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Abstract

A condition based approach to the tribology of RNLI marine
systems

Mayank Anand

Lubricant degradation mechanisms in the 4-stroke heavy duty diesel engines of RNLI
lifeboats were investigated. These mechanisms lead to the increased wear of main
engine components, such as cylinder liners. The lifeboat application is distinct from
the other marine applications from an engine lubrication perspective, since it involves
infrequent engine running conditions and is often subjected to either under or over
engine maintenance due to the unpredictable usage of lifeboats. This research has
demonstrated the key lubricant properties which were affected by the lifeboat
operations. Analysis of used lubricants was conducted such as Wear Debris Analysis
(Analytical Ferrography) to identify the wear mechanism of affected tribological
contacts and Nuclear Magnetic Resonance (NMR) analysis to analyse the trend in
reduced effectiveness of antiwear additives. Other standard lubricant analysis
technique were also performed to supplement the information about the lubricant

condition.

The experimental test rig involved the modification of a high frequency reciprocating
tribometer (Plint TE77) to simulate piston ring and cylinder liner configuration.
Boundary lubrication conditions that exist near the top dead centre region of cylinder
liner were simulated in order to evaluate the tribological performance of lubricant
additives. Also real-time condition monitoring of engine lubricant samples was carried
out using a commercially available on-line sensing system. The obtained results from
oil sensor were sufficiently promising to conduct engine level tests in lifeboat to
monitor lubricant performance in real-time and build the system as part of the planned

maintenance strategies of the RNLI.

The work also involved recovering the tribological performance of used engine
lubricants for further use at the end of their service life. lonic Liquids (ILs) were tested

as performance improving additives in used engine lubricants at engine start and



running conditions using the modified Plint TE77 experimental test setup. Additional
tests were conducted with different fully-formulated and mineral base oils with ILs as
additives. Post-test surface analysis for wear mechanism and surface chemistry
analysis of boundary antiwear films were performed to relate the chemical
composition of films with its tribological performance. Obtained results demonstrated
significant improvement in tribological performance of used engine lubricants. Also
interference between Phosphonium ILs and existing additives in engine oils was
noted. ILs effectively contributed to the boundary film formation when already present
additives (such as ZDDP) are substantially depleted as seen in the case of used
engine oil. The extension of service life of used engine oils can be achieved and has
potential of significant savings in terms of fuel economy, engine reliability and by

reduced oil consumption and drainage into the environment.
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Chapter 1 Introduction

1.1. Background of the project

The current research project is conducted in collaboration between the Royal National
Lifeboat Institution (RNLI) and Bournemouth University (BU). The RNLI is a charitable
organisation which rescues life at sea and comprises of a fleet of various sizes and
classes of lifeboat. These lifeboats are needed depending on geographical features,
such as sea, river, estuary, or muddy areas, and also the kind of rescue work. The
Trent Class Lifeboat is one of the highly used primary All-Weather afloat Lifeboats
used in the RNLI fleet (others include the Tamar, Severn and Mersey class). There
are over 350 lifeboats which operate across the coasts of UK and Ireland from 238
lifeboat stations. These lifeboats function in severe and high impact rough sea
environments to perform rescue operations with the priority to reach the rescue
destination as quickly as possible. The lifeboat application is distinct from the other
marine applications from an engine lubrication perspective, since it involves extreme
engine running conditions at varied intervals and often subjected to either under or
over engine maintenance due to unpredictable usage of lifeboats. The details of each
class of lifeboats in terms of marine engine description and the type of lubricant used

in the respective engines are mentioned in Table 1.

Table 1: Details of RNLI fleet of lifeboats with engine and lubricant description

Marine Engines in Lifeboats

Lifeboat Fleet Power Lubricant Oil
Engine Model Output Cylinders
850hp

Trent Class MAN D2840LE @2300rpm 10 SAE 15W40
. 1001hp

Tamar Class Caterpillar C-18 @2300rpm 6 SAE 15W40
. 1250hp

Severn Class Caterpillar 3412T @2300rpm 12 SAE 15W40

280hp

@2800rpm 8 SAE 15W40

Mersey Class Caterpillar 3208T




In addition the current RNLI maintenance system for the engine lubricants is based on
set intervals between inspections. The engine lubricant condition is analysed on
quarterly basis by following a standard oil sampling procedure. The lubricant samples
collected from the marine engines of lifeboats are analysed using different laboratory
based standard tests including measurement of the kinematic viscosity of the
lubricants at 40°C by capillary tube viscometer; wear and contaminant debris
elements concentration by Inductively Coupled Plasma (ICP) - atomic emission
spectroscopy; and soot content by Fourier Transform Infra-Red (FTIR) spectrometry.
The collective report from these results provides information about the lubricant

condition.

The time based maintenance approach followed by the RNLI is expensive considering
the size of lifeboat fleet which influences the costs of each lubricant analysis
performed; labour hours involved in extracting lubricant samples from each engine
and the cost of logistics involved. In addition, the lubricant maintenance system is also
time consuming as it has a high turn-around-time on getting the final analysis results

and to plan the required maintenance work.

Survey of lubricant degradation in lifeboats operation

An investigative survey of the lubricant degradation in the marine engines of RNLI
lifeboats fleet (details mentioned in Table 1) was undertaken. The oil parameters such
as kinematic viscosity, elemental concentration of wear and contaminant debris, and
soot content, were analysed as part of an oil analysis report. Over 4000 reports were
studied which were maintained by the RNLI as a record of oil analysis carried out
between the time period of 2009 and 2012. The study involved evaluating the average
serviceable life of lubricants in marine engines between two consecutive lubricant
changes. Also the primary reasons for lubricant changes in their respective

serviceable engines were also analysed.

From the oil analysis data studied, it was noted that generally engine lubricants are
changed after their serviceable life is completed usually due to the presence of high

concentration of wear or contaminant debris and occasionally due to drastic drop in



lubricant viscosity owing to fuel or coolant leakage in the lubricant. The serviceable life
of lubricants in different class of lifeboats was averaged from the available data by
reviewing the complete history of lubricant changes carried out on different engines
along with the engine maintenance records to eliminate any error in recorded data.
For the ease of analysis purpose, the average of serviceable life of lubricants in
marine engine was considered and the details are as shown in Table 2.

Table 2: Details of serviceable life and reasons for changing lubricants

Trent Class 300 Hours High concentration of iron
Tamar Class 300 Hours High concentration of iron
Severn Class 300 Hours High concentration of iron
Mersey Class 300 Hours High iron/high viscosity

It was noted that contamination of lubricant by high concentration of iron element
which resulted from the wear debris at around 300 hours of lubricant serviceable life in
engines often resulted in lubricant changes. This phenomenon was noted for Trent,
Severn and Tamar Classes of Lifeboat fleet. The reason for lubricant changes in
Mersey Class lifeboats was also noted to be mainly high concentration of iron element

but in conjunction with high viscosity of lubricant.

For detailed investigation, a trend analysis of changes in wear element concentration
against the complete serviceable life of lubricant in the MAN manufactured engines of
a Trent Class Lifeboat was carried out. Clearly, it was observed from Figure 1 and 2
that iron is the major constituent of wear metals debris generated during the engine
operation. The main source of iron wear debris found in degraded lubricants was
identified as the cylinder liner which has a material composition of around 92% of iron
and each engine has 10 cylinders installed. It has also been mentioned in the
literature that although the iron in lubricant can come from any ferrous engine

component, the cylinder liners represent, by far, the greatest surface area [1].
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Figure 2: Wear element concentration measured by ICP spectroscopy for Trent Class
lifeboat engine ON1253-S

It is known that about 50% of the total frictional losses taking place in internal
combustion engine accounts to the power cylinder unit [2]. Although, the larger part of

the cylinder liner — piston ring interaction area in the actual engine during each piston



stroke experiences hydrodynamic lubrication [3], but at Top Dead Centre (TDC) near
the top piston ring reversal point boundary lubrication is prevalent. Therefore,
significant amount of wear takes place in this region due to extremely high friction
forces which are directly proportional to excessive combustion gas pressure, and
furthermore, relatively slow piston speed prevents the hydrodynamic lubricant film to
build up. Therefore it was found to be essential to conduct experimental research
based on evaluating the tribological performance and effective serviceable life-cycle of
lubricant in RNLI marine engines by simulating the piston ring and cylinder liner
contact near TDC operating conditions.

1.2. Research aims

The primary aim of current research is to understand the key degradation
mechanisms of diesel engine lubricants and affected engine components in lifeboat
operations. The secondary aim is to provide a way to monitor real time lubricant
degradation and investigate whether the tribological performance of diesel engine
lubricants can be improved near the end of their service-life for wear reduction of main
engine components. This will help reduce the maintenance costs and increase

reliability of lifeboat engines.

1.3. Research questions

The research questions based on above aims are as follow:

e Understand the lubricant degradation mechanisms and the critical lubricated
surface components subject to wear in diesel engines of RNLI lifeboats.

¢ Design laboratory based experiments that can accurately simulate engine testing
environment, thence facilitating the real-time lubricant degradation monitoring
using the on-line oil sensor system.

¢ Investigate and understand future improvements in the tribological performance of

diesel engine lubricants near the end of their service-life.



1.4. State of the art

Based on the survey of the current state-of-the-art research on lubricant degradation
mechanisms and wear mechanisms that cause severe wear of engine components,
the detailed analysis of lubricant condition in diesel engines of lifeboats using some
specific lubricant testing methods was carried out. These laboratory based lubricant
tests helped identifying the depletion of ZDDP anti-wear additives as a function of
lubricant duty-cycle in lifeboat engines.

Further the literature survey showed the use of lonic Liquids (ILs) as additive in
mineral based engine lubricant during product development stages. Thence indicating
that IL could also possibly be employed as additive to the lubricant already in service
in engine, thus reducing the effect of lubricant degradation on wear of engine
components. Limitations to the use of ILs in diesel engine application were also
studied. Therefore, in current research the novel idea of mixing phosphonium-based
ILs as additive to engine-aged (in-service and used) lubricants was investigated with

the hypothesis that the resulting mixture would reduce wear of such components.

The reciprocating bench testing rig was modified to accurately simulate the tribo-
system of top piston ring and cylinder liner contact near top dead centre region. The
above tribo-system was simulated for two primary reasons; firstly the cylinder liners
installed in diesel engines used in lifeboat operation are the majorly affected
components due to lubricant degradation resulting from ZDDP anti-wear additive
depletion. Secondly, reproducing the boundary lubrication regime as experienced by
piston ring-liner contact at TDC region facilitates the evaluation of anti-wear tribofilm
formation behaviour of IL additives in aged lubricants. This involved the novel
modification of an existing experimental test rig including a commercially available

lubricant condition monitoring sensing system.

1.5. Outline of this thesis

Chapter 1 presents the background of the research project, research aims and
guestions which are addressed through the state of the art work carried in this

research. This chapter also outlines the structure of the thesis.



Chapter 2 describes the comprehensive literature review of research topics related
with this project, including engine tribology, engine lubricants and additives, different
lubricant testing methods, condition monitoring of lubricants and ILs as lubricants and
additives.

Chapter 3 outlines the different experimental techniques employed in current research
for lubricant analysis along with their detailed procedures. It includes information
about the materials preparation for tribological experiments. The test rig design and
details about tribological analysis of different lubricants and their mixtures with ILs as
performance improving additive are discussed. Different surface analysis techniques
such as XPS, SEM-EDX and 3D white light interferometry which are either used for
characterisation of boundary films or topographical changes on worn surfaces, are
discussed. Finally this chapter also provides information about the stability analysis of

lubricant and IL mixtures carried out using Turbiscan Lab Expert.

Chapter 4 describes the results obtained from the various lubricant analysis
techniques. The condition monitoring results for in-service lubricant samples are also
mentioned. These results explain the degradation mechanism of lubricant in RNLI
lifeboat engines. Also the surface characterisation of actual cylinder liner from a MAN

engine of a Trent Class Lifeboat is presented.

Chapter 5 describes the friction and wear analysis of different lubricant samples under
boundary lubrication condition simulated using the modified tribometer. The
comparison of friction and wear results with those obtained after addition of two
different phosphonium ILs is made. Worn surface of flat plate samples was further
employed for evaluating changes in the topography of surface and chemistry of
boundary film. Results obtained in the form of XPS and EDX spectra for different
elemental composition of boundary film are presented. Finally this chapter also

includes the results for stability analysis of lubricant and IL mixtures.

Chapter 6 presents the discussion of results, conclusions and suggestions for the

future research work.

References and appendices are presented at the end of this thesis.



Chapter 2  Literature Review

A comprehensive survey of published findings in the field of internal combustion diesel
engines and performance of lubricants used in these engines was carried out. The
objective was to explore the areas where there are openings for further research
contributions whilst achieving the solution to the given industrial problem. The survey
acts as a guiding path to frame the correct methodologies to accomplish the aims of
the intended research with minimum diversions and also develops the breadth of

understanding of the state-of-the-art.

2.1. Engine tribology

Lowering emission rates and improved fuel efficiency of IC engines has always been
a challenge for the automotive industry due to stringent government regulation. This
leads to demand for higher energy-conserving engine oils to reduce friction and
conserve natural resource. There are many tribological contacts in IC Engines that
need effective lubrication to avoid energy losses; these include piston assembly,

bearings, transmissions, gears and drive train components [4].

Frictional losses alone accounts for 48 % of the total energy consumption in an engine
[5]. Piston skirt, piston rings and bearings are responsible for approximately 66% of
total friction loss and rest is covered by the valve train, crankshaft, transmission and
gears [4, 6]. The major contributor of frictional losses in IC engine of 2-stroke and 4-
stroke type, diesel or petrol based is due to the sliding contact of piston rings and

piston skirt against the interfacing cylinder liner.

The top compression piston ring experiences the most complicated tribological
contact against liner walls due to complex variations of load, speed, temperature and
presence of lubricant. Although, the larger part of the ring-liner interaction area in the
engine during each piston stroke experiences hydrodynamic lubrication [3], but at Top
Dead Centre (TDC) near the top piston ring reversal point boundary lubrication is
prevalent. High wear takes place in this region due to extremely high friction forces

which are directly proportional to excessive combustion gas pressure and relatively



slow piston speed which prevent the hydrodynamic lubricant film building up. On the
other hand, the piston itself also suffers from the transverse secondary movements
towards the liner surface and tilting about the gudgeon pin. Such dynamics of pistons
in cylinder blocks can result in piston slap which is the impact of the piston against the
cylinder wall near top dead centre and may result in audible noise, increased sliding
friction, and scoring of the running surfaces [7].

In addition to the effects of operational cycles of running engine, occurrence of regular
start-stop conditions (as seen in lifeboat operations) results in disruptive EHL film
formation in the mid-stroke region and potentially lead to a significant degree of
asperity contact and possibly higher frictional energy loss and wear damage of the
surfaces [8].

Major factors responsible for disrupting the oil film thickness are cylinder bore
distortion mainly due to wear, piston speed, lubricant viscosity, top ring face profile,

ring flexibility, boundary conditions and surface roughness characteristics [9]

2.2. Engine lubricants and additives

The prime functions of engine lubricants are to minimise wear and reduce energy
losses due to friction. To reduce wear, lubricant forms a thick film separating two
surfaces in relative motion with each other and taking the entire applied load. In high
load and slow speed applications where thick fluid cannot be developed, lubricant
provides wear protection by forming a thin chemical film on the surface. It also
eliminates the risk against corrosion of components by neutralising the acids formed

due to reaction of partially burned fuel during combustion with lubricant [4].

Engine lubricants contain a variety of chemical additives which are used to either
enhance any pre-existing lubricant property or to impart a new desirable property. The
chemical additives typically used to formulate engine lubricants are dispersants,
detergents, oxidation inhibitors, film-forming agents (anti-wear/extreme pressure
agents and rust/corrosion inhibitors) and polymeric additives (viscosity modifiers, pour
point depressants, demulsifiers, foam inhibitors) [10]. Physical properties of finished

lubricants are influenced by the structure and properties of lubricant base oil because



they make up the bulk of the lubricants. Chemical properties are attributed to the
additives which added to the base oil. Commercial lubricating oils contain a number of
multifunctional additives, either purchased as packages or formulated specifically to
obtain a particular set of properties for any application [11]. The concentration of
additives is typically around 10% wi/w of a fully-formulated oil but can vary depending
upon the nature of application [12].

In the 4-stroke heavy duty diesel engine, a complex environment including thermal,
chemical and mechanical processes all taking place near TDC, results in insufficient
availability of lubricant to form a thick film. The wear protection to liner and piston
assembly surfaces is mainly provided by the chemical film formed by anti-wear
additives present in lubricant. Scrapping and degradation of lubricant film results in
accelerated wear losses. The prolonged use of lubricants in engine environments
causes depleting additives levels and degradation of the lubricant physical and

chemical properties [4].

Anti-wear additives

Anti-wear additives provide wear protection in boundary or mixed lubrication regimes
which exhibit such conditions as low surface speed, high contact pressure and rough
surfaces. Under extremely high operating load and high temperature, similar wear
protection is provided by Extreme-Pressure additive or EP additives, such additives
require higher activation temperature and load conditions than anti-wear additives.
Both anti-wear and EP additives decompose by several known mechanisms to

produce surface-active compounds which form a thin film in contact zone[13].

ZDDP (Zinc dialkyl dithiophosphate) is a multifunctional additive widely known for its
anti-wear, antioxidant and corrosion inhibition properties. The ZDDP complexes are
manufactured by reaction of alcohols, phosphorus pentasulphide and zinc salts [12].
ZDDPs break down to form a very thin (about 100-200 nm) amorphous
polyphosphate film with varying chain lengths, this film known as tribo-film, anti-wear
film or boundary film [14]. The pad-like tribo-film acts as a less stiff solid barrier which

separates the contacting surfaces and accommodates the opposing asperities within
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the soft substrate layers. It is also responsible for further reducing wear rate by
digesting the abrasive oxide particle [15].

The mechanism of this tribo-film formation using different types of sophisticated
instrumentation and laboratory based analyses has been investigated by various
researchers in the past as mentioned in a review on ZDDP by Barnes et al. [12]. Also
mentioned was the complexes which arise from the interaction between ZDDP and

other co-additives present in lubricant during film formation.

Despite the useful anti-wear behaviour of ZDDP additives, the level of its use in
automotive lubricants has reduced over years and will eventually be replaced by novel
anti-wear additives that do not contain Phosphorus, Sulphur and any metal
components[15]. Both governmental agencies and engine manufacturers are urging
lubricant manufacturers to reduce the amount of ZDDP in the engine lubricants since
phosphorus contaminant in the exhaust gas originated from the ZDDP gets deposited
on the catalytic converter elements and reduces its serviceable life. Furthermore the
US Environmental Protection Agency (EPA)has been regularly increasing the
mandatory warranty periods for the catalytic converter, thus reducing the profit margin
for engine manufacturers[14]. Sulphur is known to reduce the conversion efficiency of
such exhaust gas components as CO, NO, and un-burned hydrocarbons. Metallic ash
produced by the burning of ZDDP additives affect the functioning of diesel particulate

filter which increases the risk of contaminants emission [15].

Detergent additives

Detergents are an important class of automotive lubricant additive when used in
crankcase engine oil. Ewa A. Bardasz and Gordon D. Lamb [13] described that in IC
engines, combustion gases come in contact with crankcase oil due to blow-by
processes during engine operation and since these gases contain sulphur oxides
derived from the sulfur content of fuels (particularly in diesel engines), these interact
with the base oil to produce sulfuric and organic acids. Therefore one of the primary
functions of the detergent additives is to neutralize these in-organic acidic combustion
by-products and also the organic acidic products formed by oil degradation processes.
The second key function of detergents is to prevent the formation and build-up of

varnishes on engine component surfaces that are operating at high-temperature such
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as piston and piston rings. Furthermore these additives can also contribute to
additional functionality like oxidation prevention of lubrications under the high speed
and high load engine conditions. Studies have also shown in the past that Calcium
based detergents and dispersants (phenates, sulfonates, salicylates) get absorbed on
to the metal surfaces in competition to ZDDP, thus limiting ZDDP’s effectiveness

during engine operation.

Viscosity modifiers (or viscosity improvers)

Viscosity is another significant engine lubricant characteristic responsible for efficiently
separating the contact surfaces in hydrodynamic regime. Low viscosity lubricants are
needed for engine start-up, especially in cold climates. Also the tendency of lubricant
viscosity to reduce with increase in temperature can result in excessive thinning of
lubricants at normal engine operating conditions. Therefore engine lubricants are
added with organic polymers based viscosity modifiers that change the solubility
strength with differing temperatures. The solubility of the polymer improves as the

temperature increases and the lubricant viscosity increases to its optimum value [14].

2.3. Lubricant test methods

Standard tests are used to evaluate the engine lubricant properties and performance
to ensure the lubricant performs the way it should. These tests are performed at either
engine dynamometer test beds or using bench test rigs. The tests include physical
and chemical characterisation of lubricant, examining wear protection provided by

additives and examining remaining effectiveness of the lubricant’'s additive package

[4].

Figure 3 shows the three level sequence of lubricant testing followed by lubricant
manufacturers when developing a new lubricant. Bench tests are accelerated tests
which are performed to closely simulate the operational conditions which engine
lubricants are subjected to in actual service. These tests are quick and very cost

effective compared to full scale engine tests [11].
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Level 1 ‘Bench Tests'

These are simple tests not generally related

to a particular application but designed to Test: oxidation resistance
test a particular lubricant property. Used for: corrosion of metals
altack on seals
quality control friction
research wear
screening of compelition scuffing
initial development etc.
trouble shooting |
Level 2 ‘Applications Tests' 1
More expensive tests which mimic . :
3 SN X .g. engine tests
closely a particular application. Used to: back to back gear tests
meet specifications vane pump lesls
in late stages of development

to prove a product

Level 3 ‘Trials'

Lubricant used in actual application
but with stringent record keeping ¢g. fleettests
and monitoring. Used 1o assessment trials

assess effecliveness of an oil in service

Figure 3: Thee levels of testing of engine lubricants and materials [16]

Physical, chemical and mechanical (tribological) tests can be used to measure the
composition and properties of a lubricant, the changes that occur as the lubricant
ages, and the characteristics of any contaminants or wear debris that may have

entered the lubricant.

Lubricant viscosity is measured at 40°C and 100°C, at atmospheric pressure and low-
shear rates using viscometers. Capillary tube viscometers are used to measure
kinematic viscosity which depends upon the force of gravity to drive set quantity of
lubricant through the vertical capillary tube. Rotational-type Brookfield viscometers are
also used to measure the absolute viscosity of lubricant for low temperature
applications. Polymeric viscosity modifiers added to the lubricant are susceptible to
shearing and result in viscosity drop with lubricant ageing depending upon magnitude

and duration of shear forces [11].
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2.3.1. Chemical testing of lubricants

Chemical tests involve a variety of elemental analysis techniques which are used for
detecting concentration of wear metal and contaminant elements in used lubricants.
Such techniques include atomic absorption spectroscopy (AAS), atomic emission
spectroscopy (AES) and X-ray fluorescence (XRF). Inductively couple plasma (ICP) is
an atomic emission technique most commonly used due to its cost effectiveness,
speed and that it can detect several elements at same time. The elements detected
can originate from the wear metal debris and also be a constituent of additives.
Comparison with elemental composition of new oil is used to differentiate between the

elements [11].

2.3.2. Lubricant condition monitoring

Lubricant condition monitoring can be done while it is in-service, by either collecting
periodic lubricant samples for testing or using a real-time lubricant condition sensing
system. The former is commonly known as oil-analysis or lubricant analysis of used
oil, incorporating assessment of key lubricant condition parameters such as physical
appearance, viscosity, wear metal or contaminant content and rate of lubricant
degradation by reaction with combustion by-products in engine. The problems
identified can be corrected by either adding the consumed additives or replacing the

complete used lubricant [11].

2.3.3. Tribological testing of lubricants

Tribological tests are performed to assess the lubricant's performance in the
laboratory. The outcomes of tribological tests depend upon the complete tribo-system
involved namely, tribotester, operating conditions (surface load, speed, temperature),
material type and condition of contacting surfaces, nature of contact, moisture,
contaminants, and quality of base oil and additives [11]. These tests measure the
effects of load and temperature on the film-forming capabilities of the lubricant, in
terms of friction and wear outcomes. The results for new lubricants can be used for
comparison with those for used lubricants to measure the relative effectiveness. In

boundary lubrication regime applications, the friction and wear losses depend
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primarily on the chemical composition of the tribo-film i.e. the additive package, and
the rheological properties of the lubricant, i.e. viscosity, are of secondary importance.
Since the formation of the tribo-film is a dynamic process which involves film formation
and removal at the contacting surfaces [17], the chemical characteristics of tribo-film
can be analyzed using energy dispersive X-ray analysis (EDX) and X-ray
Photoelectron Spectroscopy (XPS) techniques.

According to Woydt et al. [18] the main objective behind conducting bench test (or
tribometer test) should not be replacing engine test but seeking enough knowledge
about friction coefficients, wear mechanisms and influence of process parameters
which are difficult to obtain at engine level, considering both cost and time limitations.
Similar argument was made by Morina et al. [19] mentioning about the difficulty in
obtaining any meaningful and statistically significant correlations between the testing
parameters and tribological performance from engine testing. The updated cost of
engine testing has been mentioned to be between € 30,000 and € 400,000 (as
published in early 2011 by Morina et al. [19]) depending on the equipment,
instrumentation, engine size and test duration. Thus bench testing is cost effective
alternative which allows a check before much expensive engine test that whether a
tribo-couple or new lubricant would reach to reasonable engine performance level;

thence reducing the large matrix of engine tests to a reasonable number.

Further, analysing the lubricant performance in a full scale engine test is complicated
due to complex engine environment which involves interactions among the piston,
piston rings, cylinder bore, lubricant, and chemical environment, with conditions
varying from cold start to full power output. Therefore bench tribometer testing is a
well-established alternative to engine testing. Obviously, it cannot fully simulate actual
engine conditions such as mechanically applied load (instead of cyclic load
variations), speeds are much lower, stroke is shorter (5-25mm compared to over
100mm), and the real motion of the piston ring (dynamic twists in piston groove) is not
possible. But the advantage of bench testing is that it allows for better monitoring and

control of the different operating parameters [20].
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2.3.4. Simulating piston ring/cylinder liner contact in tribometers

Both mechanical and material parameters of tribo-system are important while
designing a tribometer testing, so that similar wear mechanisms to those observed in
the engine can be achieved [19]. Also, Lee et al. [21] in their review of test parameters
for ring-liner contact in tribometer testing, demonstrated that it is not possible to
simulate complete engine strokes at bench level, since the stroke is much shorter and
also that varying the load throughout this short stroke length is extremely difficult in a
tribometer. Hence only one position can be simulated i.e., TDC, BDC or mid-stroke. In
the current research project, tribo-system of top piston ring and liner contact near TDC
region is simulated for two primary reasons. One is that cylinder liners installed in
diesel engines used in lifeboat operations are the main affected components due to
lubricant degradation resulting from ZDDP anti-wear additive depletion. The second
reason is that reproducing boundary lubrication regime as experienced by piston ring-
liner contact at TDC region facilitates the evaluation of anti-wear tribofilm formation

behaviour of IL additives in aged lubricants.

Previous research studies have simulated top piston ring and liner contact near TDC
region using different operating conditions and test setups. Woydt et al. [18] in his
review mentioned that there is no general consensus in testing community whether to
use oscillating or continuous sliding motion which can simulate ring-liner contact and
produce transferrable results, since both methods can operate under boundary/mixed

lubrication conditions, as seen near TDC region of cylinder liner.

Test parameters— These must be set as close to actual applications (Woydt et al.
[18]; Blau and Tung [16]) in contrast to that defined by standardised tests procedures
like ASTM, DIN, and ISO etc. [18]. Blau and Tung [16] stated, simulating all aspects is
not necessary but the key contact conditions of applications must be simulated,
thence filtering out the more suitable candidate materials for further engine or field
testing. For instance a simple unidirectional pin-on-disc sliding test under room

temperature cannot be used for evaluating piston ring coating material.

Test configurations— The more commonly employed configurations include

unidirectional sliding block-on-ring [22], reciprocating sliding piston ring segment-on-
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liner section (conformal contact [19, 20, 23-29] and non-conformal contact [1, 30, 31]),
reciprocating cylinder-on-flat [32], piston ring segment-on-rotary disc [18].

Reciprocating High-frequency friction and wear tester or tribometer, such as Plint
TE77 (previously known as Cameron-Plint TE77), PCS HFR2, etc, has been used
more often for simulating piston/cylinder bore dynamics. The main advantage of this
configuration is that real engine components can be used hence preserving the
metallurgy, geometry and surface finish effects; and the relative back and forth motion
among the ring and liner specimens is similar to as seen in actual engine operation,
which is otherwise not possible in unidirectional sliding block-on-ring setup [16, 33,
34].

Table 3shows some examples of published work by other researchers using similar
bench test parameters to simulate piston ring and cylinder liner contact near TDC

region

Transferability of tribo-testing results - A qualitative wear ranking of tribo-couples
as worst or best candidates can be done using tribo-testing; however there is no
guantitative comparison possible with the engine testing [18]. Further it is mentioned
that the worn surface morphology of bench test specimens to that of actual running
engine components must be compared to look for same basic wear mechanism taking
place [16, 18, 19].

For instance, Truhan et al. [1] simulated piston ring-on-cast iron flat under lubricated
conditions at bench level and found wear rate of both liner and ring specimens was
much higher than that in operating engine; but the actual basic wear mechanism was
still same as seen in engine. They mentioned that the higher wear rate at bench level
helps in conducting accelerated wear test so that results may be obtained in a

reasonable test time.

Also as demonstrated by Noorman et al. [34] in their review of friction testing
techniques at bench level that bench-measured friction coefficient results can be
correlated with ultimate fuel economy results obtained from engine testing or vehicle

testing. Also, the effect of different variables, exemplifying viscosities and additive
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concentrations of different formulated lubricants, can also be correlated to Engine
Fuel Efficiency data; thence depicting the highest contributing variable to the fuel

economy.
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Table 3: Examples of bench test parameters used for simulating reciprocatingpiston ring — cylinder liner contact near TDC

Source Load Stroke Sliding frequency Lubrication regime
Galligan et al. [20] 80N 5mm 4.4 Hz Boundary regime
Truhan et al. [31] 240N 10mm 10Hz Boundary regime

Truhan et al. [1] 240N 10mm 10Hz Boundary regime
Qu et al. [30] 240N 10mm 10Hz Boundary regime
Johansson et al.[26] 320N 8mm 10 Hz Bounr((jaz?r/é(l\e/lixed
Olander et al. [35] 15-150 N 40mm 5 Hz Boundary regime
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2.4. lonic liquids as lubricant and additive

lonic Liquids (ILs) are salts with melting point below 100°C. These ILs can be used in
variety of applications, exemplifying as catalyst, liquid crystals, green solvent in
organic synthesis, and in separations, electrochemistry for use as electrolytes in
batteries or for metal electro deposition, photochemistry, CO, storage devices, etc.
[36, 37]. They are also experimentally proven to possess superior inherent properties
such as high thermal stability, very low volatility, and non-flammability and low melting
point. Such properties makes them ideal candidate for use as lubricant in many
tribological applications. The pioneer work by Liu et al. [37, 38] demonstrated the
above argument by evaluating imidazolium based ILs for various material pairs such
as steel/steel, steel/aluminium, steel/ceramics, etc. which proved the suitability of ILs
as lubricant. The idea of Liu's group in above the work was to introduce ILs as a
versatile lubricant which can be used irrespective of the application due to its inherent

multipurpose properties.

Despite the useful anti-wear behaviour of ZDDP additive, the level of its use in
automotive lubricants has reduced over years and would eventually be replaced by
novel anti-wear additives that do not contain Phosphorus, Sulphur and any metal
components [15]. Both governmental agencies and engine manufacturers are urging
lubricant manufacturers to reduce the amount of ZDDP in the engine lubricants since
phosphorus contaminant in the exhaust gas originated from the ZDDP is deposited on
the catalytic converter elements and reduce its serviceable life. Furthermore the US
Environmental Protection Agency (EPA) has been regularly increasing the mandatory
warranty periods for the catalytic converter, thus reducing the profit margin for engine
manufacturers [14]. Sulphur is known to reduce the conversion efficiency of such
exhaust gas components as CO, NOy and un-burned hydrocarbons. Metallic ash
produced by the burning of ZDDP additives affect the functioning of the diesel

particulate filter which increases the risk of contaminants emission [15].

Another reason for developing more effective novel anti-wear additives is to be used
with low viscosity grade lubricants for internal combustion engines. This would provide
wear protection in BL regions alongside the balance with lower viscosity would help

reducing the shear resistance in EHL regions, hence less frictional losses [29, 39].
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Both fundamental research which leads to development of components materials and
lubricants, and real application based research which focuses mainly on product
evaluation and failure analysis [40], can contribute significantly to the automotive
industry. Bo Yu et al. [28] explained that the recent development into the IL research
is mainly taking place in three areas: tailoring the molecular structure of cation and
anion moieties of ILs to attain better lubricating performance; understanding the tribo-
chemical interaction between the contacting material and IL; and modifying the

surface of nanostructured materials using ILs to obtain synergistic effects.

Bermudez et al. and Minami [41, 42] in their review papers explained that a lot of
research has been carried out since 2001 investigating the behaviour of ILs for its
potential use either as a lubricant in neat form or additive. However, the first
investigation of use of IL as lubricant was carried out by Liu et al. [37] and their
research outputs proved ILs possessing outstanding anti-wear and reduced friction

behaviour.

Following to this initial investigation, many researchers have tried evaluating different
combinations of cationic and anionic moieties to achieve superior tribological
performance. These studies [43-50] showed common cations used are imidazolium,
ammonium, pyridinium and phosphonium based with counterpart anions as BF, ,
PFs and (CF3S0O,),N and phosphate-derived.

The evolution in the understanding of various characteristics of anion and cation has
led to some useful conclusions. For instance, hydrophobic anions (CF3SO,),N
possess less friction and wear than hydrophobic ones e.g. BF, [51-53]. Tetra-
alkylphosphonium and tetra-ammonium cations are known to exhibit better thermal

stability than two-dimensional alkylimidazolium cations [53].

XuQing Liu et al. [36] in their experiments demonstrated the superior tribological
performance of asymmetrical tetra-Phosphonium ILs compared to a most excellent

alkyl-imidazolium lubricant (1-ethyl-3-hexylimidazolium hexafluorophosphate) for
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Al/steel sliding contact. Similar performance of asymmetrical tetra-phosphonium ILs
was seen for steel/steel contact compared to imidazolium ILs as demonstrated by Li
Jun Weng [54]. Latter study stated that may be due to the presence of active element
phosphorus (P) which reacts with the fresh metal surface to form a lower shear
strength reaction film, the phenomenon seemed much effective at higher
temperatures (100°C) compared to room temperature (20°C).

Ichiro Minami et al. [53] reported the effect of chemical structure of ILs on their
tribological behaviour mainly focusing on salts of tetra-alkyl phosphonium cations.
Their study demonstrated that combinations of tetra-alkyl phosphonium cations with
phosphate, thiophosphate or (CF;SO,),N anions possess better tribological
properties over 1,3-alkylimidazolium bis(trifluoromethanesulfonyl) amide. The
performance sequence of ILs of tetra-alkyl phosphonium cations with different anions
noted as thiophosphate > phosphate > (CF;SO,),N . The reasoning mentioned to be
based upon the formation of protective phosphate tribo-film in the first two cases than
fluoride tribo-film in the last case. These iron-fluoride films are also known to cause
rusting of iron surfaces and degradation of the lubricants through hydrolysis. In
addition to above, the length of alkyl chains in the phosphonium cations also found to

levy some positive effect on the tribological properties.

Some work has also been done to further improve the performance of IL by adding
additives, similar in a way used for conventional base lubricants. Liu et al. [37]
mentioned wear reducing capability of small quantity of water (ca. 5 wt.%) in ILs for
major tribological pairs such as steel/steel, steel/aluminium and steel/ceramic, but
with no change in frictional response. Although, later researches stated the corrosion
related issue with alkylimidazolium or fluorine containing ILs when used against metal
[36, 53, 55].

2.4.1. Limitations for ionic liquids in diesel engines application

In case of diesel engine applications, ammonium and imidazolium based ILs with
[(CF3S0,).NJ'anion moiety has been investigated for potential use both in lubricant

form and lubricant’s additive. Since these ILs are hydrophobic and chemically stable
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when exposed to water, unlike other ILs containing BF4  and PF6  which react with
water through hydrolysis to produce corrosive HF[30, 56, 57]. Other engine favourable
properties of these ILs mentioned as high thermal stability, non-flammability, superior
tribo-film forming capability and can prevent corrosion due its solvent nature which
provides detergent behaviour [30]. However, they also mentioned the problem of low
solubility of these ILs in mineral base oil when used as additives.

More recently (2013), low-viscosity imidazolium based IL was presented as neat
lubricant for engine application [39]. The study concluded that less change in viscosity
of IL at high contact pressure (due to inherent low pressure-viscosity coefficient for
low and high temperatures) under ML and EHL regimes could results in lower shear
traction compared to hydrocarbon based oils. This conclusion was attributed to the
layered structure of the tribo-film formed by the ILs, discussed in detail later. In
addition to superior tribological performance the IL also possessed non-corrosive
nature to metals essential for diesel engine application. But at present using IL as
additive, than neat lubricant, for engine application seems to be an economical option
due to higher costs of IL. However, multiple-recycling of ILs after use could bring

down the overall cost of employing ILs [58] in real applications.

Some experimental studies [28, 29]have addressed the issue of limited miscibility
(<1%) of all ILs with non-polar hydrocarbon oils, both mineral and synthetic based.
Such IL-o0il blends are mentioned as unstable emulsions which can only
accommodate very small quantity of ILs. Although, miscibility is not an issue when ILs
are used in neat form or as additive in polar oils such as ester and poly (ethylene
glycol) [28], but in real applications where large quantity of lubricating oil is needed,

this option becomes less feasible from an economical point of view.

2.4.2. Phosphonium ionic liquids

However, the development of two new Phosphonium ILs [28, 29] Trihexyltetradecyl
phosphonium  bis(2,4,4-tri-methylpentyl)  phosphinate and  Trihexyltetradecyl
phosphonium bis(2-ethylhexyl) phosphate which are fully miscible with both polar and
non-polar oils seem to be a key to the miscibility problem. The molecular structure of

these two newly developed phosphonium ILs is shown in Figure 4 and Figure 5.
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Figure 4: Trihexyltetradecyl phosphonium bis(2,4,4-tri-methylpentyl) phosphinate [28]
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Figure 5: Trihexyltetradecyl phosphonium bis(2-ethylhexyl) phosphate [28]

The reasons behind better miscibility of such ILs with neutral or non-polar oll
molecules are hypothesised as Three-dimensional quaternary structures with at least
one alkyl with four carbons or more for both the cation and the anion to make the
charge on ions diluted. Formation of hydrogen bonding between cation and anion

moieties results in a quasi neutral molecule.

Other ILs either contain two-dimensional cation or the anion part is too small thus the
polarity of ionic molecule is not diluted. The good examples given are imidazolium
cation and bis(trifluoromethylsulfonylimide (Tf2N) anion [29]. It has also been
emphasised that the role of both anion and cation structure is significant in wear
reducing lubricating properties [30]. This research contribution by Bo Yu et al. [28] and
Jun Yu et al [29] in the development of these new ILs has an incredible benefit to the
lubrication industry since it proposes the above key areas to consider when tailoring
the molecular structure of ILs to make them oil miscible. But the above hypothesis still
needs to be further investigated. The research group also proved the 100%
compatibility argument of above phosphonium ILs by mixing them in different
proportions between 1% to 95% w/w of both base oils and fully formulated engine oils
derived from petroleum (mineral oils) and synthetic sources (all these oils utilised in
the experiments were fresh or new oils). The visual inspection of oil and IL mixtures
were found stable with no cloud formation or phase separation at both low (-18°C)

and high (175°C) temperatures, thus depicting stable 100% miscibility. Further
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validation of miscibility was obtained by comparison of experimental viscosity values
of different oil-IL blends with that of theoretical values obtained by using Refutas
equation for single-phase multiple component liquid mixtures, Refutas equation is as
mentioned below [28, 29].

Another experimentally proven benefit of these two phosphonium ionic-liquids is that
they cause no corrosive attack to metal surfaces both at ambient and elevated
(135°C) temperatures owing to the hydrophobic nature. Research by both groups [28,
29] demonstrated that cast grey iron and cast aluminium showed no traces of pitting
(indicative of corrosion) when left dipped for 7 days in phosphonium ILs at 135°C,
whereas a common imidazolium IL 1-benzyl-3-methylimidazolium bis(trifluoromethyl-
sulfonyl)imide ([Bzmim][NTf2]) showed pitting just after 2 days even at ambient

conditions.

Further the superior tribological performance of quaternary structured phosphonium
based ILs compared to imidazolium based IL was also proven by studies [36, 54].
They also mentioned about the corrosion associated problems with pyridine and
imidazolium based IL when used as lubricants. The use of organic phosphorus is

emphasised by mentioning its better compatibility with other lubricant additives.

2.4.3. Mechanism and structure of tribo-film formed by ionic liquids

Due to the still fairly new topic of research usage of IL as lubricant or additives, there
is very limited information available which explains the tribo-film forming mechanism
and its structure. So far it has been hypothesised that the tribo-chemical reactions
between the metal surface and ILs results in the formation of tribo-film which prevent
friction and wear losses [29, 36, 40, 54]. Both thermal and mechanical stresses play
an important role in forming such a protective film [40] which is otherwise not present

in lubricated non-contact zones.

Both XuQing Liu et al. [36] and LiJun Weng et al. [54] in their work explained the
physical and chemical adsorption of IL on metal surfaces takes place because of the

electronegative components in IL and the positive polarity on metal surfaces. They
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explained that metal surfaces are known to be naturally positively charged and further
their relative sliding motion creates active positively charged sites onto worn surfaces
due to emission of low-energy electrons [59] from the colliding asperities. The
negatively charged anion part of IL molecule may get adsorbed onto the positive sites
thus forming a protective layer on metal surface. Liu [36] introduced the idea of
layered structure of IL produced tribo-film which retains reduced friction and wear
losses owing to its low shearing strength.

Later, Gregory Mordukhovich et al. [39] also mentioned about the film forming
mechanism by further explaining the absorption process in terms of coulombic forces
which creates the first mono-layer of ILs on the worn surface, as shown in figure 3.
The subsequent layers on top of the mono-layer are formed by the columbic attraction
or weak hydrogen bonding between the cation part of thus formed mono-layer and the
anion part of other molecules of IL, and so on. Therefore a multi-layered structure
possessing low shear strength reduces the effect of tangential friction forces by slip
conditions and also prevents wear by avoiding the direct contact between interfacing

metallic asperities.

Metal surface

Figure 6: Monolayer formed by IL on metal surface. Image source: [39]

The tribo-film formation and removal from the metal surface is described as a
continuous process and in steady-state conditions equilibrium in these two processes
is deemed to be reached which prevents wear [39]. The tribo-film formation process is
attributed to the reason described earlier but removal process of could be because of
degradation of film due to continuous sliding which eventually leads to film removal
from the surfaces whereas the components of IL responsible for film formation are

ineffective or consumed by being transferred into degradation by-products.
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Ichiro Minami et al. [53] in their study of tribo-chemistry of several combinations of
phosphonium cations with different anions showed severe reactivity of anionic
moieties with metal substrate than cationic ones. However the reactivity of anionic
moieties was demonstrated as a function of applied load and also influenced by the
cationic moieties under certain conditions. Therefore, depicting the necessity of
sufficient activation energy for the reaction of active elements in the anion part with
the metal surface whereas at lower load applications mere adsorption of anion
elements was noted. In the latter case, the cation moieties are noted to have some
influence on the reaction of anionic moieties with metal surface leading to reduced
reactivity of anion with metal. For instance, the reaction of (thio) phosphate anions
produced a phosphate-containing tribo-film and amide anions produced fluoride-
containing tribo-film. Whereas, at low load conditions, ILs made of phosphor based
cation and fluorine based anion (amide anion) produced tribo-film that contained both
phosphate and fluoride parts along with an adsorbed amide ontop-surface of film. But
at relatively higher load conditions for same IL, only fluoride-containing tribo-film has
formed with no phosphorus in it. Hence, the study depicted the effect of load on the
reactivity of anion moieties and also the involvement of cation moieties at lower load

conditions.

Jun Qu and Miaofang Chi et al.[40] described the material dependent behaviour of IL
towards tribo-film formation process and various characteristics such as film
thickness, nanostructure and chemical composition. They demonstrated the distinct
level of interaction of ammonium based IL with steel, grey cast iron (Fe) and
Aluminium (Al) as substrate materials. The steel substrate showed tribo-film of 60 nm,
Al of 200nm whereas in case of Fe 300nm thick film along with another 10-30nm thin
interlayer between tribo-film and substrate was noted. Like steel, the nanostructure of
tribo-film formed on Fe substrate was a fine dispersion of nano-crystals (size few nm)
embedded in an amorphous matrix of IL material but also included an interlayer
containing mixture amorphous IL material and deformed metallic particles generated
from initial wear-in process. In case of Al substrate, the tribo-film was composed
mainly of large metallic nano-patrticles (size up to 30nm) which are deemed to be
generated during the initial wear-in process due to soft nature of Al. The chemical
composition of the tribo-film, in all cases, portrayed as high in concentration with
lubricant elements and oxides on film top surface gradually reducing to zero at the

metal substrate. Altogether, tribo-film formation is explained as a gradual process
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involving tribo-chemical reaction of ILs with metallic substrate until all metallic sites

are consumed.

Jun Qu and Dinesh G. Bansal et al. [29] demonstrated similar behaviour of ILs
towards tribo-film formation. They used phosphonium-based IL as additives in
synthetic base oil and fully-formulated synthetic engine oil (already containing
commercial ZDDP anti-wear additive), against grey cast iron surface. Their results
showed good synergy between phosphonium IL and ZDDP additive which lead to
formation of much thicker film (250-350 nm), unlike when added to synthetic base oil
(film thickness 120-180 nm). Both mixtures outperformed when benchmarked against
fully-formulated synthetic engine oil in which case thickness was 40-60 nm. Again the
nanostructure of film in all cases composed mainly of amorphous matrix of nano-sized

fine crystals [29].

2.4.4. Interaction between ionic liquids and conventional anti-wear additives

Very limited literature is available to study the interaction between ILs and
conventional anti-wear additives (like ZDDP). Investigation by Jun Yu et al. [29]
involving addition of phosphonium-based IL Trihexyltetradecyl phosphonium bis(2-
ethylhexyl) phosphate as additive (5% wi/w) to fully formulated synthetic engine oil
(5W30) revealed good synergism with already present commercial additives (including
ZDDP anti-wear additive) resulting in lower wear rate than neat 5W30 for cast grey
iron. Zinc (Zn), sulphur (S) and phosphorus (P) were the major constituent elements
of tribo-film noted on the worn cast iron surface in case of 5W30+IL (5% w/w) blend

compared to neat synthetic 5W30 oil where little P but mainly Zn and S were noted.

In case of mineral-based fully-formulated 15W40 engine oil investigated by Jun Yu et
al. [30], mainly Zn, P and Calcium (Ca) were found on the worn surface of grey cast
iron. The source of Zn and P were mentioned to be ZDDP anti-wear additive whereas

Ca from Calcium Sulphonate detergent additive.
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2.4.5. Experimental techniques to evaluate boundary film formation of ionic
liquids

Many researchers have tried to understand the different characteristics of tribo-films
making use of various technologies available today. Chemical composition and the
structure of chemical compounds present in the tribo-film by energy-dispersive x-ray
spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS). The limitation with
EDX is the difficulty to distinguish between the sources of different elements detected,
therefore in such cases XPS could prove useful. XPS detects change in binding
energy of active elements primarily present in lubricant (and/or additives) [30] or
substrate material, depicting the chemical reactions taken place during the friction

testing.

In the past, only 2-dimensional analysis of tribo-film from the top of worn surfaces
could be performed, but recent advances in technology have enabled complete 3-
dimensional characterization of tribo-films, including topographical and chemical
analyses of top surface, cross-section and different layers of tribo-film on metallic
substrate. The process involves preparation of the near-surface zones using Focused-
lon Beam (FIB) equipment which extracts a thin cross-section from the worn surface
without disturbing the tribo-film surface structure. Scanning electron microscopy
(SEM) and Transmission electron microscopy (TEM) can then be used for
examination of film thickness and film physical composition (visualization of nano-
particles embedded in IL composite material). EDX and XPS techniques can be
employed to evaluate the film chemical composition and change in chemical
composition from film surface to metal substrate [40]. Electron diffraction pattern has
been used to study the nano-composition of tribo-film to confirm the presence of
nano-crystals from lubricant and/or metallic nano-particles within the tribo-film which

are produced during the initial wear-in process and get embedded into tribo-film.

Depth-composition profiles produced through ion-sputtering of worn surface by XPS
analysis can be used to study the variation in chemical composition of tribo-film and

indirectly also indicating the film thickness.
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Chapter 3 Experimental Methodology

The experimental work was conducted in three stages, namely Pre-test Stage, Test

Stage and Post-test Stage.

Pre-test Stage involved measuring the physical and chemical properties of different
engine-aged lubricant samples collected from the marine diesel engines of the RNLI
lifeboats. New 15W40 engine oil has also been tested in this stage for comparison

with bench-marked performance level.

Test Stage involved evaluating the tribological performance of different lubricant
samples with and without ILs as tribological performance improving additives using
the high frequency reciprocating tribometer under the boundary lubricant conditions
representative of those experienced by the ring-liner contact near the top ring reversal
point of TDC in IC engines. Experiments at two different temperature conditions, i.e.
100°C and room temperature, representing engine running and cold start lubricant
temperature were performed. In this test stage, real-time Ilubricant condition
monitoring was also performed for different lubricants samples collected in situ with
tribo-testing. Lubricant properties such as viscosity, density, dielectric constant were

analysed in real-time using the Fluid Properties oil sensor.

Post-test Stage involved mainly the surface analysis of worn surfaces of test samples
used in tribo-testing (Test Stage) to evaluate the effect of addition of ILs to different
lubricant samples in terms of wear mechanisms and chemical composition of
boundary film. This stage also involved surface analysis of actual cylinder liners from

the marine engines of RNLI lifeboats to evaluate the wear mechanisms.

3.1. Lubricant samples collection

The lubricant tested in the experiment is commercially available mineral-based SAE
15W-40 engine oil typically used in heavy duty diesel engines. The same lubricating

oil is used by RNLI in almost every diesel engine installed in RNLI Lifeboats.
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vanellus

Figure 7: (a) Used oil samples collected from Trent Class Lifeboat at different service
intervals; (b) and (c) New lubricating oil (SAE 15W40) from two different

manufacturers; (d) Mineral base oil

The lubricating oil samples were collected directly from the engine sump of MAN
D2840LE401 diesel engines installed in Trent Class RNLI lifeboats. The samples
were collected using the oil-suction pump into oil sampling bottles following the RNLI
Oil Sampling Guidelines. These oil samples, as shown in Figure 7 (a), were collected
at different service intervals such as 135h and 196h which represent the in-service
condition of lubricating oil. Whereas the oil samples collected at 315h from the engine
represents the completely used condition since its standard oil analysis report showed

it unsuitable for further service. Furthermore, these oil samples were collected from oil
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sump after running engine for at least half-an-hour. This was done to allow heating
and thorough mixing of oil by circulation in engine prior to its sampling so that a

uniform mixture of oil could be collected as a representative of whole engine sump oil.

New (or fresh) engine oil and mineral base oil also employed in experiments for
performance comparison. Both the new 15W40 engine oil and mineral base oil were
supplied in sealed container form, as shown in Figure 7 (b) to (d). These oils were
supplied as an in-kind support from RNLI (UK) and Repsol S.A. (Spain).

3.2. Pre-test Stage (Lubricant Analysis)

A comprehensive lubricant analysis was performed on the new (fresh) lubricant and
the engine-aged lubricant samples collected from actual marine engines of Trent
Class Lifeboats at different hours of their service. The standard laboratory based tests
were conducted on these samples to evaluate the physical and chemical properties of
the lubricant before using them for reciprocating tribo-tests. The brief description of

procedure used in each of the above lubricant analysis tests is mentioned below.

3.2.1. Viscosity measurement (IP71/ASTM D445)

Kinematic viscosity of the lubricant is tested to assess its resistance capability when
flowing against gravity through the oil galleries in internal combustion engine
environment. The lubricant was tested at 100°C as it corresponds to the average oil
temperature in actual running marine engine. Also0,100°C reduces the rise of

measurement interference for engine oil soot contamination [71].

The Capillary Tube Viscometer Test Method was used to determine the viscosity of
lubricant. In the test, a measured quantity of lubricant is placed into a glass capillary
U-tube held vertically in a chamber maintained at 100°C (or 40°C) and the time it
takes for the lubricant to flow between the two marked points on the tube is noted.
The lubricant flow-rate is calculated in mm?/s, and this defines the resistance of the oil
flowing under gravity through the capillary tube. The detailed description of the
procedure can be found in the test standard ASTM D445 [72].
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3.2.2. Gas Chromatography (Diesel Fuel Dilution)

Fuel contaminants in engine lubricants leads to degradation of lubricating oil and can
also lower its viscosity to a point where it loses its optimum functionality. Gas
Chromatography (GC) test is often carried out on engine lubricants samples which
shows significant drop in the trend of their viscosity. Again the GC results can also be
trended for failure analysis but this process is little time consuming.

The procedure of the GC test involves separating of components of mixed
substances, such that process involves mainly 3 steps; injection, separation and
detection. In this test a small oil sample is injected into a flowing stream of inert gas
which acts as a mobile phase and is made to vaporise. The separation of the oil
components takes place takes place onto the analytical column. The column consists
of an inert solid (fused silica) containing a liquid stationary phase bonded to the
surface of the fused silica. The separation of oil components depends upon a number
of factors including the type of stationary phase in the column, boiling temperature of
the components, flow rate of the mobile phase and temperature. The newly separated
components of the mixture interact with the mobile and the stationary phases. The
components with a high affinity to the mobile phase pass through the column first,
while components with a higher affinity to the stationary phase are retained on the
column for longer time. Flame ionization detector is used as a detector. The separated
components are then made to pass through the detector which ionizes them by a
small hydrogen flame. The charged ions thus produced then conduct electricity which
is measured in mA by the collector electrode. The area under the graph obtained for

time vs. mV is used for quantitative analysis [73].

3.2.3. ICP Spectroscopy (ASTM D4951/D5185)

This test determines the elemental concentration of wear metals and contaminates
present in lubricants by ICP — atomic emission spectrometry. The detection time
period takes only few minutes and results are obtained in part-per-million (ppm) or
mg/kg. The analytical results obtained are particle (debris) size dependent, and low
results are obtained for particles larger than a few microns. Therefore only particles
smaller than 10um in size are detectable by this technique. The knowledge of

concentration of wear metals can be indicative of excessive wear by comparing the
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data with base line concentration obtained from testing new lubricant. Similarly
increase in concentration of elements like Boron, Sodium or potassium is indicative of

contamination due to coolant leak in lubricant.

A lubricant sample is homogenised by placing in the ultrasonic bath, to obtain a test
sample that is representative of entire quantity. A weighed portion of thoroughly
homogenised sample is then mixed with a suitable dilution solvent until its
concentration id 10 mass %. The solution is introduced into the ICP spectrometer by
free aspiration or using peristaltic pump with the pumping speed in the range of 0.5 to
3 mL/min. Lastly, ICP employs the ultraviolet light and visible spectrometry to image
the plasma at specific wavelength of the ionic excitation of elements of interest. The
emissions intensities of elements thus obtained are compared with those measured
with the standards, the difference in two thus provide the concentration of elements in
the lubricant sample used. The detailed description of the procedure can be found in
the test standard ASTM D5185 [74].
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3.2.4. Nuclear Magnetic Resonance (NMR)

Figure 8: AVANCE Il HD NMR Spectrometer at BP Lubricants (Pangbourne, UK).
Image source: Bruker website

Additive depletion effects engine oil losing its optimum functionality and can eventually
leads to tribological and corrosive distress of main engine components if not
diagnosed in time for the corrective measures. It is well known that as the lubricant
enters into service in engines, the ZDDP additives molecules start to degrade. NMR
technique can be used to detect the ZDDP additive depletion in the engine lubricants
[75]. Lubricant sample of around 3ml (without solvent) along with benzene for field
locking was added to a 10 mm tube and the P-31 spectra were recorded using the
AVANCE Il HD NMR Spectrometer, as shown in Figure 8. Each lubricant samples
considered in the current research was tested for 8 hours and the obtained results are

discussed in later in this thesis.
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3.2.5. Analytical Ferrography

Analytical Ferrography can be used to identify the wear mode of lubricated
components by examining the particles present in engine lubricant due to wear or
contamination. A ferrogram is prepared with a glass microscope slide and has
magnetic particles (such as iron) deposited on its surface. The ferrogram prepared is
then examined under the optical microscope to distinguish particle size, concentration,
composition, morphology and surface condition of the ferrous and non-ferrous wear
particles. To prepare a ferrogram the lubricate sample is first diluted for improved
particle precipitation and adhesion. The diluted sample flows down ferrogram which
rests on a magnetic cylinder and attracts ferrous particles, separating them from the

oil, as shown in Figure 9.

l Oil Flow

T ————————————— ]

Magnert
Large particles Smaller
deposit at particles deposit
entry point along the slide
where the as the
magnetic pull magnetic pull
is the weakest. strengthens.

Figure 9: Process of making a ferrogram by separating particles from the oil [76]

The varying intensity of magnetic field obtained by keeping one end of slide at an
angle helps with the alignment of ferrous particles. These particles become deposited
along the length of the slide with the largest particles being deposited at the entry
point, as shown in Figure 9. The non-ferrous particles are unaffected by the magnetic
field and travel slide downstream and become deposited across the length of the
slide. The ferrogram is then used for the examination under the microscope [76]. The
detailed description of the procedure can be found in the test standard ASTM D7690
[77].
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3.3. Test Stage (Lubricant Tribological Analysis and Condition
Monitoring)

3.3.1. Testrig setup to simulate engine lubricant conditions

Schematic of the test rig setup designed and commissioned in this research is shown
in Figure 10. High Frequency Friction tribometer TE77 (manufactured by Phoenix
Tribology Limited) was modified to simulate engine lubricant conditions and perform a

real time on-line lubricant condition monitoring.

Pump Oil Sensor
Y Normal Load A
l Fixed piston
/ ring segment
< —> Motion
Lubricant . Flat plate
Heater in reciprocating motion

Figure 10: Schematic of modified High Frequency Friction tribometer TE77

Piston ring specimens were prepared by cutting a new compression piston ring into a
number of small segments. Details of its material specification are mentioned in
section 3.3.2. Piston ring segment was fitted into a holder which provides the optimal
contact between piston ring running face and counter-facing flat plate used as cylinder
liner bore surface. The normal load was applied to the piston ring specimen through
the lever arm arrangement connected to a spring loading system, thus maintaining the
required contact pressure at the piston ring and cylinder liner interface. Both
specimens were contained within a test chamber filled with lubricant to be examined,
such that the contact surface was completely immersed in lubricant. The level of

lubricant was maintained constant for complete test duration while the lubricant was
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circulated out of the chamber to the on-line condition monitoring sensor unit and fed
back in to the chamber by a centrifugal micro oil pump; as illustrated in Figure 10.

Figure 11: Fluid properties oil sensor system

Figure 12: (a) Centrifugal micro oil pump; (b) Manifold for mounting oil sensor
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Commercially available Fluid Properties sensor unit supplied by StrainSense Ltd (UK)
was used to measure the required lubricant parameters. A high speed data logging
system called Rebel Lt logger (part of sensor unit) records the lubricant data in real
time and a dedicated software Dialog Version 4.4.0 displays the data as a function of

time on computer screen and also archives data in a memory disk for future analysis.

A manifold was designed and manufactured to mount the sensor as shown in Figure
12(b). A steady and consistent fluid-flow across the sensing element was maintained
at the rate of 0.2m/s to ensure rapid fluid exchange for attaining optimum sensor
performance, as mentioned in the sensor installation guide [78] supplied along with
sensor unit. The oil flow was maintained through a centrifugal micro oil pump which
can operate at higher temperature range, which was also a requirement for
conducting experiments at 100°C.Figure 12(a) shows the centrifugal micro oil pump.
Tygoprene Pump tubing was used as oil galleries for its higher temperature range and
excellent chemical resistance to engine lubricants. Figure 13 shows the final assembly
of different components used to modify the TE77 test rig to simulate engine lubricant
conditions and perform a real time on-line lubricant condition monitoring.

Oil Sensor
oil
Micro-pump
Oil Suction
Oil Return Line
Line
Test Chamber

Figure 13: Modified TE77 test rig including real time on-line lubricant condition
monitoring system
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The temperature of the lubricant was maintained by the heater installed underneath
the test chamber and controlled by a thermo-couple attached to it. The friction force
was measured by a Kistler Type 9203piezo-electric force transducer which generate
charge proportional to frictional with a sensitivity as low as 45.7pC/N. The Kistler Type
5011 charge amplifier connected to force transducer converts this charge generated
into proportional electrical voltage signal. Therefore by multiplying the acquired
voltage signal with a scaling factor (such as N/V) gives a tangential friction force at the
contact interface. Friction coefficients are then derived from measured friction force by
dividing it with normal load applied manually [79]. The nature and extent of wear was
analysed using the post-test surface analysis techniques, details of which are

mentioned later in the section 3.4.

An Electrical Contact Resistance (ECR) method was used to analyse the boundary
film formation between the two contacting surfaces. The insulating lubricant film
formed during the sliding motion between the interfacing surfaces act as the
resistance. The measure of this resistance through an electrical circuit gives the
estimation of boundary film formation. The voltage of approximately 50mV is applied
across the contact by connecting the positive end of circuit to one sample and the
negative end to another, one of which is completely electrically insulated from rest of
the metallic surfaces by using a non-conducting shim underneath. The presence of
lubricant film in between interfacing surfaces act as a resistance and any change in its
value results in corresponding voltage drop across the contact. Measure of such
instantaneous change in voltage signals provides a qualitative way for analysing the
boundary film formation capabilities of any lubricant [79]. Nylon 6.6 made mounting
screws were used to hold the flat sample onto the reciprocating rod along with plastic
shim underneath the flat sample to provide complete electrical insulation from

surrounding metallic surfaces.

The ECR data was recorded continuously at set intervals and is presented in this
thesis using following relation. This equation of representing ECR results have been

used in past by other researchers [46, 51]

_ ) Measured contact voltage
Electrical Contact Resistance (%) = - x 100
Applied contact voltage
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The data acquisition was executed by a control unit incorporating a SUPERSLIM
Serial Link Interface Module, connected to a host computer system installed with the
COMPEND 2000 software.

3.3.2. Test materials

3.3.2.1 Test samples preparation

The piston rings employed in the experiments are used in the MAN D2840LE401
diesel engines installed in Trent Class RNLI lifeboats. Piston ring specimens were
prepared by machining new top compression piston rings (uncompressed outer
diameter of 133.5mm) into several small segments of inner arc length 21mm. The new
piston rings were purchased from Pilkington Marine Engineering (UK). The machining
process was done by using a Dremel rotary cutting tool (Model 398) using fiber glass
reinforced cut-off wheels. The process of cutting various piston rings into segments in
shown in sequence from (a) to (d) in Figure 14, and the Dremel tool used is shown in
Figure 15.

4 Outer diameter

SN &33.5 mm

Figure 14: Piston ring cutting procedure
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UPROXXON

Figure 15: Dremel rotary cutting tool (Model 398) along with fiber glass reinforced cut-
off wheel

After cutting, ring segments were carefully cleaned ultra-sonically in acetone for 30

minutes to remove debris generated during the cutting process.

The flat plate specimens of size 10mm x 33mm to use as replica of cylinder liner were
purchase from Phoenix Tribology Limited (UK). Figure 16 shows the typical flat

sample used in the experimental work.

Figure 16: Typical flat plate sample used in experiments
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3.3.2.2 Material Specification of test samples

The piston ring was found to be coated on its running face which interfaces with the
cylinder liner surface during sliding; therefore it was thought useful to evaluate the
chemical composition of coating material. EDX technique was employed for this
purpose. A segment of length 10mm from actual piston ring was cut and embedded in
Bakelite resin holder, such that the cross-section of ring could be analysed for its
material composition by EDX. The procedure of preparing a piston ring segment for
the EDX analysis is shown in sequence from (a) to (d) in Figure 17.

2 3 5 10mm
Piston ring cross-section —

Figure 17: Preparation for EDX analysis of piston ring coating
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! 300um .

Spectrum 1 Spectrum 4
fe
Fe

Figure 18: EDX analysis of piston ring cross-section shown in Figure 17(d); (a) coating
thickness shown between green lines; (b) EDX spectrum of coating; (c) EDX spectrum

of base material of piston ring

EDX analysis of piston ring cross-section showed that piston ring’s running face is
covered with chromium coating of thickness approximately 152um, whereas the base
(substrate) material has composition of that of cast iron. Figure 18(a) shows the cross-
sectional view of piston ring illustrating the chromium coating thickness, shown
between green lines. This finding was a useful input during the post-test surface
analysis of wear scars for examining the nature of tribofilms and any material transfer

taken place due to adhesion.

On the other hand, the material specification of flat specimens, as supplied by its

supplier, was found very similar to those of actual cylinder liner used in MAN
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D2840LE401 diesel engines installed in Trent Class RNLI lifeboats. The information
about material specifications of cylinder liner was kindly supplied by the cylinder liner
manufacturer, MAHLE International GmbH (Germany). The detailed description of

material composition of different test specimens used in the experiments is given in
Table 4.
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Table 4: Material description of test specimens

Specimen t Material Fe C Si Mn P S Cr o)
pecimen type ateria (%) (%) (%) (%) (%) (%) (%) (%)
Flat plate specimen Grey Cast Iron ] ] ] ] _ _ _
(BS1452) Balance 3.0-3.3 2.4-2.6 0.7-1.0 0.4-1.1 0.1-1.1
Piston ring running face Chrome Coating ] 4.9 ] ] _ _ 05 &3 -

(Coating)
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3.3.2.3 Surface Characterisation of test samples

The surface roughness of all the test specimens was measured prior to each
experiment using 3D Optical Interferometer (ZYGO). The typical surface maps of
unworn piston ring running face and flat plate are shown in Figure 19 and Figure 20,

respectively.

1.08 mm

Figure 19: Typical surface roughness map of unworn piston ring running face along

with roughness distribution scale
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Figure 20: Typical surface roughness map of unworn flat plate specimen used as

cylinder liner along with roughness distribution scale
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For theoretical calculation of lubrication regime using oil film thickness and combined
roughness of mating surfaces, the root mean square (R/ns) roughness values of above
shown surface maps are used. Table 5 shows the respective Ryys values measured
along the direction of measurement for the typical test samples of piston ring segment
and flat plate.

Table 5: Surface roughness values in root mean square (Rrms)

Piston Ring
(running face) Flat sample
Surface roughness 0.372 0.647
(Hm)
Direction of Parallel to piston Parallel to piston
measurement ring sliding motion ring sliding motion
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3.3.2.4 Lubricating oil and ionic liquids

Details of lubricating oil samples have previously been mentioned in section 3.1

Two commercially available phosphonium-based ILs, referred here as IL1 and IL2,
used in the current research are Trihexyltetradecyl phosphonium bis(2,4,4-tri-
methylpentyl) phosphinate (purchased from Sigma-Aldrich) and Trihexyltetradecyl
phosphonium bis(2-ethylhexyl) phosphate (purchased from lolitec), respectively.
Figure 21 shows these ILs as supplied by their manufacturers. The convention of ILs
used in this research as mentioned above will be followed in this thesis for

convenience.

io-li-tec

e ——
loniz Liguate Taehnaloged
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P

Figure 21: Trihexyltetradecyl phosphonium bis(2,4,4-tri-methylpentyl) phosphinate
(Sigma-Aldrich) and Trihexyltetradecyl phosphonium bis(2-ethylhexyl) phosphate
(lolitec)
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Both ILs were used as additives to improve anti-wear performance of in-service and
used engine lubricating oil. These ILs were also used as additive in base oil and new
engine lubricating oil for comparison purpose. The ILs were mixed in 6 volume %
proportions in lubricating oil samples collected from the MAN diesel engines as
mentioned above. The procedure and results of mixing oil and ILs are discussed in
next section. Table 6shows the kinematic viscosities of the oil and ILs at standard
temperatures (40°C and 100°C) used to define the viscosity index of any lubricating

oil.

Table 6: Kinematic viscosities of oils and ILs at standard temperatures

Lubricant Viscosity at 40°C (cSt)  Viscosity at 100°C (cSt)
IL1 388.8t 35.4¢
IL2 429.0t 49.5%

tsource of information [28]

3.3.2.5 Mixing of lubricating oil and ionic liquid

Both IL1 and IL2 were mixed in 6 volume % proportions in base oil, new oil, in-service
(135h and 196h) oils and used (315h) lubricating oil samples using an ultrasonic

probe (Sonic Systems P100) as shown in Figure 22.

The mixing of lubricating oil and IL was carried out at room conditions for 5 minutes. In
cases where both ILs where mixed with the new fully-formulated oil (15W40) and also
with the mineral base oil, the visual inspection depicted no cloud formation (or phase
separation between oil and IL due to slightly different densities) even after a month of

storage in tightly sealed bottle.

Due to dark (blackish) colour of in-service and used lubricating oil, the phase
separation could not be detected. Therefore, the stability of all the mixtures was
further assessed experimentally by performing Stability Test. The procedure and

analysis results of Stability Test as discussed in section 3.3.2.6 and 4.8, respectively.
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(c)

Figure 22: Mixing of different lubricating oil and IL using sonicator; (a) New engine oil;
(b) Used (315h) engine oil; (c) Sonicator

3.3.2.6 Stability analysis for lubricant and ionic liquid mixtures

The visual inspection of the mixtures of used oil (315h) and ILs was not possible due
to their opaque appearance, The same problem was encountered in case of the in-
service oils (135h and 196h) but the mixtures of ILs with new oil were clearly
inspected with no phase separation (or cloud formation) even after a month of storage
in tightly sealed bottle. In addition, although the visual inspection is quicker among the
other analytical methods for oil stability analysis but it is rather subjective dependent

upon the inspector’s observation, and may possess some error.
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Figure 23: Stability analysis of mixtures of new and used engine lubricants with

different ILs using Turbiscan Lab

Turbiscan Lab Expert (manufactured by Formulaction, France), as shown in Figure 23
(c), based on the optical scanning technique provides an accurate evaluation of oil
stability with the repeatability of + 0.05%. Therefore, it was employed in case of
mixtures of both new and used oil with the two phosphonium based ILs. Turbiscan
Lab consists of a reading head which includes a pulsed near infrared light source (that
emits light at wavelength of 880 nm) and two synchronous detectors, namely a
transmission detector (that measures the light flux transmitted through the oil bottle)
and a backscattering detector (that measures the light scattered back by the oil). The
oil bottle is scanned vertically at different points and transmission/backscattering data

is recorded using the software Turbisoft-AGS version 1.1. The same procedure is
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repeated for a set number of times and any change in transmission of light through
the oil as function of time defines the stability of the oil sample. No change in
transmission of light is indicative of higher stability of the oil (or mixture of oil and IL in
this case).

Figure 23 (a) shows a typical mixing of used oil and IL using ultrasonic probe prior to
its stability analysis for about 10mins to achieve homogeneity. Around 22ml of the
mixture was then transferred to a flat bottomed glass bottle (outer diameter of 27.5
mm and height of 70 mm), as shown in Figure 23 (b), and sealed with a modified
polycarbonate screwed top cap and butyl/teflon sealing ring, as supplied.

The sample bottle was then placed in the chamber and analysis was performed for 11
days (once each day). The temperature was controlled at about 30°C for the complete
duration of the analysis since temperature has an appreciable effect on the

transmission of light and the results would not be comparable.

3.3.3. Test parameters

The test parameters were chosen to simulate boundary lubrication conditions as
experienced by the top compression ring just below the top dead centre on the power
stroke where the lubricant film thickness is thinnest, and combustion gas pressure and
temperature are highest. Such conditions would enable assessing the anti-wear
behaviour and tribofilm formation capabilities of IL as additive mixed in different

engine lubricants.

The simplified non-conformal geometries of test samples were used instead of
conformal mating surfaces of actual ring and liner. This was done to achieve proper
alignment of samples in the test rig otherwise if a segment of piston ring is used
against a curved specimen cut from actual liner, it would tend ring segment to have a
larger curvature and rest on the edges of liner specimen unless the ring is pressed
enough to achieve the same radius of curvature as liner surface [80]. Therefore to
avoid this difficult mechanical alignment, samples having simplified geometry were

used.
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Therefore the tribo-testing was carried out at constant normal load of 50N (producing
contact pressure of 284.9 MPa, as calculated by Hertz theory of non-conformal
contacts see Appendix A), stroke length of 5mm, reciprocating frequency of 4.4Hz and
constant uniform bulk oil temperature of 100°C and 25°C. The test time was set for 3h
and measurements for friction force and ECR were made every 1s. Each test was
replicated three times and average value of friction coefficient and wear volume was

considered.

Lubrication regime modelling was done by calculating oil-film thickness ratio (or A-
ratio) which incorporates the minimum oil film thickness (MOFT) and combined rms
roughness of unworn mating surfaces. MOFT was calculated using Hamrock and
Dowson formula and the value of A less than unity ensured boundary lubrication
regime at the mid-stroke region of sliding test (see Appendix B for details on
theoretical lubrication regime modelling). Due to continuous oscillatory motion
between the sliding surfaces, the oil film thickness is expected to be thinner near the
either ends of stroke (than the mid-stroke) where the sliding speed seemingly
approaches to zero, as described by Truhan et al. [1], therefore boundary lubrication

regime was prevalent throughout the stroke length during the tribo-testing.

3.3.4. Test procedure

The test procedure for piston ring and cylinder liner contact in lubricated conditions
was performed as mentioned in ASTM G181 [80].

Sample preparation: Test specimens were cleaned ultrasonically in acetone for 10m
to remove any traces of contaminant without disturbing the main surfaces. The fittings
and all fixing screws which come in contact with the lubricant during testing were also

cleaned in the same way prior to the test.

Surface roughness analyses: 3D White Light Interferometer was used to measure
the surface roughness of both test specimens mating surfaces at three different

locations.

54



Samples installation & alignment in test rig: Flat specimen was fitted onto the
reciprocating arm of the rig and connected to the positive terminal of the contact
resistance circuit. The base of the plate sample was insulated completely using plastic
shims to complete the electrical contact resistance circuit. The negative terminal of the
contact resistance circuit was connected to the piston ring holder. The contact area
plane was aligned perpendicular to the applied load direction to achieve the uniform
contact pressure distribution.

Lubricant Addition: The engine-aged lubricant collected from lifeboat engine (or
mixture of lubricant and 6 volume % IL) was added to the test chamber such that the
contact region of the mating samples get completed immersed.

Lubricant Heating Process: Lubricant was heated to 100°C by the heater of 800W
of heat dissipation rate, installed underneath the test chamber. The heat conduction
process takes around 1h to reach 100°C which is an average lubricant temperature in
running engine, as can be seen from MAN diesel engine test report supplied by RNLI
(Appendix C). The test chamber was top sealed by the toughened glass lid to
maintain the lubricant temperature during full test duration. The lubricant temperature
is recorded using the K-type thermocouple fitted in the chamber with its tip submerged
completely inside the lubricant. The above heating procedure was not followed for
tests conducted at room temperature. However test chamber was top sealed by the

toughened glass lid to avoid foreign contamination entering the oil.

Test Parameters Set-up: All the test condition parameters such as load, stroke
length, frequency and temperature were pre-defined in the test sequence file used by
the software COMPEND that runs the test. The output results from the test were

saved in the data file for the analyses purpose.

Results Data Display: Graphical display of the test parameters/results such as
friction force, friction coefficient, electrical contact resistance and temperature of
lubricant as a function of time was used on the computer screen as soon as the test

begins.
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Specimen storage for post-test analysis: After reciprocating bench test was
completed and oil temperature has fallen down to room temperature, test samples
were carefully removed from the test rig without disturbing their worn surfaces. The
sample were rinsed under the acetone bath for removal of dust and excessive
lubricant so their worn surface area can be examined with better visibility for both

surface and chemical analyses.

All specimens were stored in stainless steel desiccators with a glass door using a
5009 pack of silica gel (desiccant) as shown in Figure 24 to avoid any damage from

the moisture in environment.

Figure 24: Specimen stored in desiccator

3.4. Post-test Stage (Surface analysis)

Different surface analyses techniques were employed to measure any change in the
characteristics of worn surfaces. The measurements such as wear scar dimensions,
wear volume, basic wear mechanisms and chemical nature of tribofilms formed on

worn surfaces were carried out. The advanced surface analysis techniques employed

56



to perform the above required analyses included 3D White Light Interferometer, SEM,
EDX and XPS. Each of these techniques is explained in detail below.

3.4.1. 3D White Light Interferometer

3D White Light Interferometer manufactured by ZYGO Corporation, as shown in
Figure 25, was used to perform a quantitative surface characterisation of test samples
used in reciprocating bench tests. The 3-dimensional surface mapping facilitated the
comparison of surface roughness and surface profile of test samples before and after

the bench tests.

Figure 25: 3D White Light Interferometer

Changes in surface profile clearly depicted material loss and the wear volume
measurements of complete wear scar were made on cast iron flat specimens at 1x
magnification. The low magnification helped in mapping the complete wear scar area
without the need of additional editing of images or stitching of multiple images. This is
a non-destructive method of surface characterisation with no need for sample
preparation. The proper alignment of sample is required along with setting of focal
length, light intensity, and dark and bright fringes to facilitate optimum scanning of the
subjected surface area. Results were displayed over the computer screen and

analysed using the software Metropro version 8.3.3. For detailed examination of worn
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surface topography to investigate wear mechanisms taken place during tribo-testing, a
higher magnification beyond the limits of optical source was needed and SEM was
employed for this purpose as discussed in later sections.

3.4.2. Sample preparation for SEM, EDX and XPS analyses

Chemical analysis was performed on the worn surfaces of test specimens to extract
information about the tribofilm formation process and tribofilm composition. Different
surface analysis techniques such as EDX and XPS were employed for the above
purpose. SEM was employed to extract information about the wear mechanisms taken
place during the tribo-sliding process.

Due to the compact design of specimen holder and test chamber of equipment used
for the above analysis techniques, all flat plate specimens inspected were needed to
cut to the size of 10mm x 10mm. The cutting of flat specimens was carried out in a

bench top cut-off machine (Struers Accutom-5), as shown in Figure 26 (a).

Figure 26: Bench top cut-off machine (Struers Accutom-5) shown in (a); and flat

specimen during cutting process shown in (b)

This machine supports precision cutting of various material types (such as metals,
ceramics, composites etc.) at low feed rate and cut-off wheel speed which reduces
the chances of damaging the specimen due to frictional heating effects. The

specimens were wrapped in multiple folds of cling film prior to cutting to avoid debris
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generated during the cutting process to come in contact with the wear scar, since it
may alter the results during analysis process. Thence, the specimens were held in
holder as shown in Figure 26 (b). The cutting was carried out at cut-off wheel speed of
1500 rpm, feed rate of 0.01 mm/s and medium force.

3.4.3. Scanning Electron Microscopy (SEM)

To understand the nature of wear mechanism taken place during the tribo-testing
process, it was decided to use the SEM technique for high magnification observation
of the topography of worn surfaces. The equipment used for the SEM analysis was

JEOL JSM-6610LV, as shown in Figure 27. The intensity of incident electron beam
used was 20KV.

Figure 27: Samples installation on the sample mount is shown in (a); SEM equipment

used for analysis of worn surfaces is shown in(b)

As the sample surface was metallic, no special preparation was needed; nevertheless
due to compact design of the test chamber, each specimen was needed to be cut to
the dimensions in range of approximately 10 mm x 10mm, using procedure mentioned
earlier in section 3.4.2. The samples were carefully fixed onto the sample mount using
adhesive tape (without disturbing the worn surfaces),as shown in Figure 27 (a), and
thence the mount was installed on the sample movement stage inside the test
chamber. The test chamber is then evacuated from air for a few minutes to maintain

low pressure. The equipment was now ready for analysis of wear scar region using
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the PC monitor and control knobs on working stage to make adjustments to the
options such as focus, magnification, contrast, brightness, etc.

The initial examination of worn surfaces was done at low magnification 30x and 200x
to identify the areas of interest and then the magnification was increased to 1500x for
close inspection and imaging. The complete analysis was carried out using the
secondary electrons mode. This mode helps in identifying the frequent occurring
characteristic patterns of wear. As it is not practical to perform comprehensive
examination of whole of the worn area, [81], only selected areas near the edges and

middle of the worn scar were analysed.

3.4.4. Energy Dispersive X-ray Microanalysis (EDX)

Chemical analysis of the worn surfaces of test specimens was performed to evaluate
the chemical composition of boundary film (tribo-film) using EDX microanalysis
functionality of the SEM equipment. The working principle of this technique is based
on the excitation of characteristic x-rays caused by the incident primary electrons. The
energy intensity of emitted x-rays is then obtained in a spectrum format by the X-ray
detector and Multi-Channel Analyzer. The equipment employed in this research was
JEOL JSM-6610LV, as shown in Figure 27, and the electron beam intensity used for
the analysis was 20KeV. EDX analysis was performed at the magnification of 30x

covering the scanning area of approximately 2mm x 1mm at the centre of wear scar.

The change in chemical composition of tribofilm could be analysed to evaluate the
additive depletion and/or presence of IL on surface. Secondly, EDX helped in
analysing the wear mechanisms taken place during the tribo-testing, by comparing the
chemical composition of the metallic particles embossed onto the worn surfaces with
the known composition of test specimens. To check if these has been the case of

material transfer (adhesion) between the mating surfaces, or are the foreign particles.
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3.4.5. X-ray Photoelectron Spectroscopy (XPS)

The worn surfaces of test specimens were also subjected to XPS surface analysis
technique which provides information about the chemical composition of the first
nanometric layers mainly 1-5 nm. The working principle of XPS analysis is based on
photoelectric effect in which the binding energies of the core electrons is determined
by the difference between the known energy of photons incident onto surface and the
measured energy of the ejected core electrons from the surface. The binding energy
is the indicator of the type of atom and the flux of ejected electrons is proportional to
the number of atoms in the analysed surface area. The change (or shift) in the binding
energies of core electrons can be used to identify the change in chemical state of the

atoms. These energy changes are in the range of 0.1 to 10 eV [82].

XPS equipment employed in this research is as shown in Figure 28.It incorporates a
non-monochromatic Ka (Mg) x-ray source (energy 1253.6 eV) and a flood electron
gun when necessary to compensate electrical charge on specimen surface. The
detector (SPECS Phoibos MCD 5) set-up included the use of a medium magnification
electromagnetic lens and an entrance slit (diameter 3mm) in order to select either the
inner part or the outer part of the wear scar. The background pressure in the analysis

chamber was maintained below 5 x10™° mbar during data acquisition.
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Figure 28: Samples installation in load chamber of XPS equipment is shown in (a);

XPS equipment is shown in (b)

Each specimen was needed to be cut to the dimensions in range of approximately 10
mm x 10mm, using procedure mentioned earlier in section 3.4.2. For precision XPS
analysis, each specimen was then washed with ethanol and cleaned by a soft paper
to avoid contaminant entering into wear scar area before installing them into the XPS

load chamber as shown in Figure 28 (a).
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After samples installation, the pressure as low as 1 x10™° mbar was maintained in the
load chamber, which is situated on left side of XPS equipment shown by arrow in
Figure 28 (b), using a scroll pump and turbo molecular pump combination. This low
pressure vacuum was restored in around ¥z hour. Each sample was then transferred
to the main (analysis) chamber, situated on the right side of XPS equipment, where
the pressure was even lower around 5 x10™° mbar. Correct positioning of the

specimen in main chamber was done with the help of a laser beam.

The spectra were processed using Casa XPS software. Initially low resolution survey
spectra inside and outside the wear scar was taken for every specimen to identify all
key elements present in the surface. The elements with high intensity peaks are then
considered for detailed analysis at high resolution. In current research, the high-
resolution repeated spectra were taken for the different elements including Mn, Cr, C,
O, Fe, Si, P, Zn, S and Ca. These elements are constituents of specimen material,
lubricant, and ILs employed in current research. The high resolution spectrum helped
to analyse these specific elements for shift in any their binding energy. This shift is
representative of change in the oxidation state due to formation of new bonding with
other elements or new compounds. For better results, high resolution spectrum for
each element was repeated multiple times (10 - 20 times) and the average of counts

per seconds, i.e. electrons received by HC analyser, is taken against binding energy.

It is worth mentioning that low intensity peaks formed due to binding energy of Auger
electron are considered as noise (or error) and were neglected. Auger electron peaks
were confirmed by changing the x-ray source from Mg Ka to Al Ka, such that the
kinetic energy of core electrons changes but for auger electrons remains unchanged.

Hence the auger peaks were identified in spectrum.
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Chapter 4 Results of Lubricant Analysis

4.1. Viscosity Measurements

Kinematic viscosity of the lubricant is tested to assess its resistance capability when
flowing against gravity through the oil galleries in internal combustion engine
environment. Therefore the lubricant analysis was performed on several different
lubricant samples before using them for sliding tribo-testing. The details of the
kinematic viscosities of lubricants at 40°C and 100°C are mentioned in Table 7. These
two temperatures are commonly used for the viscosity index measurement and also

100°C is the average running engine temperature [31].

The lubricant flow-rate is measured in centistokes, i.e. ¢St (or mm?%s), and this defines
the resistance of the oil flowing under gravity through the capillary tube. Clearly it can
be seen that the viscosity of the oil has reduced over its use in the marine diesel
engines of RNLI lifeboat as a function of duty cycle in terms of hours of service (or
usage). A significant drop in the viscosity of Used Qil (315 h) is noted at about 91.56
¢St which is 14% lower than the New Qil. The reason for this drop in viscosity was
verified by performing by performing Gas Chromatography test which examines the
diesel fuel dilution of the engine lubricants. The details of the results of this test are

discussed later in this chapter.

Table 7: Kinematic viscosities different lubricants in this study

Viscosity (cSt)  Viscosity (cSt)

Lubricant Viscosity Index
at 40°C at 100°C
Mineral base oil 43.4° 6.4° -

New Oil 106.10 14.34 138
In-service Oil (135 h) 100.30 13.66 137
In-service Oil (196 h) 102.30 13.80 136

Used Qil (315 h) 91.56 12.74 136

Source of information: ® Supplier; rest were measured experimentally as mentioned
above
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4.2. Gas Chromatography (Diesel Fuel Dilution)

It is expected to see some diesel fuel into the engine lubricant during the engine
operation due to not complete combustion of fuel or difference in fuel injection timing.
However the presence of fuel which has lower viscosity than engine oil reduces the
viscosity of engine oil. In case of excessive fuel dilution the lubricating performance of
engine oil could be affected. Therefore it is deemed important to measure to Gas
Chromatography (GC) test to analyse the level of diesel fuel dilution in engine oil

samples at regular intervals of engine operations.

Table 8: Diesel fuel dilution in different lubricants samples

Lubricant %

Mineral base oil -

New Oil -
In-service Oil (135 h) 2.1
In-service Oil (196 h) 2.3

Used Oil (315 h) 3.0

Table 8 shows the results obtained from the GC test for the three engine-aged
lubricant samples. Clearly the amount of diesel fuel has increased over the usage of
oil within the diesel marine engines of RNLI. The high fuel dilution of Used Oil is also a

possible reason for its lower viscosity as discussed earlier in this chapter.

4.3. Elemental concentration of wear debris and additives by ICP

The analytical results obtained from the ICP technique are particle (debris) size
dependent, and low results are obtained for particles larger than a few microns.
Therefore only particles smaller than 10um in size are detectable by this technique.
The knowledge of concentration of wear metals are indicative of excessive wear by

comparing the data with base line concentration obtained from testing new lubricant.
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Similarly increase in concentration of elements like Boron, Sodium or potassium is

indicative of contamination due to coolant leak in lubricant.

Table 9: Elemental concentration in part per million (ppm)

Elements New Oi In-service Oil In-service Oil Used Oil
(135 h) (196 h) (315 h)

Calcium 3071 2863 3063 2675
Magnesium 7 7 23 13
Phosphorus 1086 1153 1117 1413
Sulphur ni 8621 8342 8100
Zinc 1281 1244 1322 1186
Aluminium 0 5 7 5
Boron 0 <5 7 10
Barium 0 <1 <1 <1
Cadmium 0 <1 <1 <1
Chromium 0 1 2 2
Copper 0 9 11 18
Iron 1 27 40 66
Manganese 1 <1 1 1
Molybdenum 1 <1 <1 10
Nickel 0 <2 <2 <2
Lead 0 5
Silicon 2 12
Tin 0 <1 1 3
Titanium 0 <1 <1 <1
Vanadium 0 <10 <1 <1
Sodium 3 <1 <10 10

ni — no information

The results of analyses along with the detail of tests performed are mentioned in

Table 9. It can clearly be seen from the results that mainly Iron increases consistently

to a higher value which is wear metal and other elements are in smaller quantity which

constitute wear and contaminant debris. Also the concentration of in Used Oil sample

is highest than the other lubricant samples. It was confirmed from the lubricant
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manufacturer that Calcium, Phosphorous and Zinc are the additive elements and part
of the lubricant, not generated from wear and contamination; hence their

concentration is high in all the lubricant samples.

4.4. Nuclear Magnetic Resonance (NMR)
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Figure 29: 31-P NMR spectra for different lubricant samples
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Figure 29 shows the 31-P NMR spectra of four different lubricant samples including
New OQil, In-service Oil (135 h), In-service Oil (196 h) and Used Oil (315 h). Each
lubricant sample tested contains ZDDP anti-wear additive. New Oil contains the
highest concentration of ZDDP in its most effective form which can provide maximum
protection against wear of engine components. Whereas, Used Oil (315 h) contains
the least concentration of effective ZDDP due its degradation within the marine engine
over several duty cycles in past 315 h. The other two oil samples In-service (135 h)
and In-service (196 h) contain intermediate level of ZDDP between New Oil and Used
Oil (315 h). The peak height noted between 80 and 100 ppm (as mentioned along the
horizontal axis) in New Oil case depicts the presence of effective ZDDP in its new
form. However, with lubricant usage within the engine ZDDP is known to degrade and
thus its chemistry also changes, which is clearly reflective from the reduction in the
peak height and formation of new peaks on the right hand side, on comparison with
spectra shown for New Oil. The presence of multiple peaks along the x-axis of the 31-
P NMR spectrum indicates that phosphorus is present in several different chemical

environments [75].

Under normal engine running conditions, ZDDP in engine oil decomposes due to
oxidation. This process converts P-S compounds into P-O compounds such that a
shift in the chemical state is noted on the x-axis of the spectra [75]. This change in
chemical nature of P containing ZDDP anti-wear additive is not reflected by the ICP
spectroscopy. ICP results in Table 9 shows a non-consistent increase in phosphorus,
which could be due to the fresh oil top-ups to the engine oil before collecting the oil
sample. Therefore the NMR spectroscopy is a useful tool in capturing the chemical

state of the ZDDP additives and its depletion.
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4.5. Oil Condition Monitoring by Oil Sensor
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Figure 31: Density measurements obtained by Oil Sensor
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Figure 32: Dielectric constant measurements obtained by Oil Sensor

The fluid properties oil sensor was employed to measure the condition of oil in real-
time. The oil sensor used is capable of measuring oil properties such as viscosity,
density, dielectric constant and bulk temperature of the oil. The data is recorded by
the oil sensor every 30 seconds for the complete test duration. Therefore for the
benefit of detailed analysis the data was interpolated to obtained a value for every 1s

interval for the complete test duration of 3 hrs.

Figure 30, Figure 31 and Figure 32 show the results obtained for the oil properties and
since oil temperature was kept constant at 100°C, its values obtained by the oil sensor
were not considered for analysis. Also the viscosity of oil at room temperature was
considerably higher; therefore a flow rate of 0.2m/s was difficult to obtain which is
necessary for the optimum measurements by the oil sensor. Therefore the
measurements of oil properties in real-time by oil sensor were only made at 100°C
which is also the average engine running temperature and in real application for oil
sensor, it is expected that the measurements will be made at this high temperature in
lifeboat engines.
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Clearly it can be seen from the results of viscosity and density shown in Figure 30 and
Figure 31 that with increase in wear or contaminant debris present within the oil, the
error in the results of these two parameters also increases. It is envisaged that these
errors (or high spikes) in the results are due to the increased interaction of wear
debris with the sensor thus resulting in sudden high value of these parameters. On the
other hand, Figure 32 shows a better representation of oil condition in terms of
dielectric contact of the oil. It can be seen that with increasing number of duty cycles
of the oil within the engine the dielectric contact value has also increased. The
disturbance in the results is negligible in comparison to the data recorded for the other
two oil parameters. The drop in the dielectric constant value of the Used Oil was
unexpected since it should have the highest value in the range of lubricant samples
tested. However, the possible explanation to this unique behaviour of this particular oil
sample could be the addition of new (or fresh) oil into the engine before the sample
was extracted for the experiment. This is a common practise in lifeboat applications to
top-up the engine with fresh oil whenever the oil level is noted below its minimum.
Therefore the dielectric constant of oil could be used as an indicator of change in oil

guality in real-time oil condition monitoring system.
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4.6. Analytical Ferrography

Figure 33: Ferrography Micrographs of three used oil samples
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The analytical ferrography was performed on three engine lubricant samples each of
which were near the end of their service life. The Figure 33 (a) shows the micrograph
of lubricant sample collected from the MAN manufactured marine diesel engine of
RNLI lifeboat after service for 270 h. Similarly, Figure 33 (b) and (c) are the results
obtained from lubricant samples collected after 280 and 300 h. The microscopic
analysis revealed that vast amounts of ferrous rubbing wear particles, mostly smaller
than 5 um are present in the oil samples. A wide variety of different types of ferrous
wear particles, including severe sliding, abrasive wear, fatigue chunks and flakes with
maximum diameters of respectively 15, 10, 15 and 20 pm, are also present. Heat
treatment at the temperature range of 330°C showed a 60/40 ratio in medium/low
alloy steel composition in lubricant sample shown in Figure 33 (c). A high level of
dark ferrous oxides, less rust was noticed along with traces of oxidised non-ferrous
rubbing wear. Also contamination particles include primordially fine crystalline and

carbonaceous material are also observed.
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4.7. Wear analysis of actual cylinder liner from RNLI marine engines

Piston ring reversal points both at top dead centre (TDC) and bottom dead centre
(BDC) suffers from intense wear. Here momentary cessation of lubricant entrainment
in ring-liner contact results in asperities interaction since lubricant is retained in the
contact zone either due to squeeze film action or entrapment in the rough contiguous
surfaces[83, 84]. In case of TDC near top ring reversal point, this effect is even much
severe due to excessive combustion gas pressure and primary regime of lubrication is
boundary. High wear also takes place in this region due to reversed tractions
experienced by the contacting surfaces near the point of change in direction of
reciprocating sliding motion[16]. Both sliding surfaces rely on the formation of
protective tribo-film in the contact zone by the anti-wear additives present in engine
lubricant to reduce the effect of thermal and mechanical stresses which lead to wear.
Wear in TDC region of liner has been mentioned as a limiting factor to the lifetime of
the engine. Such wear phenomena long since overcome in automobiles, still cause

problems in the marine diesel engines. [85]

Therefore to better understand the extent of wear of cylinder liners installed in MAN
engines of Trent Class of the RNLI Lifeboats, a typical cylinder liner was obtained
from the actual engine that was undergoing the extensive overhaul. Figure 34 (a)
shows the actual cylinder being obtained from the RNLI for wear analysis of bore
surface. Three sections were cut at TDC, BDC and mid-stroke (MID) locations, as
shown in Figure 34 (b), using a band saw cutting machine. Figure 34 (c) shows the
bore surfaces of the three sections cut from the cylinder liner at TDC, MID and BDC
region. These sections were then analysed for wear mapping under the 3D White

Light Interferometer.
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Figure 34: Actual cylinder liner used for wear analysis of bore surface in (a); sample
preparation in (b); samples used for surface analysis in (c)
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Figure 35: Surface profile of three sections cut from an actual cylinder at TDC, MID
stroke and BDC locations

The abbreviations used in Figure 35, i.e. 1 RR, 2" RR and ORR refer to first ring
reversal, second ring reversal and oil ring reversal points, respectively. Clearly it can
be seen in Figure 35 that higher wear takes place near the top ring reversal region on
cylinder liner surface at TDC. The maximum depths of the surface profile of cylinder
liner noted at TDC region is 3.03 um at 1% RR and 2.01 um at 2" RR which is clearly
higher than the depth of respective surface profiles in MID and BDC region. This
observation could be attributed to the fact that the combustion gas pressure is at its

maximum in TDC region for every alternative cycle for the 4-stroke engines (i.e. power
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stroke). Indisputably, the combustion gas pressure acting behind the piston rings
pushing them radially against the liner surface is a few orders higher that the pre-
loaded elastic nature of piston rings, thus providing them with a tight fit with the liner
surface ensuring minimal gas leakage into crankcase. The gas pressure varies with
the amount of fuel injected during the power stroke. In case of RNLI lifeboats’
operating conditions employed during the rescue operations, engines are run at their
highest load, hence maximum loading of piston rings against liner surface at TDC

region.

In addition, the temperature is high due to combustion and speed is low, which further
limits the availability of lubricant in top ring reversal region at TDC. Hence the
enhanced asperity to asperity interaction prevails resulting in higher wear of
comparatively softer grey cast iron made cylinder liner surface in contrast to hard
chromium coated top compression piston ring. The boundary lubrication regime exists
under such tribological conditions and boundary film forming anti-wear additives
present in fully-formulated engine lubricating oil are responsible to reduce asperity

interaction and control wear rates.

Due to extensive tribological shearing of lubricants the degradation of such lubricants
results in anti-wear additive depletion and thence the increased wear of cylinder liner

surfaces, as observed in the case discussed above.

4.8. Stability of lubricant and ionic liquid mixtures

The stability of the mixtures containing non-polar lubricants (such as mineral based
engine oil 15W40) and polar ILs (such as phosphonium based ILs) is very important
for the overall performance of newly developed formulation both during testing stage
and real applications. Using IL as additive in fully-formulated lubricant can be a
challenge since it can produce an unstable emulsion. This concern has also been
raised by other researchers in past, when proposing ILs to use as additive in either
base oil or fully-formulated oil. Bo Yu et al. [28] has demonstrated the verification of oil
stability (or single phase fluid and not emulsion) by using the comparison of
experimentally measured viscosity of the oil-IL mixture with that of theoretical value

obtained by the Refutas equation. In addition to this, the visual inspection to detect
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phase separation (or cloud formation) in mixture was used. Both methods showed that
the two phosphonium ILs, Trihexyltetradecyl phosphonium bis(2,4,4-tri-methylpentyl)
phosphinate and Trihexyltetradecyl phosphonium bis(2-ethylhexyl) phosphate, are
fully miscible in the non-polar hydrocarbon oils of both base oil and fully-formulated

types.

In the current research, the above mentioned phosphonium ILs have been used since
it is expected that these would also be fully mixed in used oils and thence the
improvement in tribological performance of the lubricant and IL mixtures can be

evaluated.

The visual inspection of the mixtures of used oil (315h) and ILs was not possible due
to their opaque appearance, The same problem was encountered in case of the in-
service oils (135h and 196h) but the mixtures of ILs with new and base oils were
clearly inspected with no phase separation (or cloud formation) even after a month of
storage in tightly sealed bottle. Although the visual inspection is quicker among the
other analytical methods for oil stability analysis but it is rather subjective due to

dependence upon the inspector’s observation, and may possess some error.

A more accurate approach for oil stability analysis which redundant the verification
requirement with theoretical results is the optical scanning technique using Turbiscan
Lab instrument. This technique has been employed in past by many other researchers
analysing the dispersion or suspension state of different oils [46, 86-89]. J. A. Ostlund
et al. [86] demonstrated the higher accuracy of Turbiscan Lab and its tendency to
detect even very small differences in the stability of different oil mixtures over
traditional methods such as spot-test (visual inspection), hot-filtration and p-value

methods.

In current research, Turbiscan Lab instrument has been employed to analyse stability
of the mixtures fully-formulated engine oil with phosphonium ILs mentioned above.
Four different mixtures including New Oil with IL1, New Oil with IL2, Used Oil with IL1
and Used Oil with IL2 were analysed for 11 days (test performed once each day) at
30°C using the procedure mentioned in section 3.3.2.6. The graphical results obtained

from the analysis are discussed below.
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Figure 36, Figure 37, Figure 38 and Figure 39 show the stability analysis spectra for
the four different oil and IL mixtures. Each vertical scan of the sample produced a light
transmission and backscattering profile. Starting from left to right of the profile (or
horizontal axis in each figure) corresponds to the bottom then middle followed by top
part of the oil sample bottle subjected to scanning. Since oil used in the experiments
is of considerable viscosity, therefore its mixture with ILs produces a meniscus with
the sample bottle walls at the top. This meniscus formation results in different light
transmission/backscattering profile in comparison to rest of the sample. This effect
was evident in all the four mixtures and can be seen at right side of the profiles

between around 40 and 50 mm of samples’ height.

The de-stability is measured by looking for the variation in profile as function of time
since the testing was repeated 11 times over the period of 11 days (once each day). A
reference profile is generated at the beginning of the test and all subsequent profiles
obtained are subtracted from the reference profile to observe any variation occurred

over time.

The first expected variation could be in terms of phase separation (or cloud formation)
since lubricating oil is slightly less dense (0.884 gm/ml) than both the ILs (~
0.91gm/ml). This density difference can results in sedimentation process leading to
settling down of heavier dispersed phase (IL) in less dense continuous phase
(lubricating oil) under the action of gravity. Such phenomenon may results in change
in transmission and/or backscattering of light through sample where the concentration

of dispersed phase changes.

The second expected variation could be due to sedimentation of wear and
contaminant debris more likely to present in used oil and IL mixtures. Debris
possesses much higher density than continuous phase (lubricating oil), hence may
result a shift in light transmission and/or backscattering as the sedimentation process

progresses over time.

After the stability analysis was completed for all the four oil mixture the transmission
and backscattering profiles were analysed. Figure 36 and Figure 37 show stability

analysis spectra for new oil with IL1 and IL2, respectively. In both the cases no
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change in the transmission and backscattering of light can be seen. Hence these two
mixtures can be considered to be stable and single phase homogeneous mixture.

Figure 38 and Figure 39 show stability analysis spectra for used oil with IL1 and IL2,
respectively. Again, in both the cases no change in the transmission and
backscattering of light can be seen. Hence these two mixtures can also be considered
as stable and single phase homogeneous mixture. No sedimentation of debris was
observed from the results obtained. This could be due to the presence of dispersant
additives in the fully-formulated engine lubricant which are responsible to keep all
contaminants dispersed in the oil during engine operation such that debris can get
filtered out when the oil is passed through the oil filter instead of depositing over the

surface of lubricated engine components.

80



Transmission - No zoom

% 0:00:00:00
e (L"““ — 001:20:01
50% J | 0:02:20:00
| | Mv— 0:03:40:00

| L
‘ 0:04:40:01

0%
Omm 10mm 20mm 30mm 40mm 50mm 0:06:00:01
Backscattering - No zoom 1:06:48:00
40% \ 2:18:47:59
N 4:18:47:59
20%|_| et v "M\ ﬂ 6:06:47:59
| 9:07:15:31
0% - 11:07:15:31
Omm 10mm 20mm 30mm 40mm 50mm
Bottom Middle Top

Figure 36: Stability analysis spectra for 6% volume IL1 in New 15W40 engine oil at 30°C using Turbiscan Lab Expert. The horizontal axis

corresponds to height of oil sample bottle. The colour of different profiles corresponds to time scale on vertical axis on right.
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Figure 37: Stability analysis spectra for 6% volume IL2 in New 15W40 engine oil at 30°C using Turbiscan Lab Expert. The horizontal axis

corresponds to height of oil sample bottle. The colour of different profiles corresponds to time scale on vertical axis on right
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Figure 38: Stability analysis spectra for 6% volume IL1 in Used 15W40 engine oil at 30°C using Turbiscan Lab Expert. The horizontal axis

corresponds to height of oil sample bottle. The colour of different profiles corresponds to time scale on vertical axis on right
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Figure 39: Stability analysis spectra for 6% volume IL2 in Used 15W40 engine oil at 30°C using Turbiscan Lab Expert. The horizontal axis

corresponds to height of oil sample bottle. The colour of different profiles corresponds to time scale on vertical axis on right
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Chapter 5 Results of Tribological Analysis

The boundary lubrication conditions that exist near the top dead centre of cylinder
liner during the engine running were simulated at bench level using the high frequency
micro-friction tribometer (Plint TE77). The experimental simulation involved the piston
ring and cylinder liner contact in the reciprocating sliding motion under lubricated
conditions such that boundary regime can be produced and effect of lubricant
additives can be evaluated. This experimental approach is not new and has been
adopted by several researchers in the past to study different aspects of tribiological
behaviour of different materials and contribute to the much needed scientific

knowledge for further development in both automotive and lubricant industry.

The aim was to analyse the effect of lubricant degradation in lifeboat engines on its
tribological performance. Also investigate the scope of improvement in the tribological
performance of lubricants at the end of its service-life to further extend its service
period. It was hypothesised that the addition of 6 volume% of phosphonium IL could
improve the tribological performance of used engine lubricant. Since the similar
amount of IL is also employed in past by other researchers for slightly different and
new engine lubricants, it was expected that the comparison could be made to add to
the existing scientific knowledge with performing tests with used engine lubricants. For
comparison purpose the different lubricants such as mineral base oil, new and in-
service engine lubricants were also evaluated in the same manner as used lubricants.
The comparison was expected to support better understanding of the lubricant
degradation in lifeboat engines and also to validate the experimental results for new

15W40 engine oil with those of published literature since it is widely studied.

The following parameters were analysed during and post-testing.

e Coefficient of friction as function of sliding duration

e Electrical Contact Resistance (ECR) to analyse kinematics of tribo-film
formation process during sliding

e Wear volume and Wear rate

e Wear mechanisms on worn surfaces

e Surface chemistry of boundary antiwear films
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5.1. Friction and ECR results

Engine lubricants help controlling the friction between the ring and liner surfaces to an
optimum level to maintain the engine fuel efficiency. Otherwise in case of dry sliding
between chromium coated ring and cast iron liner surfaces, scuffing mode could
eventually lead to seizure, since these materials have strong adhesion for each other,
as reflected by the Compatibility Chart developed by Rabinowicz [90] in J.L. Basse
[91].

The above mentioned action of lubricant in controlling (or reducing) the friction is
performed by preventing the contact between the ring and liner surfaces. During major
part of the piston stroke, the ring-liner contact experiences elastro-hydrodynamic
lubricaton regime such that friction is a function of lubricant internal resistance
(viscous-shear). The chemical nature of lubricants (additives) is immaterial. Whereas,
the top dead centre (TDC) and bottom dead centre (BDC) regions experience the
boundary lubrication regime conditions, where bulk properties of lubricant like density
and viscosity, are of little importance [62]. This is because at high load and small
sliding speed, lubricant cannot form thick film to separate the surfaces. Therefore in
these regions, surface properties and the chemical composition of lubricant play a
significant role. Polar molecules of additives get adsorbed on the solid surfaces to
form layers possessing lower shear strength than underlying solid surface, thus

separating the surfaces and reducing the friction and wear.

The mean values of kinetic friction coefficient values obtained during the tribo-testing
are plotted in Figure 40 (a, b, ¢, d and e) and Figure 41 (a, b) for tests conducted at
100°C and 25°C, respectively. These figures compare the frictional behaviour of
different lubricants with and without phosphonium ILs (referred in graphs as IL1 and
IL2). Figure 40 (e, f, g, h and i) and Figure 41 (c, d) show the typical measurement of
Electrical Contact Resistance (ECR), for the same lubricants and lubricant-IL mixtures
mentioned in Figure 40 (a, b, c, d and e) and Figure 41 (a, b), respectively. The x-
coordinate in all cases represents the testing time in seconds. The effect of
temperature on tribological performance of different engine lubricants and lubricant-IL
mixtures was also studied. Experiments were conducted at 100°C which is an
average engine oil temperature during engine operation and 25°C which is room

temperature at which engine normally starts. Tribo-tests were run to achieve a steady-
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state kinetic friction force, therefore, continuous measurements at every 1s of the
complete bench test duration was made and divided by the normal applied force to
derive the corresponding kinetic friction coefficient values. Each test was run 3 times
so that average of kinetic friction coefficient results can be used for analysis purpose
and also the repeatability of tests can be assessed. The repeatability (relative
standard deviation) of friction coefficient results was calculated less than 10% in all
tests carried out in laboratory.

Friction coefficient values obtained during the tribo-testing in all cases indicate the
boundary lubrication regime (i.e. friction coefficient ~ 0.1) and are consistent with the
literature [1, 20, 46, 85]. Also it is further verified (see Append B), that theoretical
lubrication regime modelling using lambda ratio which involves minimum oil film
thickness and combined roughness of mating surfaces, depicted boundary lubrication
conditions inside the contact zone during tribological process. It is well known that
friction coefficient of a system operating under boundary lubrication regime is a
function of properties of both lubricant and mating surfaces due to partial contact
between the surfaces [92]. Therefore, in the experiments performed, the properties of
test specimens (cast iron flat and piston ring segment) were maintained constant in all
cases so that the effectiveness of only lubricant present between the interfacing
surfaces could be examined. Further, the presence of wear debris in the contact zone
during sliding can also affect the friction force, this phenomenon is expected since the
in-service and used lubricants contains wear debris generated during the engine

operations before been sampled for laboratory testing.

ECR displays the process of boundary anti-wear film formation between the two
contacting surfaces during the sliding process. In the current research, boundary
lubrication conditions were simulated during the sliding process therefore the thin
boundary film formed by the lubricant additives (or presence of metal oxides) at the
contact interface was analysed using ECR method. This boundary film act as a
resistance to the electrical current flow between the interfacing surfaces of metallic
test samples such that the measure of resistance provides a qualitative indication of
separation between surfaces during the tribological process. The micro-friction
tribometer records these results in the form of contact potential (voltage) which means
high contact voltage is due to high contact resistance. Zero volts means no lubricant

film formed (hence complete metallic contact) whereas 50mV means complete
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separation between the surfaces (hence no metallic contact occurring at all). E. S.
Yamaguchi et al. [93] in their work demonstrated the use of ECR method for analysing
the boundary film formation process for different additives and their mixtures with
base oil. They explained the concept of Induction Time for interpreting the boundary
film formation process. According to their theory, at the beginning of sliding, chemical
change may be occurring resulting in surface species to form, and with continued
sliding, the sufficient accumulation of such species results in rapid boundary film
formation. The time gap between the start of sliding and start of resistive film
formation is defined as induction time. They demonstrated that induction time can vary
with different additives and additive mixtures. Also sudden abruption in film formation
reflected by drop in contact resistance (which quickly reverses again) can be
attributed to metal-to-metal contacts, produced either by wear or by slight lateral
oscillations of the slider; losses of anti-wear film; changes in the film composition in
the contact, possibly reflecting the tenacity of the film or its shear strength or changes

in its conductivity.

The attributes of friction-time curve that characterizes the running-in process are as
follow [94]:

e Change in curve shape
e Duration of certain features of the curve

¢ Magnitude of fluctuations in the friction force at different time

Steady-state sliding could be characterised from the friction-time curve by constant
average value of kinetic friction coefficient. Therefore, attention was given to these

key features while interpreting obtained friction-time curves.

The attributes of ECR curves used to characterize the boundary film formation

process, based on the work of E. S. Yamaguchi et al.[93] are as follow:

¢ Induction time for boundary film formation
¢ Time to reach stable film formation

e Abrupt reversals in contact resistance that quickly reverse back
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Figure 40: Mean Friction coefficient and Electrical Contact Resistance behaviour for
different lubricants and lubricant-IL mixtures during 3h sliding testing at 100°C

For experiments conducted at 100°C, Friction-time curve in all cases, shown in Figure
40 (a, b, ¢, d and e), clearly depict 2 stages of tribological process: running-in and
steady-state sliding. Fast-transition in friction coefficient (>0.2) which is a
representative of increased adhesion between sliding surfaces leading to scuffing

failure, was not evident in any case.

During running-in at 100°C, friction coefficient in all cases was unstable and time to
reach steady-state friction varied for different lubricants and lubricant-IL mixtures.
Mineral base oil took longer (~4000s) to reach steady-state than fully formulated
lubricants (~2000s), both with and without ILs. Jun Qu et al. [95] demonstrated similar
observation for the time required to reach steady-state sliding (or running-in period)
for new 15W40 diesel engine oil in neat form lubricating ring-liner contact at 100°C.
Also, it was noted that time to reach steady-state was reduced by addition of ILs to the
individual lubricants. But the effect was different when IL1 was added to new oil and
used oil. In case of new oil with IL1, steady-state period was never reached and
friction coefficient continuously changed (dropped) along sliding duration, see Figure
40 (a). Whereas, in case of used oil with IL1, steady-state period only short-lived after
initial running-in and then friction coefficient started to drop after 6000s, see Figure 40
(e). ECR results, shown in Figure 40 (f, g, h, |, j and k), further explains the contact
situation between the piston ring segment and cast iron flat sample during lubricated

sliding process.
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Figure 40 (f) shows longer induction time (~6000s) for neat mineral base oil and
mixture containing mineral base oil with IL1, than mixture of mineral base oil with IL2
which started to form film after 380s of initial sliding. Time to form a stable boundary
film at the interface was > 4000s for mixture containing IL2. This phenomenon was
absent in case of neat base oil which has no boundary film forming additives.
Surprisingly, the addition of IL1 to neat mineral base oil could also not produce any
difference to ECR results. These ECR results match closely with their corresponding

friction-time curve shown in Figure 40 (a).

Figure 40 (g) shows 0Os induction time and rapid film formation by neat new oil leading
to a stable film in around 2000s from the test start time. ECR results for neat new oil
also matches with its friction response (Figure 40 b) to the tribo-system which depicts
running-in period up to 2000s of sliding after which both ECR and friction coefficient
remained steady. This boundary film is likely to be formed by the ZDDP and Ca based
detergent additives present in new oil. 0% ECR was noted for the mixture of new oil
and IL2 which also matches with its slightly higher friction response. Induction time for
the mixture of new oil and IL1 was noted to be 1200s depicting slow film formation
process. After 1200s the film formation builds up in a quasi-linear manner for the
remaining sliding duration and no stable film was formed. On comparison with friction-
time curve, ECR results suggested that addition of IL1 to new oil could not produce
the effective boundary anti-wear film at the interface as new oil; hence, there were
some other factors that contributed to the reduction in friction. This observation could
be attributed to low-shear strength layer of metal oxides produced due to oxidation of
nascent sites of metal surface on reaction with oxygen from air dissolved in lubricant
or IL, which can produce lower friction values due to low ductility [46]. The presence of
metal oxides on the worn surface was later verified by the XPS analysis and is

discussed later in this thesis.

Figure 40 (c) shows no difference in the friction response of in-service oil (135h) by
addition of ILs. ECR results (Figure 40h), demonstrated Os induction time for in-
service oil. Also, it effectively formed a stable boundary film after 1000s of sliding
process and this observation aligns with the running-in period of friction-time curve.
Addition of ILs resulted in longer induction time for both mixture of in-service oil with
IL1 (1400s) and with IL2 (1000s). ECR results further showed no stable film was

formed by either of the oil-IL mixtures, and little spikes (noise) in case of IL2, which
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could be attributed to the presence of wear and contaminant debris (dust particles) or
metal-oxide layer. The wear debris can oxidise during the tribological process and act
as insulating layer leading to unstable and high resistance between the metallic
surfaces [46, 96]. After 9000s, rise in contact resistance of oil and IL2 mixture,
indicates the sufficient accumulation of film forming species on sliding surfaces
eventually leading to the formation of relatively thicker film, as discussed by E. S.
Yamaguchi et al. [93].

Figure 40 (d) showed slightly higher friction coefficient after addition of IL1 and IL2 to
the neat in-service oil (196h). Also friction-time curve for neat in-service oil showed a
high friction event between 1500s and 4000s during which friction coefficient
increased slightly and then dropped back to its previous nominal value. This short
transition in friction behaviour of tribo-system could be due to the sudden entrance of
wear debris in the sliding interface which was present in the in-service oil due to its
service in lifeboat engine prior to tribo-testing. Figure 40(i) shows the effect of addition
of ILs on the boundary film formation capability of in-service oil. Addition of ILs
resulted in longer induction time for both mixture of in-service oil with IL1 (280s) and
with IL2 (~2000s), in comparison to neat in-service oil (100s). In both cases, after ~
8000s, a rise in contact resistance leading to stable film formation was noticed.
However, in case of mixture containing in-service oil and IL2, the increase in
resistance is highly unstable as reflected by the reversal spikes giving the appearance

of much broader curve.

Figure 40 (e) showed reduction in the running-in time by the addition of ILs to the neat
used oil (315h), i.e. from 2000s to 1000s.The shorter running-in period could be owing
to rapid truncation of interacting asperities which experience high concentrated
stresses on application of load during sliding. ECR results, Figure 40 (j), demonstrated
that mixtures of used oil and ILs outperformed the boundary film formation capability
of neat used oil. Since the induction time reduces from 900s for neat used oil to 670s
after addition of IL1 and 460s after the addition of IL2. Also a formation of stable film
was seen after addition of both ILs (separately) to used oil. In case of mixture of used
oil and IL1, a further slow rise in contact resistance after 5500s with frequent reversals

in resistance which are also evident from the corresponding friction-time curve.
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It is worth mentioning that ECR curves are the net result of both film forming and film
removal processes [93]. JL Viesca et al. [46] in their work demonstrated the use of
ECR measurements to assess boundary film formation process. They found that at
higher temperature like 100°C, the chemical reactivity of lubricant additives with
sliding surfaces increases the film formation rate, while the film removal rate also
increases owing to the decrease of durability of the boundary film material and the
reduction of hydrodynamic fluid film thickness due to decreasing viscosity of the
lubricant. Therefore, it can be seen that the equilibrium between film formation and

removal rate is important, since it can also affect the ECR results.
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Figure 41: Mean Friction coefficient and Electrical Contact Resistance behaviour for

different lubricants and lubricant-IL mixtures during 3 h sliding testing at 25°C

During the experiments conducted at 25°C, friction response of tribo-system with new
and used engine lubricants (with and without ILs) was noted to be completely different
than that observed during tests conducted at 100°C. At 25°C, running-in period lasted
longer,but generally, the friction resposne in terms of average kinetic friction

coefficient was lower.

Figure 41 (a), shows friction-time curve obtained for new oil with and without ILs.
Clearly, the time to reach steady-state sliding (running-in process) varied in all three
cases. Friction response of tribo-system to neat new lubricant was slightly unstable for
a major portion of test duration and running-in lasted for approximately 5000s (nearly
half-of-test duration). Whereas, after addition of IL1 to the new engine oil, running-in
concluded more gradually with little variations but took little longer (~6000 s) than neat
new oil. Similar phenomenon as IL1, was noted by addition of IL2 to the neat new

engine oil, and steady-state was reached after 3000 s of initial sliding process. ECR
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results (Figure 41 c) demonstrated 169 s induction time for new oil. Also, it effectively
formed a stable boundary film after 608 s of sliding process with a few reversals in
resistance which are also reflected by the friction-time curve. Addition of IL1to new oil
resulted in longer induction time (309 s) and also the time to reach stable film (1000
s). On the other hand, addition of IL2 in new oil, also showed no improvement in
induction time (222 s) but the stable film formed a little quicker (422 s) than new oil.
Furthermore, it was observed that the separation between the sliding surfaces was
more due to the presence of ILs (IL1 and IL2) in fully-fomulated new oil. ECR curve
shape also matches with the friction-time curve in all cases of new oil with and without
ILs. However, running-in period is not noticeable from ECR results. This is obvious
since ECR results not always relate to the friction behaviour of tribo-system (which is
a collective response of all process causing friction) rather they indicate the electrical

insulation between the asperities of interfacing metal surfaces.

Figure 41 (b), shows friction-time curve obtained for used oil with and without ILs. In
case of neat used oil, steady-state was reached at 6200 s but is was only short-lived
until 9000 s after which friction coeffecient dropped again. However, no distinct
steady-state friction behaviour was noted in cases when IL1 and IL2 were added to
neat used oil, separately. This phenomenon is cleary evident from the continuous
drop in kinetic friction coefficient in a quasi-linear manner from the beginning of tests.
May be near the end of test (~9000 s) some stability in friction coeffecient can be
seen. It could be ascribed to the fact that various processes begin to operate during
running-in stage. The superposition of their influence leads to complex friction
changes until a balance (or equilibrium) is achieved but sometimes these processes
continue to evolve and steady-state is either not achieved or short—lived [94]. Figure
41 (d) showed 646 s induction time for used oil. Thereafter, a rapid rise in resistant
takes place leading to relatively a stable boundary film after 755s of initial sliding.
Unlike neat used oil sample, mixtures of used oil with ILs started to form boundary film
in much less time, such that induction time by addition of IL1 and IL2 reduced to 100 s
and 64 s, respectively, compared to 646 s for used oil. Also addition of ILs resulted in
less time needed to form a stable film, in case of both mixture of used oil with IL1
(390 s) and with IL2 (150 s).Furthermore, a higher degree of separation between the
sliding surfaces was noted due to addition of ILs. This phenomenon indicated the
contibution of ILs in boundary film formation leading to reduced asperities contact
between intefacing surfaces. The effect of increased ECR and reduced friction
coefficient was also reflected on the wear volume observations which are discussed in

the next section.
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5.2. Wear results

After the completion of each tribo-test, both the piston ring segment and cast iron flat
samples showed the smooth glossy worn areas depicting the polishing of rough
surface due to boundary conditions.

Since the material removed from the test samples was significant enough for
comparison therefore wear volume measurements were carried out. The surface
mapping of worn surfaces was carried out using the 3D White Light Interferometer
(ZYGO). The direct measurements of wear volume, i.e. the volume of material lost
from the test sample, were carried out using the procedure and equipment as
explained in section 3.4.1. The analysis was done at 1x magnification using the zoom
reduction capabilities provided by the instrument (ZYGO). The low magnification
helped in mapping the complete wear scar area without the need of additional editing
of images, for instance stitching of multiple images captured at higher magnifications.
Also the calibration of measurement software was done using a known volume of an

indentation mark.

Wear volume measurements were only carried out on cast iron samples since no
special sample preparation was needed, on contrary, due to compound curvatures of
piston ring profile the direct wear volume measurement were not possible. Wear
volume results for cast iron flat samples lubricated with different lubricants at two
different operating temperatures100°C and 25°C are shown in Figure 42 and Figure
43, respectively. Each case was evaluated by repeating tests 3 times and an average
of measured wear volume was considered for analysis purpose such that the
repeatability (relative standard deviation) of wear volume results was noted within
10%.

Obtained volume values were then used to calculate the specific wear rate using the

following relation [15]:

V=KFs
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Where V is the obtained wear volume, F is the applied load, s is the sliding distance,
and K is the specific wear rate coefficient (mm*/Nm). The calculated values of specific
wear rate for different lubricants and IL mixtures are shown in Table 10 in the section
5.2.3.

Wear mechanisms taking place during the tribo-testing process on the cast iron
samples were analysed by surface analysis of worn surface area using SEM
technique. The details of the procedure and equipment employed for analysis are
mentioned in section 3.4.2 and 3.4.3. The two different magnifications of 200x and
1500x were used for overall condition and much closer detailed inspection,
respectively. Comparison between the wearing mechanisms of cast iron samples in
presence of different lubricant and lubricant-IL mixtures has been carried out. Figure
44 to Figure 48 show the SEM images of worn surfaces for tests conducted at
operating temperature of 100°C, whereas Figure 49 and Figure 50 show those
conducted at 25°C.

It is worth mentioning that the amount of wear produced in the bench test was
expected to be higher than that can be found in ring-liner sliding contact in actual
running engine for the same duration of sliding process [31] but the wear mechanism
must not be altered. This is due to the fact that constant static load was applied during
the complete bench test duration which resulted in accelerated wear of the test
samples, whereas in actual engine the radial load between piston ring and liner
interface varies with the piston stroke length between top and bottom dead centres.
Also the effect of reduction in applied contact pressure due to increasing contact area
with wear was neglected as it was not possible to apply variable loads on the

tribometer used.

5.2.1. Wear volume results at 100°C

The relative loss of material from cast iron samples in terms of wear volume, defines
the effectiveness of different lubricants and lubricant-IL mixtures. Figure 42, shows the
effect of lubricant degradation on its anti-wear performance and also change in its
anti-wear capability after addition of phosphonium ILs. It was clearly evident that new
15W40 engine oil has produced the least wear and mineral base oil produced the

maximum wear. New 15W40 oil contains the well-designed additive package that
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provides maximum protection in boundary wear conditions. These additives are not
present at all in mineral base oil hence the wear is highest. As the new lubricant was
put into service in heavy duty diesel engine, its effectiveness has reduced which is
reflected by the increasing trend of wear volume results obtained from bench testing
of different in-service lubricants. The trend of increasing wear volume was expected
since the lubricants has lost its effectiveness as a function of its duty cycles in actual
engine represented by number of hours, i.e. 135h, 196h and 315h. Used engine oil
which serviced around 315h in actual engine, produced significantly higher amount of
wear among all the fully-formulated engine oils but lower than mineral base oil. This
infers to the remaining effective additives content in the used lubricant in comparison
to mineral base oil which has none. Since the standard oil analysis of used engine oil
showed it as unfit for further service in engines therefore the wear produced can be

considered as the critical limit to the effectiveness of the fully-formulated engine oil.

The effect of addition of IL1 and IL2 to the different engine-conditioned oils can be
seen in Figure 42. Wear in case of used engine oil reduced by 58% and 34% by
addition of IL1 and IL2, respectively. However increment in wear in all other cases of
fully-formulated engine oils by addition of both the ILs was noted. Interestingly, ILs
helped reducing wear when added as additive to mineral base oil but the anti-wear

performance was not as good as new fully-formulated oil.

Many previous studies [36, 39, 95] have mentioned that owing to the unique dipolar
structure, negatively charged moiety of ILs tend to get adsorbed on the positively
charged metal surface, thus forming a protective film on the surface. The same is also
true for ZDDP anti-wear additives typically present in engine lubricants. It has also
been mentioned that such additives require optimum thermo-mechanical conditions to
form boundary film on the surfaces [29, 30, 40, 97]. The aforementioned findings
indicated the antagonistic interaction between the already present additives in fully-
formulated engine oils and later added ILs. Such interaction could be attributed to the
strong affinity of film forming additives towards the metal surfaces leading to
competitive aggression with ILs which possess similar tendency. It has been
mentioned that tribo-chemical reactions taking place at the surface could also be
detrimental when the synergy of chemical (corrosion) and mechanical (e.g., abrasion
and adhesion) stresses accelerates material removal [40].Therefore such

phenomenon could have happened by the competitive response of all additives to
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form boundary film on surface eventually leading to generation of stresses causing
higher film removal rate than film formation rate. Hence, it provided more local sites
for contact between the mating surfaces which resulted in higher material removal
rate from the softer cast iron surface. The wear volume results are also in line with

ECR results as discussed in the previous section.

Another interesting observation is that the aforementioned wear results seem to have
no symmetry with their friction counterpart. Due to similar steady-state friction
behaviour of fully-formulated engine oils after addition of ILs, it was expected that
wear rate response of tribo-system to the new formulated lubricant-IL mixtures would
be same. However, comparing friction-time curves in Figure 40 with corresponding
wear volume results in Figure 42, showed that addition of ILs to fully-formulated
engine oils have no appreciable effect on their friction behaviour; on the contrary, it
does affect their anti-wear performance significantly. This observation could be
justified by the fact that friction and wear are not directly related. The processes that
lead to friction and wear may arise from different material and systems properties and
often do not reach steady-state at the same time. Therefore, the same friction
behaviour of oil with and without ILs doesn’t necessarily means no-effect on wear as
well. This is because frictional energy input to the system is partitioned differently from
one tribo-system to another. This energy may be used to form oxides, grow cracks,

plough through the surface, heat the surface, or shear debris layers [46, 94].
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5.2.2. Wear volume results at 25°C

Strong effect of operating temperature on the anti-wear performance of new and used
engine lubricants was observed. However effect of asperities contact temperature at
the sliding interface was not considered. Figure 43 shows that wear produced by new
oil at room temperature testing (25°C) is higher than that noted at 100°C. On the other
hand, the used engine lubricant produced less wear at room temperature (25°C) than
that noted at 100°C. Obtained wear volume results also matches closely with the

friction behaviour at 25°C.

The effect of temperature on tribological performance of fully-formulated engine oil,
especially in used form, has been mentioned by other researchers as well [1, 31]. It is
well known de facto when simulated boundary lubrication regime that viscosity of
lubricants has least effect on its tribological performance and additives are mainly
responsible for reducing friction and wear. Therefore change in wear performance of
engine lubricants owing to temperature dependence can be attributed to film forming

additives present in lubricants.

Furthermore, the effect of addition of IL1 and IL2 to the both new and used oils can be
seen in Figure 43. Wear in case of used engine oil reduced by 62% and 64% by
addition of IL1 and IL2, respectively. However, interestingly no appreciable change in
the anti-wear performance of new fully-formulated engine oil by addition of both the
ILs was noted. Hence, depicting the positive response of ring-liner tribo-system to the

lubricant-IL mixtures at 25°C which is normally the engine start temperature.

Clearly a better synergistic interaction is seen between the ILs and already present
additives in fully-formulated engine oil in used form at room temperature than 100°C.
Interestingly, the new oil-IL mixtures also demonstrated much lower wear than that
noted at 100°C depicting synergistic interaction between the ILs and other additives.
Jun Qu et al. [29] and Bo Yu et al. [28] also demonstrated similar improvement in anti-
wear performance of oil-IL mixtures at room temperature due to synergistic interaction
between phosphonium ILs and existing oil additives. Used fully-formulated oil and its
oil-IL mixtures produced higher wear at 100°C than 25°C but stronger temperature

dependence of oil-ILs mixture was seen than neat oil. That means better synergy
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existed between ILs and other additives at room temperature than 100°C. Mixtures of
used oil with IL1 and IL2 even outperformed the new oil, both in terms of friction and
wear reduction capabilities. Hence demonstrating great potential of using the
phosphonium ILs as additive in used fully-formulated engine oils.

102



|
|
|
|

g S |

1) 6% IL2
£ ;

= /

° /

= /6% IL1

(3] /

@ 3

; £

Figure 43: Wear Volume results of cast iron specimensafter 3h sliding at 25°C. Repeatability (relative standard deviation) of results is within
15%
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5.2.3. Wear rate results

Specific wear rate (mm/Nm) allows further a comparison of wear behaviour of any
candidate material tested using different load and sliding distance [18]. In current
research effect of load and sliding distance was not evaluated, however, wear rate
results could allow comparison of wear behaviour with the work carried out by other
researchers using this phosphonium IL as additive in mineral base oil and new fully-

formulated engine oil.
The wear volume results for different engine lubricants and their mixtures with
phosphonium ILs were used to calculate specific wear rate using the following relation
[15]:

V=KFs
Where V is the obtained wear volume, F is the applied load, s is the sliding distance,

and K is the specific wear rate (mm?*Nm). The calculated values of specific wear rate

for different lubricants and IL mixtures are shown in Table 10.

Table 10: Comparison of specific wear rate

Testing

Lubricant 15W40 15W40 + 6% IL1  15W40 + 6% IL2
Temperature

Mineral base oll 28.66 11.31 17.26

New oil 2.01 12.88 27.65
100°C In-service oil (135h) 3.90 15.05 23.78

In-service 0il(196h) 6.82 9.83 15.38

Used oil (315h) 16.90 7.05 11.20

New oil 3.98 3.56 5.07
25°C

Used oil (315h) 9.11 3.45 3.22
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Specific wear rate results for cast iron samples lubricated with different combinations
of oils and ILs are shown in Table 10. The values are considered severe for test
conducted at 100°C using mineral base oil and used fully-formulated oil. While both
new and used oil produced mild wear at room temperature (25°C). Effect of adding ILs
to fully-formulated oils in some cases, such as new oil and in-service oils (135h and
196h) was detrimental leading to increase in wearing rate of cast iron samples. But
the same is not true for used fully-formulated oil and ILs mixture in which wear rate
found to be considerably reduced. Similar effect of ILs addition to fully-formulated oils
was nhoted at room temperature testing, however, much more reduction in wear rates

was noted in used oil case and no appreciable change in new oil case was observed.

Wear rate in engine applications for cylinder liner material should be less than 107’
mm/Nm [18]. This suggestion was seen to be in line with wear rate noted in case of
new fully-formulated oil both at 100°C (average engine oil operating temperature) and
also at 25°C (cold engine start condition). In addition to above, the wear results
observed for new oil with and without phosphonium ILs at room temperature testing
are similar to those reported by other authors [28]. The increase in wear rate for fully-
formulated oils as a function of duty cycle (number of servicing hours) in actual engine
before tribo-testing is obvious due to degradation of anti-wear additives as discussed

in Chapter 4.

5.3. Wear mechanisms

The investigation of wear mechanisms taking place during the sliding process
between the rubbing surfaces under different lubricated conditions was carried out
after the completion of tribo-testing. The centre of worn surface area of the cast iron
samples was analysed using Scanning Electron Microscopy (SEM). The SEM
micrographs taken for different cases of lubricants with and without ILs are shown in

Figure 44 to Figure 50.

Sliding wear has been mentioned to be almost caused by a number of surface

damaging processes, (in case of metals) such as [81]

e Plastic deformation

e Adhesion and material transfer
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e Melting (seizing)
e Cutting wear
e Fatigue fracture (pitting)

e Surface reactions, etc.

Surface analysis results shown in Figure 44 to Figure 48, for tribo-testing carried out
at 100°C, depict similar trend in surface damage as noted previously from wear

volume results (Figure 42).

In all cases, smoothing of asperities of cast iron surface covering the shallow valleys
and forming smooth plateaus with glossy finish depicted plastic deformation
mechanism is observed under boundary wear regime. Scuffing damage was not seen
and also not reflected by the mean friction coefficient values (i.e. < 0.2), in any case.
The cast iron surface lubricated with New Oil is covered by dark lubricant film, Figure
45, unlike the Used Qil case in which material inherited porosities are clearly exposed,
Figure 48. In the latter case, severe wear lines were also seen due to debris present
at the sliding interface either as free particles within oil leading to 3-body abrasion
and/or embossed onto counterpart piston ring running surface leading to 2-body

abrasion.

Addition of ILs to the Used Qil, shown in Figure 48 resulted in wear reduction evident
by fewer mild abrasive wear lines and less exposed porosities. Although the plastic
deformation of asperities (peaks) has taken place even after the addition of ILs the
effect of abrasion wear mode is reduced due to boundary film formation by ILs.
Addition of ILs to the New Qil, shown in Figure 45, resulted in increased wear clearly
evident from material inherited porosities been clearly exposed. Also abrasive wear
liners are clearly visible after the addition of ILs, possibly due to debris generated
during the sliding process causing two and/or three body abrasion at the sliding
interface. In other cases, including In-service Oils (135h and 196h), addition of ILs has
caused comparatively less damaged to the surface than the case of new oil with ILs.
However the effect of addition of ILs is not positive and mild abrasive lines are visible
after ILs addition, which are otherwise not evident in both cases of neat In-service Oils
(135h and 196h). Also like New Oil without ILs, the worn surface is seem to be
covered with a dark lubricant film, most likely boundary lubricant film, which gets

disappeared after the addition of ILs to the In-service Oils (135h and 196h).
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In Figure 49 and Figure 50, the worn surface of cast iron lubricated with New and
Used oil with and without ILs is presented, for tribo-testing carried out at room
temperature (25°C). All the testing parameters were kept same except the operating
temperature was changed to 25°C than the previous tests conducted at higher
temperature (100°C).

Clearly New Oil showed no evidence of abrasive wear in comparison to the cast iron
surface lubricated with the Used Oil. Also due to the possible depletion of the anti-
wear additives in Used Oil, severe plastic deformation of asperities can be seen
leaving no evidence of initial polishing marks of unworn surface before testing.
Whereas presence of such anti-wear additives in New Oil resisted the boundary
lubrication conditions onto the deformation of asperities. Such that some of the valleys
of the ploughing grooves originated during the surface polishing (manufacturing stage
of samples) can be seen in New Oil. No significant change in the wearing mechanism
is noted after the addition of ILs to the New Oil. However, the effect of ILs addition to
the Used Oil is significantly beneficial as surface topography seem to be similar to that
of New Oil case. This positive effect of ILs addition to Used Oil relates closely to its

wear volume results (Figure 43) noted previously.
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Mineral Base Qil Mineral Base Oil + 6% IL1 Mineral Base Oil + 6% IL2
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Figure 44: SEM images of worn flat specimen in Mineral Base Oil w/o 6% ILs after 3h sliding at 100°C; (a) Magnification of images is 200x; (b)
Magnification of images is 1500x
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Figure 45: SEM images of worn flat specimen in New 15W40 Oil w/o 6% ILs after 3h sliding at 100°C; (a) Magnification of images is 200x; (b)
Magnification of images is 1500x
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Inservice Oil (135h) Inservice Qil (135h) + 6% IL1 Inservice Qil (135h) + 6% IL2
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Figure 46: SEM images of worn flat specimen in Inservice 15W40 Qil (135h) w/o 6% ILs after 3h sliding at 100°C; (a) Magnification of images is
200x; (b) Magnification of images is 1500x

110



Inservice Qil (196h) Inservice Qil (196h) + 6% IL1 Inservice Qil (196h) + 6% IL2

(b)

Figure 47: SEM images of worn flat specimen in Inservice 15W40 QOil (196h) w/o 6% ILs after 3h sliding at 100°C; (a) Magnification of images is
200x; (b) Magnification of images is 1500x
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Used Oil (315h) Used Oil (315h) + 6% IL1 Used Oil (315h) + 6% IL2

Figure 48: SEM images of worn flat specimen in Used 15W40 Oil (315h) w/o 6% ILs after 3h sliding at 100°C; (a) Magnification of images is
200x; (b) Magnification of images is 1500x
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Figure 49:SEM images of worn flat specimen in New 15W40 Oil w/o 6% ILs after 3h sliding at 25°C; (a) Magnification of images is 200x; (b)

Magnification of images is 1500x
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Figure 50:SEM images of worn flat specimen in Used 15W40 Oil (315h) w/o 6% ILs after 3h sliding at 25°C; (a) Magnification of images is 200x;
(b) Magnification of images is 1500x
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5.4. Surface Chemistry (EDX and XPS analysis)

The analysis of chemical composition of surface films formed by lubricant between
two sliding surfaces can help understand the factors affecting the anti-wear
performance of lubricant used [e]. Also the analysis can provide much needed
information about the interaction of lubricant’s antiwear additives with the rubbed (or
sliding) surfaces. Therefore, surface analysis techniques such as XPS and EDX were
employed to perform aforementioned chemical analysis of worn surfaces of cast iron
flat samples employed in the current research. It is worth mentioning the difference
between the detection capabilities of XPS and EDX techniques. XPS can provide
information about the chemical composition of the first few nanometric layers (i.e. 1-
5nm) whereas EDX can detect up to the depth of a few microns. Hence both
techniques provide a wealth of information about the surface layer that is formed by

the lubricants.

There is also some limitations to the use of EDX analysis as if the surface layer is
considerably thinner than the penetration depth of scanning source (electron beam)
then the analysis results only provide information about the substrate material and the
surface layer constitutes get much diluted to be detected. Another difficulty with EDX
when analysing thin layers is the results produced could be ambiguous due to multiple
sources of the same elemental species, exemplifying carbon (C) which could be a
constituent of lubricant or metal substrate. XPS does eliminate this problem owing to it
lesser depth penetration capability up to 5nm and provide information about the
chemical state of elemental species present in films in a compound form. XPS cannot
provide information about the bulk of the surface films. Despite their limitations these
surface analysis technigues act as a powerful tool when a collective interpretation of
obtained results is performed. In past, researchers have studied antiwear films
produced by different types of lubricants and additives using XPS[30, 36, 53, 54, 97,
98] and EDX [28-30, 99]techniques.

In current research, analysis was performed on the worn surfaces of cast iron flat
samples lubricated with mineral base oil, new fully formulated 15W40 oil and in-
service fully formulated 15W40 oils sampled after 135h and 196h from engine and
also used oil sampled after 315h from the engine. Analysis was also performed on the

worn surfaces of cast iron flat samples lubricated with the mixtures of above oils with
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two different phosphonium ILs referred as IL1 and IL2 in 6% volume proportions. The
comparison was made to the chemical composition of the surface films formed by
neat lubricants and their corresponding Oil-IL blends.
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5.4.1. Mineral base oil with/without IL1 and IL2 (at 100°C)

The low resolution survey spectra were performed in order to detect all the elements
present on the surface with binding energies ranging between 1 and 1200 eV. Energy
step of 1leV each with a dwell time of 0.3sec was considered to identify the key
elements present in the scanned area. The high intensity peak elements were later
analysed at higher resolution for detailed study of their binding energy values and

corresponding chemical compounds.

The low resolution survey scans were taken at the centre of worn surface of cast iron
flat samples as shown in Figure 44 (a, b, ¢) respectively. It can be seen that Fe, Mn,
O, C and Si elements were detected in each case but P was only noted on worn
surfaces lubricated with oil and IL blends. In addition, EDX analysis results shown in

Table 11 also confirm the presence of element P only in case of oil and IL blends.

It can be deduced from the results that phosphonium based ILs (IL1 and IL2) have
reacted with the metal surface during the tribo-testing process and produced a
phosphorus containing boundary antiwear film on the rubbed surface. Interestingly, Cr
was noted only in the case of neat mineral base oil as depicted by XPS analysis. In
contrast the addition of ILs reduced the chromium level below the detectable limits.
This suggested that material transfer (adhesive wear) from the surface of chromium
coated piston ring has taken place during the sliding process when neat mineral base
oil was used. But EDX results provided no evidence of Cr on the worn surfaces in all

the three cases suggesting it was below the detectable limits of this technique.

Table 12 shows the binding energy shifts for Fe, O and P elements, each of which
have been discussed above. These elements are the main constituents of the cast
iron flat sample and lubricant or IL employed. Therefore change in their binding
energy values reflect the change in their chemical state and indicate the thermo-
chemical reactions taking place during the sliding process inside of worn surface. The
higher resolution scan of main elements such as Fe, O and P has been taken using

XPS to evaluate the change in chemical state of these elements by measuring their
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binding energies. The measurement was also taken outside the worn surface (wear

scar) in neat mineral base oil case for comparison purpose.

Table 11: Elemental concentration inside worn surface obtained by EDX analysis

lubricated with

C (@] Si Mn Fe P

Mineral Base Oil 7.32 11.77 2.01 0.64 78.27 nd

Mineral Base Oil + 6% IL1 6.96 15.14 1.67 nd 75.66 0.57

Mineral Base Oil + 6% IL2 6.44 10.46 2.26 0.61 77.98 1.18

nd — not detectable

Table 12: XPS results — binding energy shifts — worn surface on cast iron flat samples

Binding Energy (eV) Assignable Chemical Compounds
. . Mineral Base Oil Mineral Base Qil
Element Mineral Base Oil 6% IL1 + 6% IL2
Outside wear scar Inside wear scar Inside wear scar Inside wear scar
Fe 711.0 Fe,0; 710.9 Fe,03 710.9 Fe,05 710.9 Fe,05

713.1 Fe metallic

(0] 530.4 Fe,0; 530.3 Fe,0; 530.2 Fe,03 530.5 Fe,0;
532.4 na 532.3 na 531.7 FePO, 531.9 FePO,
P nd nd 133.2 FePO, 133.5 FePO,

na — not assignable; nd — not detectable
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Figure 51: High resolution Fe 2p3/2 XPS spectra of the worn surface on cast iron flat

samples lubricated with (a) Mineral Base Oil (b) Outside wear scar — Mineral Base Oil
(c) Mineral Base Oil + 6% IL1 (d) Mineral Base Oil + 6% IL2

Figure 51 (a) and (b) show the high resolution spectra of Fe2p3/2 taken inside and

outside the worn surface, respectively, on the cast iron flat samples lubricated with

neat mineral base oil. Two peaks were detected inside the worn surface located at
710.9 eV (fwhm' = 2.68 eV) and 713.1 eV (fwhm = 2.68 eV). The first peak could be

assigned to Fe oxides (Fe,O3) and second peak to the Fe metallic surface structure

which possess different binding energies compared to the bulk of the substrate

material. Only one peak at 711 eV (fwhm = 2.62 eV) was noted outside the worn

surface and was assigned to Fe-oxides. Samples lubricated by the mineral base oil +

6% IL1 and mineral base oil + 6% IL2, demonstrated only one peak at 710.9 eV

(fwhm = 2.68 eV) assigned to Fe,03, as shown in Figure 51 (c) and (d), respectively.

Yfwhm —full width half maximum
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Figure 52: High resolution Ol1s XPS spectra of the worn surface on cast iron flat
samples lubricated with (a) Mineral Base Oil (b) Outside wear scar — Mineral Base Oil
(c) Mineral Base Oil + 6% IL1 (d) Mineral Base Oil + 6% IL2

Figure 52 (a) and (b) show the high resolution spectra of Ols taken inside and outside
the worn surface, respectively, on the cast iron flat samples lubricated with neat
mineral base oil. Inside the worn surface two peaks were detected at 530.3 eV (fwhm
= 1.96 eV) and 532.3 eV (fwhm = 1.96 eV). The first peak could be assigned to
Fe,Oswhereas the second peak was difficult to assigned to any specific compound of
oxygen but more likely it is associated with the mineral base oil. A very similar
phenomenon was noted outside the worn surface with two peaks at 530.4 eV (fwhm =
1.98 eV) and 532.4 eV (fwhm = 1.98 eV) belonging to the same sources. When
phosphonium ILs were added to the mineral base oil, a shift in the binding energy of
O1s was noted. In case of sample lubricated with mineral base oil + 6% IL1 a new
peak at 531.7 eV (fwhm = 2.1 eV) indicative of iron phosphate (FePO,) was noted
along with another peak at 530.2 eV (fwhm = 1.9 eV) corresponding to Fe,0s, as

shown in Figure 52 (c). Similarly in case of sample lubricated with mineral base oil +
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6% IL2 a new peak at 531.9 eV (fwhm = 2.0 eV) indicative of iron phosphate (FePO,)
was noted along with another peak at 530.5 eV (fwhm = 2.0 eV) corresponding to
Fe,0s, as shown in Figure 52 (d). Therefore it is clearly found that the concentration of
O element is higher inside the worn surface than outside, in all the cases. Hence it can
be deduced that the tribo-chemical reactions between the different constituents of
lubricant and metal surfaces have taken place during sliding process.
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Figure 53: High resolution P2p XPS spectra of the worn surface on cast iron flat
samples lubricated with (a) Mineral Base Oil (b) Outside wear scar — Mineral Base Oil
(c) Mineral Base Oil + 6% IL1 (d) Mineral Base Oil + 6% IL2

Figure 53 (a) and (b) show the high resolution spectra of P2p taken inside and outside
the worn surface, respectively, on the cast iron flat samples lubricated with neat
mineral base oil. Clearly low intensity peaks were noted in both the cases which infers
that concentration of phosphorus is too low to be appreciated which is obvious since
the only source of phosphorus in these cases is cast iron substrate material which
contains as low as 0.4 to 1.1 % of elemental P. But since XPS detects upto the depth
of first few nanometers therefore surface outside the worn area could be covered with
the adsorbed layer of mineral base oil which does not contain P. Samples lubricated
by the mineral base oil + 6% IL1 and mineral base oil + 6% IL2, demonstrated
considerable concentration of P with a peak at 133.2 eV (fwhm = 2.0 eV) and a peak
at 133.5 eV (fwhm = 2.0 eV), both of which could be assigned to iron phophate
(FePQ,), as shown in Figure 53(c) and (d), respectively. It is worth mentioning here

that the low amount of P in these two cases resulted in a low ratio of Fe,O3/ FePO,
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thus hardening the detection of iron phoshate in the Fe2p3/2 spectra which are
discussed earlier in this section.

5.4.2. New Oil with/without IL1 and IL2 (at 100°C)

The low resolution survey scans were taken at the centre of worn surface of cast iron
flat samples as shown earlier in Figure 45(a, b, c) respectively. It can be seen that Fe,
Mn, O, Ca, C, P and Si elements were detected in each case. In addition, EDX
analysis results in Table 13 also show same elements in addition to S and Zn which
are otherwise not evident from XPS analysis. This could be due to depth penetration
limit of XPS analysis up to 1-5 nm whereas EDX can detect elemental concentration

up to the depth of a few microns.

P, Zn and S are the main constituent elements of ZDDP additives which are added to
the engine lubricants for antiwear protection [30, 97]. Ca is main constituent of
calcium sulphonate which is a typical detergent additive in engine lubricants [30]. The
function of detergent additive is to neutralize the in-organic acidic combustion by-
products and the organic acidic products formed by oil degradation processes. In
addition it prevents the formation and build-up of varnishes on engine component
surfaces. Fe, C and Si are the major constituents of cast iron flat sample, as
mentioned earlier in the section 3.3.2. The key elemental constituents of ILs (IL1 and
IL2) are C, O and P. Also, C and O can come from hydrocarbon chain of mineral base
oil and surface contaminants, and also O could be contributed by air resolved in
lubricant [100].

From the results it can be seen that the concentration of Ca, P, Zn and S has reduced
inside worn surface by addition of ILs to the New fully formulated 15W40 oil. The
effect is more severe in the case of New 15W40 Oil + 6% IL2. On the contrary, the
concentration of O has increased by addition of ILs to the New fully formulated 15W40
oil. Therefore it can be deduced from these observations that addition of ILs to fully
formulated oil resulted in reduced reactivity of ZDDP (antiwear) and Calcium
Sulphonate (detergent) additives with the Fe containing cast iron surface. Increased
reactivity of O element was studied in detail using XPS analysis and explained later in

this section. Interestingly, no Cr, if any exists, was noted, therefore suggesting no
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material transfer (adhesive wear) from the surface of chromium coated piston ring had

taken place during the sliding process in all the three cases.

Table 13: Elemental concentration inside worn surface obtained by EDX analysis

Cast iron flat surface
lubricated with

Element concentration (in weight %)

C (@] Si S Ca Zn Mn Fe P
New 15W40 QOil 6.69 5.24 199 125 066 163 0.77 80.85 0.92
New 15W40 Oil +
6.17 8.92 1.77 0.07 0.52 0.47 nd 81.29 0.78
6% IL1
New 15W40 Oil +
7.38 7.31 2.10 0.23 nd nd 0.54 82.02 0.42

6% IL2

nd — not detectable

Table 14: XPS results — binding energy shifts — inside worn surface on cast iron flat

samples

Binding Energy (eV)

Assignable Chemical Compounds

Element New Oil New Oil + 6% IL1 New Oil + 6% IL2
Fe 710.2 Fe;0,4 710.7 Fe,O3 710.8 Fe,O;
712.2 FePO,
(@] 530.2 Fe,O3 528.5 Fes;0,4 528.5 Fe;0,4
531.8 FePO, 530.0 Fe,O5 529.9 Fe,O;
531.8 FePO, 531.7 FePO,
Ca 347.5 Ca.3(PO4)2 347.9 Ca.3(PO4)2 347.9 Cag(PO4)2
344.7 Ca-metal 344.7 Ca-metal
P 1334 FePO, 129.9 Fe,P 130.8 na
133.8 FePO,

na — not assignable
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Table 14 shows the binding energy shifts for Fe, O, Ca and P elements, each of which
have been discussed above. These elements are the main constituents of the cast iron
flat sample and lubricant or IL employed. Therefore change in their binding energy
values reflect the change in their chemical state and indicate the thermo-chemical
reactions taking place during the sliding process inside of worn surface. The higher
resolution scan of main elements such as Fe, O, Ca and P has been taken using XPS
to evaluate the change in chemical state of these elements by measuring their binding
energies.
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Figure 54: High resolution Fe 2p3/2 XPS spectra of the worn surface on cast iron flat
samples lubricated with (a) New Qil (b) New Oil + 6% IL1 (¢) New Oil + 6% IL2

Figure 54 (a, b, ¢) show the high resolution spectra of Fe2p3/2 taken inside the worn

surface on the cast iron flat samples lubricated with New fully formulated 15W40 oil

with and without ILs. Figure 54depicts (a) two peaks located at 710.2 eV (fwhm = 2.6

eV) and 712.2 eV (fwhm = 2.6 eV) detected inside the worn surface on the cast iron

flat sample lubricated with New fully formulated 15W40 oil. The first peak could be

assigned to Fe oxides (Fes0,) [101] and second peak to the Iron Phosphate (FePOy)
[102]. In Figure 54 (b), a single peak at 710.7 eV (fwhm = 2.6 eV) was noted for the

worn surfaces lubricated with blends containing 6 volume% of IL1. A similar peak at

710.8 eV (fwhm = 2.6 eV) was noted for New Oil + 6% IL2. Both peaks were assigned
to Fe oxides (Fe,03) [103-105].
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Figure 55: High resolution O1s XPS spectra of the worn surface on cast iron flat
samples lubricated with (a) New Qil (b) New Qil + 6% IL1 (¢) New Oil + 6% IL2

Figure 55 (a, b, ¢) show the high resolution spectra of Ols taken inside the worn
surface on the cast iron flat samples lubricated with New fully formulated 15W40 oil
with and without ILs. In the sample lubricated with New fully formulated 15W40 oil
without IL, two peaks located at 530.2 eV (fwhm = 2.2 eV) and 531.8 eV ((fwhm = 2.2
eV) were measured in the O1s high resolution spectrum. These peaks were assigned
to Fe,O3; and FePO,, respectively [106, 107]. In the case of New OQil + 6% IL1 (see
Figure 55 b), the peak from Fe,O3 (B.E.= 530.0 eV; fwhm = 2.2 eV) and FePO,4(B.E. =
531.8 eV; fwhm = 2.2 eV) remained and a third peak was detected at 528.5 eV (fwhm
= 2.0 eV) which was assigned to Fe3;0,4 , according to NIST database [106]. Similar
observations were made on cast iron sample lubricated with New Oil + 6% IL2 (Figure
55c¢), such that peaks were detected at 528.5 eV, 529.9 eV and 531.7 eV.
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Figure 56: High resolution Ca 2p XPS spectra of the worn surface on cast iron flat
samples lubricated with (a) New Qil (b) New Oil + 6% IL1 (c) New QOil + 6% IL2

Figure 56 (a, b, c) show the high resolution spectra of Ca2p taken inside the worn
surface on the cast iron flat samples lubricated with New fully formulated 15W40 oil
with and without ILs. In the sample lubricated with New fully formulated 15W40 oil
without IL, as shown in Figure 56 (a), one doublet consisting of Ca 2p3/2 and Ca
2p1/2 was noted. For the analysis purpose, only 2p3/2 peak was considered which
defines the chemical state of Ca element. This could be because of high intensity of
his peak compared to 2pl/2 peak, and secondly the both peaks could be widely
spread (with significant difference in their B.E. values) such that one peak can be
considered for comparison with that of other samples. Therefore, the Ca 2p3/2 peak in
(a) was detected at 347.5 eV (fwhm = 1.7 eV), which was assigned to Caz(PO,)..
Addition of both ILs to the new oil resulted in a new doublet of Ca2p in addition to the
previously noted without ILs. Such that as shown in Figure 56 (b) and (c), the 2p3/2
peaks were noted at 344.7 eV (fwhm = 2.4 eV) and 347.9 eV (fwhm = 2.3 eV). These
new peaks were assigned to Ca-metal [108, 109] and Cas(PQ,), [106],respectively.
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Figure 57: High resolution P 2p XPS spectra of the worn surface on cast iron flat
samples lubricated with (a) New Qil (b) New Oil + 6% IL1 (c) New Oil + 6% IL2

Figure 57 (a, b, ¢) show the high resolution spectra of P2p taken inside the worn
surface on the cast iron flat samples lubricated with New fully formulated 15W40 oil
with and without ILs. In the sample lubricated with New fully formulated 15W40 oil
without ILs, one peak located at 133.4 eV (fwhm = 2.3 eV) was measured in the P2p
high resolution spectrum. This peak was assigned to FePO,4[106, 107]. In the case of
New Oil + 6% IL1 (see Figure 57 b), the one peak from the compound Fe,P (B.E. =
129.9 eV; fwhm = 2.2 eV) was detected, according to NIST database [106]. Similar
observations were made on cast iron sample lubricated with New Oil + 6% IL2 (Figure
57 c), such that two peaks were detected at 130.8 eV (fwhm = 2.7 eV) and 133.8 eV
(fwhm = 2.2 eV). First peak was difficult to be assigned and second was assigned to
FePO,. Boundary film seems to be a combination of both iron phosphate and calcium
phosphate in new oil; however the addition of ILs caused change in the reactivity of
element P with both Fe substrate and Ca detergent additive to form boundary film on

the surface.
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5.4.3. In-service oil (135h) with/without IL1 and IL2 (at 100°C)

The low resolution survey scans were taken at the centre of worn surface of cast iron
flat samples as shown earlier in Figure 46(a, b, c) respectively. It can be seen that Fe,
Mn, Cr, O, Ca, C, P and Si elements were detected in each case. In addition, EDX
analysis results in Table 15 also show almost all of the same elements in addition to S
and Zn which are otherwise not evident from XPS analysis. This could be due to
depth penetration limit of XPS analysis up to 1-5 nm whereas EDX can detect
elemental concentration up to the depth of a few microns. Some elements mentioned
as not detectable that means they were below the detection capabilities of the EDX

instruments employed.

From the results it can be seen that the concentration of Ca, Zn and S has reduced
inside worn surface by addition of ILs to the In-service Qil (135h). On the contrary, the
concentration of O and P has increased by addition of ILs to the oils. Therefore it can
be deduced from these observations that addition of ILs to fully formulated oil resulted
in reduced reactivity of ZDDP (antiwear) and Calcium Sulphonate (detergent)
additives with the Fe containing cast iron surface. Increased reactivity of O element
was studied in detail using XPS analysis and explained later in this section.
Interestingly, no Cr was noted by EDX analysis, which is otherwise reflected by XPS,
therefore suggesting a very mild material transfer (adhesive wear) from the surface of
chromium coated piston ring had taken place during the sliding process in all the three

cases.

Table 16 shows the binding energy shifts for Fe, O, Ca and P elements, each of which
have been discussed above. These elements are the main constituents of the cast iron
flat sample and lubricant or IL employed. Therefore change in their binding energy
values reflect the change in their chemical state and indicate the thermo-chemical
reactions taking place during the sliding process inside of worn surface. The higher
resolution scan of main elements such as Fe, O, Ca and P has been taken using XPS
to evaluate the change in chemical state of these elements by measuring their binding

energies.
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Table 15: Elemental concentration inside worn surface obtained by EDX analysis

Cast iron flat surface

lubricated with

Element concentration (in weight %)

C (@] Si S Ca Zn Mn Fe P
In-service Oil 7.44 957 2.07 057 048 0.82 nd 78.11 0.93
In-service Oil +
6.02 15.70 1.86 0.42 0.42 nd 0.66 74.21 0.72
6% IL1
In-service Oil +
nd 11.79 2.18 0.07 0.40 0.36 nd 84.13 1.07

6% IL2

nd — not detectable

Table 16: XPS results — binding energy shifts — inside worn surface on cast iron flat

samples

Binding Energy (eV)

Assignable Chemical Compounds

Inservice Oil (135h)

Inservice Oil (135h)

Element Inservice Oil (135h) 6% IL1 + 6% ILD

Fe 710.4 Fes;04 710.3 Fes;0,4 710.6 Fes;0,4
712.1 FePO, 711.6 Fe,O3 712.7 FePO,

(@] 530.2 Fe,O3 530.1 Fe,O3 530.1 Fe,O5
531.9 FePO, 531.7 FePO, 531.6 FePO,
533.3 na

Ca 347.8 Ca3(PO4)2 347.5 Ca3(PO4)2 347.5 Ca3(PO4)2

P 133.8 FePO, 133.4 FePO, 1335 FePO,

na — not assignable
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Figure 58: High resolution Fe 2p3/2 XPS spectra of the worn surface on cast iron flat
samples lubricated with (a) Inservice Oil (135h); (b) Inservice Oil (135h) + 6% IL1; (c)
Inservice Qil (135h) + 6% IL2

Figure 58 (a, b, ¢) show the high resolution spectra of Fe2p3/2 taken inside the worn
surface on the cast iron flat samples lubricated with In-service Oil (135h) with and
without ILs. Figure 58 (a) depicts two peaks located at 710.4eV (fwhm = 2.4 eV) and
712.1 eV (fwhm = 2.5 eV) detected inside the worn surface on the cast iron flat
sample lubricated with neat In-service Oil. The first peak could be assigned to Fes;O,
[101] and second peak to FePO, [102]. Addition of IL1 in the in-service Oil (135h)
resulted in two peaks, as shown in Figure 58 (b), located at 710.3eV (fwhm = 2.3 eV)
and second peak at 711.6eV (fwhm = 2.8 eV) assignable to Fe;04 and Fe,O3 [103],
respectively. Similarly, addition of IL2 in in-service Oil (135h) resulted in two peaks, as
shown in Figure 58 (c). First one appeared at 710.6eV (fwhm = 2.7 eV) and second
peak at 712.7eV (fwhm = 2.5 eV) assignable to Fe;O, and FePO, respectively.
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Figure 59: High resolution Ol1ls XPS spectra of the worn surface on cast iron flat samples
lubricated with (a) In-service Qil (135h); (b) In-service Oil (135h) + 6% IL1; (c) In-service
Oil (135h) + 6% IL2

Figure 59(a, b, c) show the high resolution spectra of Ols taken inside the worn
surface on the cast iron flat samples lubricated with In-service Oil (135h) with and
without ILs. The surface analysis showed results very similar to that noted for New Oil
case (with/without ILs). Figure 59 (a) depicts three peaks located at 530.2 eV (fwhm =
1.8 eV), 531.9 eV ((fwhm = 1.8 eV) and 533.3 eV ((fwhm = 2.2 eV) measured for
sample lubricated with In-service Oil (135h) oil without ILs. First two peaks were
assigned to Fe,Os; and FePO,, respectively, [106, 107]. In the case of In-service Oil
(135h) + 6% IL1 (see Figure 59b), the peak from Fe,O3 (B.E. = 530.1 eV; fwhm = 1.8
eV) and FePO, (B.E. = 531.7 eV; fwhm = 2.5 eV) remained. Similar observations
were made on cast iron sample lubricated with In-service Oil (135h) + 6% IL2 (Figure
59c), such that peaks were detected at 530.1 eV, and 531.6 eV. Interestingly the third
peak which was detected at 533.3 eV (fwhm = 2.2 eV) and difficult to be assigned has
disappeared after the addition of both ILs.

133



X 101

a 4
(@) 270 Ca 2o
260 7
250 1
240 7
0 2301
o
O 220
210 7
200
190 +— : ; '
354 351 348 345 342
Binding Energy (eV)
4
(b) x 10 1
225 1 Cazo] (€ 250710
220 § Q<P _— Ca 2p
215
210 2N
205 | o 2201
® 200 % 2103
O 195 200
190 ]
e 190
180 1 180
354 351 348 345 342 354 351 348 345 342
Binding Energy (eV) Binding Energy (eV)

Figure 60: High resolution Ca2p XPS spectra of the worn surface on cast iron flat
samples lubricated with (a) In-service Oil (135h); (b) In-service Oil (135h) + 6% IL1;
(c) In-service Oil (135h) + 6% IL2

Figure 60 (a, b, c) show the high resolution spectra of Ca2p taken inside the worn
surface on the cast iron flat samples lubricated with In-service Oil (135h) with and
without ILs. In the sample lubricated with In-service Oil (135h) oil without IL, as shown
in Figure 60 (a), one doublet consisting of Ca 2p3/2 and Ca 2pl/2 was noted. Same
as the previous case of New Qil only 2p3/2 peak was considered for the analysis
purpose, which defines the chemical state of Ca element. Therefore, the Ca 2p3/2
peak in (a) was detected at 347.8 eV (fwhm = 2.0 eV) which can be assigned to
Caz(PO,).. Unlike New Oil, addition of both ILs to the In-service Oil (135h) does not
result in the formation of a new doublet of Ca2p in addition to the previously noted
without ILs. Therefore, as shown in Figure 60 (b) and (c), Ca 2p3/2 peak was noted at
3445 eV (fwhm = 2.0 eV) in both cases. These new peaks were assigned to
Caz(P0,)2[106]. Clearly a shift of previous peak by 0.3 - 0.4eV can be seen after the
addition of ILs.
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Figure 61: High resolution P2p XPS spectra of the worn surface on cast iron flat
samples lubricated with (a) In-service Oil (135h); (b) In-service Oil (135h) + 6% IL1;
(c) In-service Oil (135h) + 6% IL2

Figure 61(a, b, c) show the high resolution spectra of P2p taken inside the worn
surface on the cast iron flat samples lubricated with In-service Oil with and without ILs.
In the sample lubricated with In-service Oil without ILs, one peak located at 133.8 eV
(fwhm = 2.1 eV) was measured in the P2p high resolution spectrum. This peak was
assigned to FePO,4[106, 107]. In the case of In-service Oil + 6% IL1 (see Figure 61b),
the one peak from the compound FePO, (B.E. = 133.4 eV; fwhm = 2.6 eV) was
detected, according to NIST database [106]. Similar observations were made on cast
iron sample lubricated with In-service Oil+ 6% IL2 (Figure 61c), such that one peak
was detected at 133.5 eV (fwhm = 2.0 eV) and assigned to FePO,. Like New Oil case,
boundary film seems to be a combination of both iron phosphate and calcium
phosphate; and the addition of ILs caused no change in the reactivity of element P
with both Fe substrate and Ca detergent additive to form boundary film on the cast

iron surface during the sliding process.
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5.4.4. Used Oil (315h) with/without IL1 and IL2 (at 100°C)

The low resolution survey scans were taken at the centre of worn surface of cast iron
flat samples as shown earlier in Figure 48 (a, b, c) respectively. It can be seen that
Fe, Mn, Cr, O, Ca, C, P and Si elements were detected in each case. In addition, EDX
analysis results in Table 17 also show almost all of the same elements in addition to S
and Zn which are otherwise not evident from XPS analysis. This could be due to
depth penetration limit of XPS analysis up to 1-5 nm whereas EDX can detect

elemental concentration up to the depth of a few microns.

From the results it can be seen that, unlike the case of New Oil and In-service Oil
(135h) discussed earlier in this section, the concentration of Ca and Zn has increased
by the addition of ILs to the Used Oil (315h). However no significant change in
concentration of S can be seen inside worn surface by addition of ILs. On the
contrary, the concentration of O and P has increased same as in the case of In-
service Oil (135h). Therefore it can be deduced from these observations that addition
of ILs to fully formulated oil resulted in increased the reactivity of ZDDP (antiwear) and
Calcium Sulphonate (detergent) additives with the Fe containing cast iron surface.
Increased reactivity of O element was studied in detail using XPS analysis and
explained later in this section. Interestingly, Cr was noted by EDX analysis, only in
case of Used Oil suggesting material transfer (adhesive wear) from the surface of
chromium coated piston ring had taken place during the sliding process in all the three
cases. Addition of ILs resulted in reduced adhesive wear since Cr was only detected

in XPS analysis and not in EDX analysis.

Table 18 shows the binding energy shifts for Fe, O, Ca and P elements, each of which
have been discussed above. These elements are the main constituents of the cast iron
flat sample and lubricant or IL employed. Therefore change in their binding energy
values reflect the change in their chemical state and indicate the thermo-chemical
reactions taking place during the sliding process inside of worn surface. The higher
resolution scan of main elements such as Fe, O, Ca and P has been taken using XPS
to evaluate the change in chemical state of these elements by measuring their binding

energies.
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Table 17: Elemental concentration inside worn surface obtained by EDX analysis

Castiron flat Element concentration (in weight %)

surface lubricated
with

(@ (@] Si S Ca Zn Mn Fe P Cr

Used Oil 7.86 8.75 224 0.36 nd nd 0.75 7955 0.26 0.22

Used Oil +6% IL1 756 1140 2.14 0.28 045 040 051 7677 048 nd

Used Oil +6%IL2 682 1288 1.80 0.34 036 020 nd 7701 058 nd

nd — not detectable

Table 18: XPS results — binding energy shifts — inside worn surface on cast iron flat

samples
Binding Energy (eV) Assignable Chemical Compounds
) Used Oil (315h) Used Oil (315h)
Element Used Oil (315h) 6% IL1 6% IL2
Fe 710.2 Fes;04 710.5 Fes;0,4 710.3 Fe;04
711.4 Fe,O3 712.4 FePO, 711.8 Fe,O3
712.9 FePO,
(@] 530.2 Fe,O3 530.1 Fe,O3 530.0 Fe,O;
531.7 FePO, 531.8 FePO, 531.7 FePO,
532.5 na

Ca 347.8 Ca3(PO4)2 347.7 Ca3(PO4)2 347.8 Ca3(PO4)2

P 133.7 FePO, 133.4 FePO, 133.8 FePO,
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Figure 62: High resolution Fe 2p3/2 XPS spectra of the worn surface on cast iron flat
samples lubricated with (a) Used Qil (135h); (b) Used Oil (135h) + 6% IL1;(c) Used Oil
(135h) + 6% IL2

Figure 62 (a, b, ¢) show the high resolution spectra of Fe2p3/2 taken inside the worn
surface on the cast iron flat samples lubricated with Used Oil (315h) with and without
ILs. Figure 62 (a) showed that Fe2p3/2 band could be fitted with three different peaks
at 710.2eV (fwhm = 2.2 eV), 711.4eV (fwhm = 2.1 eV) and 712.9 eV (fwhm = 2.2 eV).
Peaks observed could be assigned to Fes;04101], Fe,03[103-105]and FeP0,4[102],
respectively. Addition of IL1 in the Used Oil (315h) resulted in two peaks, as shown in
Figure 62 (b), located at 710.5 eV (fwhm = 2.7 eV) and 712.4 eV (fwhm = 2.0 eV)
assignable to Fe;O,4 [101]and FePO, [102], respectively. Similarly, addition of IL2 in
Used Oil (315h) resulted in two peaks, as shown in Figure 62 (c). First one appeared
at 710.3eV (fwhm = 2.9 eV) and second peak at 711.8eV (fwhm = 3.6 eV) assignable
to Fe;04[101]and Fe,03[103-105] respectively.
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Figure 63: High resolution O1s XPS spectra of the worn surface on cast iron flat
samples lubricated with (a) Used Qil (135h); (b) Used Oil (135h) + 6% IL1;
(c) Used Oil (135h) + 6% IL2

Figure 63(a, b, c) show the high resolution spectra of Ols taken inside the worn
surface on the cast iron flat samples lubricated with Used Oil (315h) with and without
ILs. Figure 63(a) depicts three peaks located at 530.2 eV (fwhm = 2.0 eV), 531.7 eV
(fwhm = 1.4 eV) and 532.5 eV (fwhm = 2.1 eV) measured for sample lubricated with
Used Oil (135h) without ILs. First two peaks were assigned to Fe,Oz; and FePOy,
respectively, [106, 107]. In the case of Used Qil (315h) + 6% IL1 (see Figure 63b), the
peak from Fe,O3 (B.E. = 530.1 eV; fwhm = 1.7 eV) and FePO, (B.E. =531.8 eV; fwhm
= 2.4 eV) remained. Similar observations were made on cast iron sample lubricated
with Used QOil (315h) + 6% IL2 (see Figure 63c), such that peaks were detected at
530.0 eV (fwhm = 1.4 eV) and 531.7 eV (fwhm = 2.7 eV). Interestingly the third peak
which was detected at 532.5 eV (fwhm = 2.1 eV) and difficult to be assigned has
disappeared after the addition of both ILs.
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Figure 64: High resolution Ca 2p XPS spectra of the worn surface on cast iron flat
samples lubricated with (a) Used Qil (135h); (b) Used Oil (135h) + 6% IL1;
(c) Used Oil (135h) + 6% IL2

Figure 64 (a, b, c) show the high resolution spectra of Ca2p taken inside the worn
surface on the cast iron flat samples lubricated with Used Oil (135h)with and without
ILs. In the sample lubricated with Used Oil (135h) without IL, as shown in Figure 64
(a), one doublet consisting of Ca 2p3/2 and Ca 2pl/2 was noted. Same as the
previous cases of New Oil and In-service Oil (135h), only 2p3/2 peak was considered
for the analysis purpose, which defines the chemical state of Ca element. Therefore,
the Ca 2p3/2 peak in (a) was detected at 347.8 eV (fwhm = 1.7 eV) which can be
assigned to Caz(PO,).. Again the addition of both ILs to the Used Oil (315h) does not
result in the formation of a new doublet of Ca2p in addition to the previously noted
without ILs. Therefore, as shown in Figure 64(b) and (c), Ca 2p3/2 peak was noted at
344.7 eV (fwhm = 1.8 eV) for IL1, and 347.8 eV (fwhm = 1.9 eV) for IL2, respectively.

These new peaks were also assigned to Caz(POy,),[106].
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Figure 65: High resolution P 2p XPS spectra of the worn surface on cast iron flat
samples lubricated with (a) Used Qil (315h); (b) Used Oil (315h) + 6% IL1;
(c) Used Oil (315h) + 6% IL2

Figure 65(a, b, c) show the high resolution spectra of P2p taken inside the worn
surface on the cast iron flat samples lubricated with Used Oil (315h) with and without
ILs. In the sample lubricated with Used Oil (315h) without ILs, one peak located at
133.7 eV (fwhm = 1.9 eV) was measured in the P2p high resolution spectrum. This
peak was assigned to FePO,4[106, 107]. In the case of Used Oil (315h) + 6% IL1 (see
Figure 65b), the one peak from the compound FePO, (B.E. = 133.4 eV, fwhm = 2.0
eV) was detected, according to NIST database [106]. Similar observations were made
on cast iron sample lubricated with Used Oil (315h) + 6% IL2 (Figure 65c), such that
one peak was detected at 133.8 eV (fwhm = 2.0 eV) and assigned to FePO,. Hence,
addition of ILs to Used Oil, increased the intensity of P2p band, making it comparable

to that noted in case of New Oil without ILs.
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5.4.5. New Oil with/without IL1 and IL2 (at 25°C)

The low resolution survey scans were taken at the centre of worn surface of cast iron
flat samples as shown earlier in Figure 49(a, b, c) respectively. It can be seen that Fe,
Zn, O, Ca, C, P and S elements were detected in each case. In addition, EDX
analysis results in Table 19 also show almost all of these elements.

From the above results it can be seen that no change in the concentration of Ca, Zn
and P was noted by the addition of ILs to the New Oil. However the concentration of S
has reduced slightly by addition of ILs. On the contrary, the concentration of element
O has increased appreciably. Therefore it can be deduced from these observations
that addition of ILs to fully formulated oil has no significant effect on the reactivity of
ZDDP (antiwear) and Calcium Sulphonate (detergent) additives with the Fe containing
cast iron surface. Increased reactivity of O element was studied in detail using XPS
analysis and explained later in this section. Interestingly, Cr was noted by EDX
analysis unlike XPS, suggesting mild material transfer (adhesive wear) has taken
place in all cases from the surface of chromium coated piston ring during the sliding
process. Increase in C and O elements in EDX results could be attributed to the
reactivity of ILs with iron (Fe) metal surface, since both elements are present in the

long hydrocarbon chain structure of ILs.

Table 20 shows the binding energy shifts for Fe, Ca, P, Zn and S elements, each of
which have been discussed above. These elements are the main constituents of the
cast iron flat sample and lubricant or IL employed. Therefore change in their binding
energy values reflect the change in their chemical state and indicate the thermo-
chemical reactions taking place during the sliding process inside of worn surface. The
higher resolution scan of main elements such as Fe, Ca, P, Zn and S has been taken
using XPS to evaluate the change in chemical state of these elements by measuring

their binding energies.
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Table 19: Elemental concentration inside worn surface obtained by EDX analysis

Castiron flat Element concentration (in weight %)

surface lubricated
with

(@ (@] Si S Ca Zn Mn Fe P Cr

New Oil 841 388 237 030 036 034 071 83.27 0.26 0.10

New Oil +6% IL1 19.44 517 201 011 034 031 nd 72.27 0.22 0.12

New Oil + 6% IL2 1849 6.24 153 005 042 029 050 72.08 0.27 0.13

nd — not detectable

Table 20: XPS results — binding energy shifts — inside worn surface on cast iron flat

samples
Binding Energy (eV) Assignable Chemical Compounds

Element New Oil New Oil + 6% IL1 New Oil + 6% IL2

Fe 708.8 Fes0, nd nd 708.4 Fes0,

Ca 347.1 CaO 347.6 Caz(PO,), 347.2 CaO

P nd nd 132.6 Ca3(PO4)2 133.2 FEPO4

Zn 1020.8 zn° or ZnS 1022.8 ZnO 1021.6 Zn0O

S 162.0 ZnS 162.8 FeS, nd nd

na — not assignable; nd — not detectable
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Figure 66: High resolution Fe 2p3/2 XPS spectra of the worn surface on cast iron flat
samples lubricated with (a) New Qil (b) New Qil + 6% IL1 (¢) New Oil + 6% IL2

Figure 66 (a, b, ¢) show the high resolution spectra of Fe2p3/2 taken inside the worn

surface on the cast iron flat samples lubricated with New Oil, with and without ILs.
Figure 66 (a) showed that Fe2p3/2 band could be fitted with two different peaks
at708.8eV and 710.6eV assigned to FesO, and Fe,O3 respectively[110, 111].lt was

difficult to conclude Fe 2p3/2 spectra for sample lubricated with the mixture of IL1 and

New OQil, due to high level of noise, as shown in Figure 66 (b). A number of different

bands belonging to iron oxides and iron disulphide could be possible such that making

it difficult to conclude. However, addition of IL2 in New Oil resulted in two peaks, as

shown in Figure 66(c). First peak appeared at 708.4eV and second one at 710.2eV
assignable to Fe;0,[101].
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Figure 67: High resolution Ca 2p XPS spectra of the worn surface on cast iron flat
samples lubricated with (a) New QOil (b) New Oil + 6% IL1 (c) New QOil + 6% IL2

Figure 67(a, b, ¢) show the high resolution spectra of Ca2p taken inside the worn
surface on the cast iron flat samples lubricated with New Oil with and without ILs. In
the sample lubricated with New Oil without IL, as shown in Figure 67(a), one doublet
consisting of Ca 2p3/2 and Ca 2p1/2 was noted. Same as the previous cases of New
Oil at 100°C, however, only 2p3/2 peak was considered for the analysis purpose,
which defines the chemical state of Ca element. Therefore, the Ca 2p3/2 peak in (a)
was detected at 347.1 eV which was assigned to CaO [112]. By the addition of IL1 to
the New Oil the binding energy of Ca 2p3/2 peak shifted to 347.6 eV, assignable to
Caz(P0,)2[107],see Figure 67 (b). On the other hand no significant change in binding
energy was noted for Ca 2p3/2 peak after addition of IL2. Therefore, the 2p3/2 peak
was noted at 347.2 eV assignable to CaO [112], see Figure 67 (c).
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Figure 68: High resolution P2p XPS spectra of the worn surface on cast iron flat
samples lubricated with (a) New Qil (b) New Oil + 6% IL1 (c) New Oil + 6% IL2

Figure 68(a, b, c) show the high resolution spectra of P2p taken inside the worn
surface on the cast iron flat samples lubricated with New Oil with and without ILs. In
the sample lubricated with New Oil without ILs, the concentration of phosphorus was
noted to be very low on the worn surface, as shown in Figure 68 (a), and therefore no
peak could be assigned. In the case of New Oil + 6% IL1 (see Figure 68 b), the one
peak from the compound Ca3(PO,). (B.E. = 132.6 eV) was detected, according to
[113]. A slightly different observations were made on cast iron sample lubricated with
New Oil + 6% IL2 (Figure 68 c), such that a peak was detected at 133.2 eV assigned
to FePO4102].Although addition of ILs to New Oil resulted in clear P2p peaks but
change in the intensity of P2p band was not observed. Different compounds by

addition of IL1 and IL2 indicates difference in their reactivity to form boundary film.
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Figure 69: High resolution Zn 2p XPS spectra of the worn surface on cast iron flat
samples lubricated with (a) New Oil (b) New Qil + 6% IL1 (c) New Oil + 6% IL2

High level of noise in the spectrum made the curve fitting difficult. However following
observation were made. Figure 69 (a, b, ¢) show the high resolution spectra of Zn 2p
taken inside the worn surface on the cast iron flat samples lubricated with New Oil,
with and without ILs. New Oil without ILs (Figure 69 a) showed that Zn 2p band could
be fitted with one peak at 1020.8 eV which is assignable to either ZnS [114].After
addition of IL1 and IL2 to the New OQil, the shift in the binding energy of Zn 2p band
was nhoted. As shown in Figure 69 (b) and (c), a peak in each case was appeared at
1022.8 eV (for IL1[115]) and 1021.6 eV (for IL2[116]), both assignable to ZnO. Thus it
is clearly evident that a change in the reactivity of ZDDP additive has taken place

which resulted in formation of ZnO instead of ZnS after the addition of ILs.
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Figure 70: High resolution S 2p XPS spectra of the worn surface on cast iron flat
samples lubricated with (a) New Oil (b) New Qil + 6% IL1 (c) New Qil + 6% IL2

Figure 70 (a, b, c) show the high resolution spectra of S 2p taken inside the worn
surface on the cast iron flat samples lubricated with New Oil with and without ILs. In
the sample lubricated with New Oil without ILs, one peak located at the binding
energy of 162.0 eV as shown in Figure 70 (a), was assigned to ZnS [117, 118]. In the
case of New Oil + 6% IL1 (see Figure 70b), a peak from the compound FeS, (B.E. =
162.8 eV) was detected, according to NIST database [106, 119]. The content of
sulphur was low to be appreciated by the XPS analysis after addition of IL2, as
evident from the Figure 70 c. Therefore it can be inferred that the addition of ILs
reduces the involvement of sulphur containing ZDDP additive in boundary film
formation. This argument is also well supported by the corresponding EDX results
(Table 19).
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5.4.6. Used Oil with/without IL1 and IL2 (at 25°C)

The low resolution survey scans were taken at the centre of worn surface of cast iron
flat samples as shown earlier in Figure 50 (a, b, c) respectively. It can be seen that
Fe, Zn, O, Ca, C, P and S elements were detected in each case. In addition, EDX
analysis results in Table 21also show almost all of these elements in addition to Cr in
case of Used Oil only.

From the above results it can be seen that the concentration of Ca, S and P has
increased slightly by the addition of ILs to the Used Oil (315h). However the
concentration of Zn and C has reduced significantly by addition of ILs. On the
contrary, the concentration of element O has not changed much. Therefore it can be
deduced from these observations that addition of ILs to fully formulated oil has
increased the reactivity of Calcium Sulphonate (detergent) additive with the Fe
containing cast iron surface; but has reduced the same for ZDDP (antiwear). Increase
in element P could be attributed to the phosphorus containing ILs (IL1 and IL2).
However decrease in element C is difficult to describe. XPS analysis performed on
these elements for change in their chemical state could provide some explanation
about the chemical reactions taking place on the surface. Interestingly, Cr was noted
by EDX analysis unlike XPS, only in the case of Used Qil suggesting mild material
transfer (adhesive wear) has taken place from the surface of chromium coated piston
ring on the cast iron sample during the sliding process. Addition of ILs seems to be
effective in reducing the adhesive wear, since only XPS could detect the Cr in low
resolution spectra and not much appreciably in high resolution spectra of Used Oil

case.

Table 22 shows the binding energy shifts for Fe, Ca, P, Zn and S elements, each of
which have been discussed above. These elements are the main constituents of the
cast iron flat sample and lubricant or IL employed. Therefore change in their binding
energy values reflect the change in their chemical state and indicate the thermo-
chemical reactions taking place during the sliding process inside of worn surface. The
higher resolution scan of main elements such as Fe, O, Ca, P, Zn and S has been
taken using XPS to evaluate the change in chemical state of these elements by

measuring their binding energies.
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Table 21: Elemental concentration inside worn surface obtained by EDX analysis

Cast iron flat

surface lubricated

Element concentration (in weight %)

with
C (@]

Si S Ca Zn Mn Fe P Cr

Used QOil 13.16 5.7

Used Oil +6% IL1 10.22 4.3

Used Oil + 6% IL2 752 5.3

209 004 006 049 058 77.69 0.17 0.04

228 012 019 nd 0.64 8197 0.29 nd

221 009 018 nd 065 8378 030 nd

nd — not detectable

Table 22: XPS results — binding energy shifts — inside worn surface on cast iron flat

samples
Binding Energy (eV) Assignable Chemical Compounds
Element Used Oil Used Oil + 6% IL1 Used Oil + 6% IL2

Fe 708.8 Fes;04 710.0 Fes;0,4 709.7 Fes;0,4

710.1 Fes;04 711.3 Fe,O5
Ca 347.3 Ca3(PO4)2 347.7 Ca3(PO4)2 347.3 Ca3(PO4)2
P 132.9 Ca3(PO4)2 132.8 Ca3(PO4)2 132.9 Ca3(PO4)2
zn nd nd 1022.2 Zn0O 1021.9 Zn0O
S 162.9 FeS, nd nd nd nd

na — not assignable; nd — not detectable
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Figure 71: High resolution Fe 2p3/2 XPS spectra of the worn surface on cast iron flat
samples lubricated with (a) Used Oil (315h); (b) Used Oil (315h) + 6% IL1;
(c) Used Oil (315h) + 6% IL2

Figure 71(a, b, c) show the high resolution spectra of Fe2p3/2 taken inside the worn
surface on the cast iron flat samples lubricated with Used Oil, with and without ILs.
Figure 71(a) showed that Fe2p3/2 band could be fitted with two different peaks at
708.8eV [110] and 710.1eV [101] assigned to Fez0,4. Addition of IL2 in used oil
showed one peak at 710.0eV, as shown in Figure 71 (b) also assigned to FezO,.
However, addition of IL2 in Used Oil resulted in two peaks, as shown in Figure 71(c).
First peak appeared at 709.7eVand second one at 711.3eV assignable to Fe;0,4[101]
and Fe,03[103-105], respectively.
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Figure 72: High resolution Ca 2p XPS spectra of the worn surface on cast iron flat
samples lubricated with (a) Used Oil (315h); (b) Used Oil (315h) + 6% IL1;
(c) Used Oil (315h) + 6% IL2

Figure 72 (a, b, c) show the high resolution spectra of Ca2p taken inside the worn
surface on the cast iron flat samples lubricated with Used Oil (135h) with and without
ILs. In the sample lubricated with Used Oil (315h) without IL, as shown in Figure 72
(a), one doublet consisting of Ca 2p3/2 and Ca 2pl/2 was nhoted. Same as the
previous cases of New Oil at 25°C, only 2p3/2 peak was considered for the analysis
purpose, which defines the chemical state of Ca element. Therefore, the Ca 2p3/2
peak in (a) was detected at 347.3 eV which was assigned to Cas(PQO,), [120]. By the
addition of IL1 to the Used Oil (315h) the binding energy of Ca 2p3/2 peak shifted
slightly to 347.7 eV, assignable to Cas(PO,),, see Figure 72 (b), same binding energy
assigned in [107]. On the other hand no change in binding energy was noted for Ca
2p3/2 peak after addition of IL2. Therefore, the 2p3/2 peak was noted at 347.3 eV
assignable to Cas(PO,),, [120], see Figure 72 (c).
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Figure 73: High resolution P2p XPS spectra of the worn surface on cast iron flat
samples lubricated with (a) Used Oil (315h); (b) Used Oil (315h) + 6% IL1;
(c) Used Oil (315h) + 6% IL2

Figure 73 (a, b, ¢) show the high resolution spectra of P2p taken inside the worn
surface on the cast iron flat samples lubricated with Used Oil (315h) with and without
ILs. In the sample lubricated with Used Oil (315h) without ILs, one peak located at the
binding energy of 1329 eV as shown in Figure 73(a), was assigned to
Caz(P0,)2[113].In the case of Used Oil (315h) + 6% IL1 (see Figure 73b), a peak from
the compound Caz(PO,)., (B.E. = 132.8 eV) was detected, according to NIST
database [106, 113]. Again, no change in binding energy was noted after the addition
of IL2, and a peak was noted at 132.9 eV assigned to Cas(PO,),, as shown in Figure
73c.Hence, although no change in the chemical state of element P was noted after
addition of ILs to Used Oil, but increase in the intensity of P2p band made Used Oil

comparable to that noted in case of New Oil without ILs.
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Figure 74: High resolution Zn 2p XPS spectra of the worn surface on cast iron flat
samples lubricated with (a) Used QOil (315h); (b) Used Oil (315h) + 6% IL1;
(c) Used Oil (315h) + 6% IL2

Low content of Zinc made in the Used QOil possibly due depleted ZDDP additive made
its detection difficult in high resolution spectra of Zn 2p. However following
observation were made. No detectable Zn content was noted in case of Used Oil
without ILs as shown in Figure 74(a). Although it was not expected that addition of ILs
would increase Zn in boundary film since ILs do not contain Zn at all. However, after
addition of IL1 and IL2 to the Used Qil (315h), a single peak of Zn 2p band was noted.
As shown in Figure 74 (b) and (c), a peak in each case appeared at 1022.2 eV [115]
(for IL1) and 1021.9 eV [116] (for IL2), both assignable to ZnO. The reason for this
appearance of Zn after addition of ILs is not clear since corresponding EDX results
showed no Zn in these cases. May be Zn is only present near the surface within the
first few layers and its concentration reduces along the thickness of boundary film thus

making it hard to be detected from the top of the film by XPS.
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Figure 75: High resolution S 2p XPS spectra of the worn surface on cast iron flat
samples lubricated with (a) Used Oil (315h); (b) Used Oil (315h) + 6% IL1;
(c) Used Oil (315h) + 6% IL2

Figure 75 (a, b, c) show the high resolution spectra of S 2p taken inside the worn
surface on the cast iron flat samples lubricated with Used Oil (315h) with and without
ILs. In the sample lubricated with Used Oil (315h) without ILs, one peak located at the
binding energy of 162.9 eV as shown in Figure 75 (a), was assigned to FeS,[119].The
content of sulphur was low to be appreciated by the XPS analysis after addition of
both the ILs, such that no clear peak of S2p could be noted, as shown in Figure 75 (b)
and (c). Therefore like New Oil case, the addition of ILs to the Used Oil reduces the

involvement of sulphur containing ZDDP additive in boundary film formation.
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5.5. Validation of tribological experimental results

The theoretical lubrication regime modelling (Appendix B) depicted that boundary
lubrication conditions exist within the contact zone during sliding tests. In addition,
friction coefficient values obtained are also projected towards the boundary lubrication
regime (friction coefficient ~ 0.1) and are consistent with the published literature [1,
20, 28, 46, 85].

The wear rate results (see Table 10) observed for new fully-formulated engine oil with
and without phosphonium IL1 at room temperature testing are similar to those
reported by B. Yu et al. [28].

This agreement in friction coefficient and wear rate results indicates that the testing
method employed in this research is capable of simulating boundary lubrication
conditions that exist between the top piston ring and cylinder liner near top dead

centre.

Furthermore, regarding the transferability of tribo-testing results - M. Woydt and N.
Kelling [18], had mentioned that a qualitative wear ranking of tribo-couples as worst or
best candidates can be done using tribo-testing, however there is no quantitative
comparison possible with the engine testing. Also, it has been mentioned that the
worn surface morphology of bench test specimens must be compared to that of actual
running engine components to look for same basic wear mechanism taking place [16,

18, 19]. Therefore, the same approach has been adopted in current research.

The cylinder liner was obtained at the end of its service life from the actual engine
during the overhaul which is part of planned maintenance programme for the RNLI
lifeboat’s marine engines at LH (Part of the Wabtec Group, UK). Also a new cylinder
liner of the same engine was kindly supplied by Pilkington Marine Engineering Ltd
(UK). Both cylinder liners were cut at the top dead centre region to prepare small
samples for analysis under SEM. The material specification of the cylinder liner was
identical to that of the cast iron flat specimens employed in the current research

during tribo-testing.
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The comparison of worn surface morphology was made between the actual cylinder
liner (new and used form) and cast iron flat specimen (unworn and worn surfaces)
tested with the used 15W40 engine oil (without ILs) at 100°C and 25°C.

%~ X1,500

g

Wear line
51,5007 4-10pm

Figure 76: SEM images of actual cylinder liners near top dead centre; (a) unworn

surface of new liner; (b) worn surface of used liner at end of its service life

157



Sliding direction
o A

x1,500 10pm

Sliding direction

TR

Wear line

X1,500 771 O} mem—

Figure 77: SEM images of cast iron test specimens; (a) unworn surface before test;

(b) worn surface after test at 100°C; (c) worn surface after test at 25°C
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The wear mechanism on cylinder liner in real engine condition has been studied by

other researchers in past. With reference to their findings, the following comparison

between surface morphology of the actual cylinder liner (Figure 76) and the cast iron

test specimens (Figure 77) have been made as below.

Honing marks which are present on the new liner surface (shown in Figure 76 a)
have completely disappeared on the used liner surface (shown in Figure 76 b)
which was at the end of its service life leading to the very smooth surface. Similar
wear behaviour was found on comparison of surface morphology of the unworn
surface of cast iron flat specimens (shown in Figure 77 a) with the worn surfaces
tested at 100°C (shown in Figure 35 b) and 25°C (shown in Figure 35 c). Here the
polishing marks which are present on unworn surface have almost completely
disappeared on worn surface tested at 100°C but are slightly evident on worn
surface tested at 25°C. The above wear observation is explained by M.F. Jensen
et al. [85] for a similar case, mentioning about the reason behind smoothing of
surfaces. The progression of smearing of asperities (peaks) material lead to the
covering of shallow regions (valleys) such that initial rough surface now appears
very smooth with large plateaus. This smearing of material results from the plastic
deformation due to collisions of asperities during the sliding process. It has also
been mentioned that although smoothening of surfaces reduces the chances of
asperity-asperity collisions but smoothening beyond the critical limit may
eventually results in scuffing. Such conditions often prevail near top dead centre
region of liner where starved lubrication is predominant and increased contact

between surfaces leads to scuffing wear.

The wear lines present on the liner surface (Figure 76 b) and test specimens
(Figure 77 b and c) indicates mild abrasive wear in the direction of sliding motion.
This is a typical wear caused by wear and contaminant debris present at the
sliding interface either as free particle with in oil leading to 3-body abrasion and/or
embossed onto counterpart piston ring running surface (also piston in actual
engine case) leading to 2-body abrasion of relatively softer liner surface.
Additionally, these wear lines could also be due to the polishing wear that has
been mentioned to take place near top-ring-reversal region if carbon formation is

occurring around the ring and in the ring groove [1].

The porosities can also be seen on the surface of liner and test specimens which

are inherent for the cast iron material [28]. However, these porosities are
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dimensionally less evident on worn surfaces of test specimens (Figure 77 b and c)
than liner (Figure 76 b).

e Surface cracks are only visible on the used liner surface (Figure 76 b). Plausible
explanation for its wear mechanism could be the dynamic loading experienced by
the liner surface leading to fatigue cracking of the surface [121]. This phenomenon
is absent in test specimens since these were subjected to constant loading
applied during the complete tribo-testing duration.

The above similarities in the worn surface morphologies suggested that the wear
phenomena observed in the bench tribo-testing correspond closely to the conditions

encountered in actual service life of cylinder liner.
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Chapter 6 Conclusions and recommendations for
future work

e In RNLI lifeboat operations, lubricant degradation in marine engines of
different classes of RNLI lifeboats revealed that average serviceable life of
lubricants is 300 hrs.

e The primary reason for the lubricant change in the marine engines of all
classes of RNLI lifeboats (except Mersey Class) was noted as the high
concentration of iron in lubricant in the form of wear debris. Mersey Class
lifeboats suffer lubricant change due to combined effects of high iron

concentration and high lubricant viscosity.

e The lubricant degradation mechanism includes the depletion of anti-wear
additives (ZDDP) present in the fully-formulated engine lubricants. These
additives become less effective around 300 hrs of engine service as found by

the Nuclear Magnetic Resonance (NMR) spectroscopy.

e Cylinder liners are the main engine components affected by the depletion of
ZDDP additives resulting in small ferrous debris of size range 5 to 15 um.
Wear occurring mainly near the top dead centre (TDC) region of cylinder liner
where boundary lubrication regime is present and anti-wear additives are

responsible to form the protective boundary film.

¢ Real-time lubricant condition monitoring results obtained using a commercially
available oil sensor at bench level for different lubricant samples demonstrated

the dielectric constant as a good indicator of lubricant degradation.

e Future work should focus on taking dielectric constant measurements for
lubricants at engine level tests in RNLI lifeboat to monitor lubricant degradation

in real-time.

e After discussion with RNLI engineering department, the installation of oil
sensor in the oil gallery just after the oil filter in the marine diesel engines could
be an ideal location to have least disturbance from the wear debris on the oil

sensing results.

161



Obtained friction coefficient and wear rate results for ring-liner configuration
lubricated with the mixture of new 15W40 engine oil and Phosphonium lonic
Liquids (ILs) are in good agreement with published literature. In addition, the
worn surface morphology of cast iron made flat test samples was found similar
to that of the actual engine cylinder liner's bore surface near TDC region.
These similarities in results show that the operating conditions experienced
near the TDC region at the ring-liner interface were adequately simulated at
bench level using a reciprocating high frequency friction tribometer.

The addition of Phosphonium ILs as additive in the used engine oil improved

its friction and wear behaviour.

The addition of Phosphonium ILs to relatively less degraded engine oils e.g.
half intended service life (than fully used oil) worsens the wear and produces

no significant change in friction performance.

Interference between Phosphonium ILs and existing additives in engine oils

was noted.

ILs effectively contributed to the boundary film formation when existing
additives (such as ZDDP) are substantially depleted as seen in the case of

used engine oil.

The extension of service life of used engine oils can be achieved and has
potential of significant savings in terms of fuel economy, engine reliability and

also by reduced oil consumption and drainage into the environment.

Further work should focus on lower concentrations of Phosphonium ILs as
additives in used engine lubricants to meet limits on overall phosphorus
content as per ILSAC GF-5.
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Appendix A: Contact Pressure Calculation

Since non-conformal contact geometries were used in the bench tests, therefore the
maximum compressive pressure on the contact surface were calculated using the
Hertz theory. The maximum contact pressure can be calculated using the following
equation [123]

Omax = 0.918

Equation 1

Table 23: Known parameters of piston ring segment-on-flat contact

Known Parameters Values | Sl Units
v, = Poisson ratio of piston ring 0.3

v, = Poisson ratio of flat sample 0.26

E; = Modulus of Elasticity of piston ring 2.9E+11 N/m?
E, = Modulus of Elasticity of flat sample 1.3E+11 N/m?
Ce= 1E-11| m?N
D1 = Diameter of piston ring 0.128 m
D2 = Diameter of flat 0 m

Kp =Dy 0.128 m

F = Total load applied 50 N

For the parameters given in Table 23, the maximum contact pressure can be

calculated using the Equation 1.

Omax = 284.9 MPa

This is the maximum contact pressure which is expected to be present at the centre of

interfacing contact zone.
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Appendix B: Theoretical Lubrication Regime

The piston ring running face and counter-facing flat specimen are separated by a thin
lubricating film which is responsible for carrying the applied load and also maintaining
lower friction and wear during the reciprocating sliding motion. The thickness of such
a lubricating film can be calculated theoretically and thence compared with the
combined roughness of mating surfaces to model the existing lubrication regime.
Minimum lubricant film thickness can be obtained by using the Hamrock and Dowson

(1977a) elliptical contact equation for the case of piston ring segment-on-flat.

0.68 W —0.073

hmin Uno
=3, 2 E* 0.4-9{ } {
R 3.63 {2aE*} SE'R

1 — @—0.068K
2E*RL} (1-e )

Equation 2

The above dimensionless equation relates the dependence of minimum lubricant film

thickness on Load Parameter, Speed Parameter and Material Parameter.

Dimensionless Material Parameter = 2aE*

U
Dimensionless Speed Parameter = lo
2E*R
Dimensionless Load Parameter =
2E*RL

For the known data in Table 24, the values for the above dimensionless parameters

can be calculated
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Table 24: Known data for minimum lubricant film thickness

Known Parameters Sl Units
a = pressure-viscosity constant 1.149E-08 m?/N
E* = Reduced Young's Modulus for the

materials of contacting surfaces 1.98E+11 N/m?
No = Dynamic viscosity of lubricant 0.0056 | s-N/m?
R = Reduced Radius of Curvature 0.01195 m
W = Applied Load 50 N

L = length of contact 0.0035 m
U= Sliding speed 0.022 m/s
v; = Poisson ratio for piston ring 0.3

v, = Poisson ratio for Flat Plate 0.26

E. = Modulus of Elasticity for Piston ring 2.89E+11| N/m?
E, = Modulus of Elasticity for Flat Plate 1.34E+11 | N/m?

Dimensionless Material Parameter = 20E* = 2275.02

U
Dimensionless Speed Parameter = ZETI(; = 9.72E-15
. . W
Dimensionless Load Parameter = = 6.165E — 08
2E*RL

Therefore the dimensionless minimum lubricant film thickness can now be calculated

using Equation 2 as follows.

min

= 8.027E — 08

Equation 3

Using the value of ‘R’ from the Table 24the minimum film thickness will be,

Nmin=5.14 E-09 m
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The lambda ratio can be calculated using the combined RMS surface roughness

values of piston ring running face and flat plate using the Equation 4.

hmin

1=

Equation 4

Ra= RMS roughness of piston ring running face = 3.72E-07 m

Ry = RMS roughness of flat plate = 6.47E-07 m

Hence, A=0.01

The lambda value depicts that tribo-tests were conducted under the boundary

lubrication regime.
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