rise in wear as indicated by
the increased metallic debris with the hydrogen-assisted
engine lubricants.

Calcium is often used as a detergent and dispersant to
prevent engine deposits and sludge. It has acid neutralis-
ing properties, which is lower in the used oils compared
with the fresh oil. This is expected because of the continu-
ous consumption of calcium. It is also interesting to note
that the drop in the calcium levels in the H,-assisted
engine oil (18.9%) is twice that for the diesel fuelled
engine (9.72%). This points to some adverse effects of
hydrogen on calcium consumption from the lubricant,
which can be potentially attributed to the production of
more acidic by-products (as is evident from the lower
PH wvalues) or higher operating temperatures in
H,-assisted diesel engine, which leads to faster oil oxi-
disation, quicker accumulation of acids, and could
account for the higher TAN and drop in calcium levels
for the H,-assisted engine. In addition, due to higher
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Table 4. Typical results of chemical analysis of fresh and used sampled lubricants from the diesel and dual fuel hydrogen-assisted

engines.
Castrol 5W30 low Lubricant Lubricant from
sulphated ash from diesel H,-assisted
Parameter Unit fresh oil sample fuelled engine diesel fuelled engine

Fluid Condition

Kinematic viscosity @40°C mm?/s 69.7
Kinematic viscosity @100°C mm?/s 1.9
Viscosity index mm?/s 168
Oxidation area Abs/0.Imm 22.78
Nitration area Abs/0.Imm 8.17
Sulphation Abs/0.1mm 21.05
TBN mg KOH/g 8.0
TAN mg KOH/g 2.34
iPH pH units 6.9
Miniflash °C 197.5
Additives

B (Boron) mg/kg 2

Ba mg/kg 0

Ca mg/kg 2387
Mg mg/kg 80

P mg/kg 684
S mg/kg 2670
Zn mg/kg 814
Contamination

Water pPpm _
Na mg/kg 0.9
K mg/kg 13.0
Si mg/kg 3.9
Li mg/kg 0.3
Bio Diesel % <2
Diesel % in oil % <2
Glycol % 0
Wear metals

PQ index 10
Al mg/kg 0.7
Sn mg/kg 0.1
Pb mg/kg 0.0
Cu mg/kg 0.0
Fe mg/kg 1.3
Cr mg/kg 0.1
Mo mg/kg 04
Ni mg/kg 0.0
Mn mg/kg 0.3

724 773
12.2 12.7
167 164
24.54 28.8I
9.34 11.71
21.99 24.45
9.1 82
2.10 3.36
6.1 4.8
203.0 206.0
I5 27

0 0
2155 1936
214 343
644 634
2718 2497
773 784
593 706
29 24
13.0 10.0
25 3.0
0.5 0.4
<0 <2
<2 <2

0 0

10 10
.1 33
0.0 0.3
0.0 0.0
0.9 1.7
6.6 14.0
0.3 0.9
74 14
0.1 0.2
0.3 04

temperatures in the engine associated with hydrogen com-
bustion can also increase TAN levels. All these can lead to
a faster depletion of calcium.

Phosphorus, sulphur and zinc are key components of
ZDDP (zinc dialkyldithiphosphate), which is a common
anti-wear additive. All these elements are lower in the
case of the used oil samples indicating a reduction of
ZDDP. The only exception is the slightly higher sulphur
content in the case of diesel- fuelled engines’ lubricants.
However, other factors can also affect the sulphur
content which need to be considered. These include con-
tribution of sulphur from the diesel fuel which can explain
the higher sulphur content in the diesel-fuelled engines.
The existence of H, in the case of the dual-fuel engines

might have contributed to the reduction of sulphur
content and a corresponding increase in the TAN for
hydrogen-assisted engines (Table 4).

Water contamination/dilution of lubricant is also
detected in the used lubricant samples. Water dilution
for the vehicles in highly humid areas such as in the UK
is commonplace. The 19% higher content of the water in
the H,-assissted engine oil can be attributed to the produc-
tion of water as a result of combustion of hydrogen.

Results and discussion

To ascertain the degree of repeatability of MTM tests, an
“off-the-shelf” Castrol SW30 A5 lubricant was used for
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the Stribeck curve sweeps prior to the tests with the
intended sheared/used lubricant samples. Figure 3
shows the results for the measured coefficient of friction
against the speed of lubricant entrainment, after two
repetitive sweeps. It is shown that repeating the MTM
tests under the same load and temperature conditions pro-
vides a consistent set of results across the range of exam-
ined conditions. Some subtle differences are observed at
relatively low speeds, where mixed regime of Iubrication
occurs. These differences can be attributed to marginal
differences in the surface topographic features of discs
and/or the variation of their topography during the experi-
ment and any subsequent asperity interactions.

The selected lubricant samples, including the used
lubricants from diesel-fuelled and hydrogen-assisted dual-
fuelled engines were examined using MTM under the
constant applied contact load of 65 N, temperature of
100 °C and slide-roll ratio of 50%. The lubricants used
in both engines were Castrol SW30 low sulphated ash
fully formulated lubricants. The speed of entraining
motion was varied (see Table 2). Similar to the repeatabil-
ity tests, the sweep of entraining speed, commenced from
higher values with gradual reductions. Figure 4 shows the
results for all the tested lubricants. They indicate negli-
gible differences at higher entraining speeds, where the
lubricant viscosity is the most important parameter in
bulk fluid film regime of lubrication. These cases
pertain to piezo-viscous elastic condition (EHL) as were
shown in Figure 1. Results in Table 4 show that the differ-
ences in the measured viscosity of lubricant samples are
relatively small. Therefore, the measured coefficients of
friction for all three lubricant samples are close in value
at high speeds of entraining motion (Figure 4).
However, as the speed is reduced, the differences in the
coefficient of friction particularly between the used lubri-
cants for pure diesel-fuelled engine and that for

H,-assisted one become noteworthy. Friction with diesel
engine lubricant remains higher than that of H,-assisted
lubricant when the entraining speed is reduced and the
transition in the contact conditions from full fluid film
lubrication to mixed and boundary regimes occurs. In
addition, both used lubricants show lower friction in com-
parison to the fresh lubricant particularly as the operating
conditions move toward mixed and boundary regimes of
lubrication. One possible reason could be due to varia-
tions in the surface topographical changes during the
tests. It is also possible that the formation of anti-wear tri-
bofilm on the running track in the case of fresh oil which
could help with elevating the coefficient of friction
(ZDDP-based tribofilms tend to roughen the surface
when the roughness is a nanometres scale*®*’). Similar
argument can also be made in the case of Hj-assisted
lubricant in which the lesser presence of adsorbed anti-
wear additives on the surface in comparison to the case
of diesel fuelled engine lubricant could potentially con-
tribute to the lower boundary friction.

Table 5 shows the average wear track depth data for
the disc samples investigated in this study. As it can be
seen the differences in the wear depth of surfaces are rela-
tively insignificant.

In addition, an example of the aerial image and cross-
sectional view of the wear track after the MTM tests is
shown in Figure 5. As it can be seen the wear of the
surface is relatively minimal compared to the overall top-
ography of the surface. It is also noteworthy that the track
width matches quite well with the predicted track width of
2a = 320 um from equation (9).

X-ray photoelectron spectroscopy (XPS) was used to
analyse the chemical composition of MTM disc speci-
mens’ surfaces before and after the tribometric tests. All
disc samples were analysed at 3 locations: 2 locations
on the wear track and a point off the wear track. The

0.12
c 01 —e—5W30 A5 Test1
o
Z ‘ —e— 5W30 A5 Test2
& 008
(Y.
o
€
o 0.06
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&=
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9 90 900
Entrainment speed (mm/s)

Figure 3. Stribeck curves to ascertain the degree of repeatability of the testing procedure (using samples of fresh lubricants).
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Figure 4. Stribeck curves for different lubricant samples in MTM tribometry with entrainment velocity variations in logarithmic scale.

surveys were conducted to find the composition of
adsorbed/bonded elements, followed by a high-resolution
spectral analysis to detect specific elemental details.

Tables 6 and 7 lists the results of elemental concentra-
tions, including high resolution elemental analysis data,
expressed as percentages obtained through XPS analysis
of the MTM disc specimens, including those with the
use of diesel engine oil and hydrogen-assisted dual-fuel
engine oil. Table 6 reports on the results measured from
off-track and Table 7 reports on the results measured
from on-track locations on the discs, respectively. The
tables also include the corresponding binding energies
(BE) for all the detected elements. The results obtained
from the wear track show the average of two measure-
ments. In addition, Figure 6 shows the atomic percentages
for the important additive species detected by the XPS on
the tested surfaces.

The XPS analysis reveals specific chemical forms of
various elements within the specimens. Calcium (Ca2p)
was identified in its carbonate form, zinc (Zn2p) in its
metallic state, sulphur (S2p) in the sulphate and sulphide
forms, and phosphorus (P2p) in the phosphate bond con-
figuration. The presence of sulphur in the form of sul-
phide, zinc, and phosphorous in the analyses provide
strong evidence for the formation of a ZDDP (Zinc
Dialkyl Dithiophosphate) tribo-film on the surface of the
specimens.

Oxygen (Ols) was detected in the analysis and found
to exist in oxides, C=0 organic, and C-O organic
bonds, indicative of various chemical states and com-
pounds formed during the decomposition and reaction
of the ZDDP on the surfaces. The existence of high
atomic percentage of oxygen (42.82%), indicates the pres-
ence of oxides, which is typical for polished steel sur-
faces. Carbon (Cls) was also identified and found to be

present in C-C, C-H, C-O-C, and C=0O chemical
bonds. Existence of carbon content with various carbon
species suggests existence of oil residue on the surfaces.
Furthermore, iron (Fe2p3) was detected in multiple
forms, including Fe2+, Fe3+, and its metallic state.

The results from the virgin surface show that it primarily
composed of oxygen, carbon and iron as would be expected
of a steel surface subject to atmospheric conditions. The
presence of calcium carbonate is mainly related to the expos-
ure of the sample to fluid during the polishing process.

The results for surfaces after the tests with fresh SW30
low sulphated-ash lubricant indicate that the lubricant
additives have interacted with the surface during the
tests, leading to changes in the surface composition. The
presence of phosphate, zinc, and sulphide on the track-
surface, post lubrication with the fresh lubricant can be
attributed to the composition of the Iubricant itself.
Phosphorus and zinc are common additive constituents
in engine lubricants and are used in zinc ester formulae
like zinc dialkyldiphosphates (ZDDP). These form a pro-
tective film on the metallic surfaces in order to combat
wear. Sulphur is also a common additive in the lubricants
and is part of the SAPS (sulphated ash, phosphorus, and
sulphur) content of the lubricant. Sulphur-based additives
provide antioxidant and anti-wear properties. The pres-
ence of phosphate, zinc, and sulphide in the wear tracks
indicates that these elements have interacted with the
surface. The increase in the atomic percentages of these
elements in the wear tracks, compared with those off-
track, suggests that the interactions have been more
intense in the areas of the surface that were subjected to
high contact pressures and generated temperature,
caused by shear under rolling and sliding conditions.

Comparison of off-track and on-track results also indi-
cate that the operating temperature of 100°C may have not
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been sufficient to cause traceable adsorption of phosphate,
zinc, and sulphide on the examined sites of the surface,
whilst the higher contact temperature and shear has
provided sufficient activation energy to form these addi-
tive layers on the wear track.

The XPS examination of the surface after the tests with
used SW30 low-sulphated ash Iubricant in the diesel-
fuelled engine are also shown in Tables 6 and 7. The

Table 5. Measured wear track depth.

Average depth of the

Oil sample used for test wear track (nm)

5W30 low sulphated ash oil 50+1.0
Diesel engine oil 50+1.5
H, assisted diesel oil 80+1.0

presence of phosphate, zinc and sulphide in the wear
tracks indicates that these elements from the lubricant
have interacted with the surfaces similar to the case of
the fresh oil and, and thus have formed a tribofilm.
Again, the increase in the atomic percentages of these ele-
ments on the wear tracks compared with that off-track sug-
gests that the interaction is more intense in the areas of the
surface that were in contact with the ball during the tests,
thus subjected to higher pressures and contact temperature.

A comparison of the results from fresh and used oils on
the wear tracks show a noticeable reduction in phosphate,
zinc and sulphide atomic percentages, indicating the
depletion of surface-active additives, particularly ZDDP
in the case of used oils.

There are some differences in the atomic percentages
of oxygen (Ols) and carbon (Cls) between the XPS
results on track for fresh and used oil samples. Higher

-5

-10

(b)

T
700 900 pm

Figure 5. (a) An example aerial image and a cross-sectional surface profile view of the wear track after the experiment.
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Figure 6. The atomic percentage of additive species on the tested surfaces with different lubricants.

overall atomic percentage of carbon (Cls) and a lower
atomic percentage of oxygen (Ols) for the used oil
samples compared with those for the fresh oil sample
could be due to the degradation of the oil and accumula-
tion of carbonaceous deposits (like soot) during use. In
particular, the presence of Cls C-C, C-H with peaks
around 284.8 eV with higher percentages of 45.875 and
43.61% for diesel fuelled and H, assisted engine oils com-
pared with the 32.99% for the fresh oil can potentially
imply the presence of hydrocarbons such as soot in the
cases of used oils, in addition to the effect of normal oil
residues on the samples. The existence of Cls C=0
with 286.4 ¢V and atomic percentages of 6.16% and
5.66% for diesel fuelled and H, assisted engine oils com-
pared to the 3.45% for the fresh oil indicates higher pres-
ence of carbonyl groups potentially as a result of
oxidation and degradation in the used oil samples.

The atomic percentages of calcium carbonate (CaCO3)
and iron (Fe2p3) (Tables 6 and 7) show relatively small
differences between those from fresh and used oil
samples, which can mainly be attributed to the differences
in the polishing processes and the variations in the test
conditions, as well as the number of spectroscopic tests.

A comparison of the additive elements between the
off-track and wear track deposits indicates that the
higher contact temperatures are not sufficient for the acti-
vation of zinc on the surface as was also observed in the
case of the fresh oil. However, appreciable atomic percen-
tages of phosphate and sulphide have been measured
unlike the case for the fresh oil sample. Lubricant degrad-
ation over time and usage under harsh engine conditions
occur due to thermal and oxidative stresses.”® This deg-
radation can lead to the formation of various compounds,
including metal phosphates and sulphides, which can then
be adsorbed onto the steel surfaces leading to the detec-
tion of these elements through XPS analysis.

The higher BE for S2p in surfaces tested with used oil
indicates the formation of sulphates rather than sulphides.

The formation of sulphates suggests oxidative conditions
within the lubricant during use in engines. Sulphates are
expected to typically form due to oxidation of additives
which contain sulphur. This oxidation process can be an
indicative of the lubricant’s degradation over time.
These findings indicate that the used oil samples, both
in diesel and Hy-assisted diesel engines, exhibit higher
S2p BE values around 168 eV, confirming the presence
of sulphates. This correlates with the observed depletion
ofthe additive package (see Table 4), as sulphur-containing
additives are known to oxidise under high-temperatures
and high-pressures typical in engine operation conditions.
The presence of sulphates in the tribofilm can influence
its protective properties. Sulphates may alter the wear
resistance and friction characteristics of the tribofilm and
potentially lead to increased wear.

For the post-tribometric surfaces with used SW30 low
sulphated ash lubricant in a hydrogen-assisted diesel envir-
onment, the XPS results from wear track measurements
show slightly higher atomic percentage of phosphate on
average (5.53%), whilst 13.3% lesser zinc and 27.83%
lesser sulphate content are noted (Figure 6). This observa-
tion can also provide an explanation for the lower measured
coefficient of friction for the H,-assisted diesel MTM tests
under mixed regimes of lubrication. With reduced tribo-
film formation the detection of 20.58% higher iron and
5.31% higher oxygen content (due to the formation of an
oxide layer) can potentially be explained. It is noted that
the atomic percentages of the detected phosphate, zinc
and sulphide remain well below those formed by the
fresh lubricant sample (i.e., 74.57%, 67.4%, and 82.5%
lower respectively) (Figure 6).

The comparison of the results from the off-track
and wear track shows that there is significantly higher
atomic percentage of phosphate off-track in the case of
H,-assisted engine oil in comparison to the lubricant
from the pure diesel-fuelled engines. In addition, a rela-
tively small atomic percentage of zinc were observed off-
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track for the H,-assisted engine lubricant unlike the case
for the diesel engine case, whilst there is also lower sul-
phate (9.24%) in the case of H,-assisted engine oil tests.
These are attributed to variabilities in the lubricants and
tested conditions.

It is important to note that XPS is a surface-sensitive
technique that probes only a few nanometres (typically
5-10 nm) into the depth of the surface. This shallow
probing depth is advantageous for analysis of the outermost
layers of the tribofilm, which are critical for understanding
the chemical states and distribution of elements, contribut-
ing to lubrication and wear protection. It is noted that XPS
alone cannot provide a complete understanding of the
entire tribofilm thickness. It merely offers essential infor-
mation about the surface chemistry. This data can be com-
plemented with use of other techniques, such as Auger
Electron Spectroscopy (AES) or Transmission Electron
Microscopy (TEM), to obtain a more comprehensive
understanding of the tribofilm’s structure and thickness.

Concluding remarks

A comprehensive program of lubricant performance
evaluation is reported, comprising in-field testing in
7.7 L diesel engines and the same engines converted to
receive hydrogen assistance. The vehicles used were
refuse trucks on regular scheduled duty rounds, traversing
specified routes. Samples of used lubricants were col-
lected in regular intervals of 2000 km from these vehicles,
with the primary aim of ascertaining changes to the lubri-
cant chemistry and rheology in the presence of hydrogen
in the fuel mixture.

Unlike many reported laboratory or test-cell investiga-
tions, the study deals with realistic current dual-fuel
engine configurations in normal operation. The study
reports on the converted dual-fuel Hj-assisted diesel
engines that are increasingly used in the UK by local
authorities in their quest to meet their net zero emission
targets. These engines may be regarded as “mildly” con-
verted variants, using only up to 20% hydrogen mix at
occasionally requested peak powers. Therefore, the
study is practical and realistic albeit with some increased
uncertainties, as opposed to many reported laboratory-
based tests. The approach of using realistic “mild”
H,-assisted diesel engines currently in commercial fleets
constitutes a novel contribution of the current study, as
well as combined in-field- tribometric and analytical
investigation.

The current study is specifically focused on an in-depth
analysis of the performance of the lubricant in dual-fuel
H,-assisted engines, where there is currently a dearth of
information. The collected lubricant samples were sub-
jected to rigorous industry standard chemical evaluation
and subsequently used for harsh controlled tribometric
evaluation at high contact pressures and shear using an
MTM.

The following specific conclusions can be drawn from
the current analysis:

- The chemical analysis has shown only marginal
changes in the lubricant’s rheological state. This is
potentially due to the relatively “mild” introduc-
tion/use of hydrogen in the investigated engines.

- The measured Stribeck data show only marginal dif-
ferences in friction in fluid film regime of lubrica-
tion. This is attributed to the relatively low
mileage of the used lubricants resulting in their rela-
tively low shear degradation.

- Noticeable changes were observed in frictional behav-
iour of lubricant samples under mixed and boundary
regimes of lubrication. In these cases, the lubricant
from the H,-assisted engine generated lower coeffi-
cient of friction compared with that of the diesel
fuelled engine. In addition, both the used lubricants
showed lower coefficients of friction than the fresh
oil samples. These noted differences can potentially
be attributed to the abilities of the lubricant samples
in forming anti-wear tribo-films during tribometric
tests as examined subsequently by XPS. However,
a comprehensive conclusion can only be drawn
with availability of further samples and test data.

- The differences in the anti-wear additives, adsorbed
onto surfaces for diesel and H,-assisted engine
lubricant tests, showed only marginal differences,
consistent with the observations from the Iubricant
chemical analysis. Therefore, the role of other
factors, such as variations in surface topography
and its evolution under the test conditions, as well
as the need for more tests should be emphasised.

It is important to note that more lubricant samples at dif-
ferent stages of operation must be tested to achieve a more
statistically significant set of results regarding the effect of
hydrogen on lubricant performance, particularly in terms
of constituent additives in the case of H,-assisted diesel
engines. The primary aim of this initial study is to high-
light the need for a more thorough and in-depth study
on the role of hydrogen fuel on the rheological and
physiochemical properties of the lubricants and their
interaction with the contiguous surfaces.
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Appendix

Nomenclature

Roman symbols

Hertzian contact radius (m)

Young’s modulus of elasticity (Pa)
Composite modulus of elasticity (Pa)
Equivalent modulus of elasticity (Pa)
Dimensionless materials’ parameter (-)
Dimensionless elasticity parameter (-)
Dimensionless viscous parameter (-)
Contact pressure (Pa)

nax  Maximum contact pressure (Pa)

Equivalent radius of curvature (m)
Temperature (°C)

Dimensionless speed parameter (-)
Speed of entraining motion (m/s)
Total applied normal load (N)
Dimensionless load parameter (-)


https://orcid.org/0000-0002-6084-8842
https://orcid.org/0000-0002-6084-8842
https://orcid.org/0000-0002-3132-8469
https://orcid.org/0000-0002-3132-8469
https://assets.publishing.service.gov.uk/media/657a2a92095987000d95e086/hydrogen-projects-planning-barriers-and-solutions-report.pdf
https://assets.publishing.service.gov.uk/media/657a2a92095987000d95e086/hydrogen-projects-planning-barriers-and-solutions-report.pdf
https://assets.publishing.service.gov.uk/media/657a2a92095987000d95e086/hydrogen-projects-planning-barriers-and-solutions-report.pdf
https://assets.publishing.service.gov.uk/media/657a2a92095987000d95e086/hydrogen-projects-planning-barriers-and-solutions-report.pdf

Newadkar et al.

Greek symbols

a  Lubricant piezo-viscosity coefficient (Pa™")

1o  Dynamic viscosity at atmospheric pressure (Pa.s)
v Poisson’s ratio (-)

Subscripts
b Ball
d Disc

Abbreviations

BE Binding Energy

CNG Compressed Natural Gas

CcoO Carbon monoxide

CO, Carbon dioxide

ECU Electronic Control Unit

EHL Elastohydrodynamic Lubrication

FMEP
ICE

HC
HDVs
HICEs
MTM
PH
SAPS
SRR
TAN
TBN
WLI
XPS
ZDDP

Friction Mean Effective Pressure
Internal Combustion Engine

Hydrogen

Hydrocarbon

Heavy Duty Vehicles

Hydrogen fuelled Internal Combustion Engines
Mini-Traction Machine

Potential (Power) of Hydrogen
Sulphated Ash, Phosphorus, and Sulphur
Slide-roll ratio

Total Acid Number

Total Base Number

White Light Interferometry

X-ray Photoelectron Spectroscopy

Zinc dialkyldithiophosphate
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