diinvedyanan nisveuIndmaIAnIzR

THE DEVELOPMENT OF HIGH QUALITY LUBRICATING OIL FOR

TRUCK’S ENGINE

v [IMPACT OF SOOT CONTAMINATION ON METAL WEAR AND OIL

PROPERTIES USING FOUR-BALL TRIBOLOGY TEST]

o= pw e

iJi

Iy

CHOKUN SUPANAMOK

v !

S DY7T968 5 -

s
LAUNSIVYU.ceenrecnionencnnencese

'3'u,xﬁau,'il.::5.--Elﬂ-.---25§9

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENT FOR THE DEGREE OF

MASTER OF ENGINEERING IN AUTOMOTIVE ENGINEERING

INTERNATIONAL COLLEGE

KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG

ACADEMIC YEAR 2015

KMITL-2015-I1C-M-004-10



COPYRIGHT 2015

INTERNATIONAL COLLEGE

KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG

NATIONAL METAL AND MATERIALS TECHONOLOGY CENTER



Thesis Title IMPACT OF SOOT CONTAMINATION ON METAL
WEAR AND OIL PROPERTIES USING FOUR-BALL

TRIBOLOGY TEST
Student ~ MR. CHOKUN SUPANAMOK
Student ID 54600903
Degree Master of Engineering
Program Automotive Engineering (International Program)
Year 2015
Thesis Advisors  Asst.Prof.Dr.Preechar Karin
Co-Advisor Dr.Chi-Na Benyajati
Co-Advisor Prof.Dr.Katsunori Hanamura
Reference Number KMITL-2015-IC-M-004-10

ABSTRACT

Internal combustion engine produces soot as a result of incomplete fuel
combustion. Ideally, complete combustion in cylinder would only produce
carbon dioxide and water, but no engine is completely efficient. In automotive
engine oil, soot has a detrimental effect on engine life. It is the cause of
increasing more wear of the engine parts which lubricating oil flow through.

This thesis is a study of the characteristics of soot in the internal
combustion engine affecting on the abilities of lubricating oil and leading to
result in engine components wear. The behavior was studied by means of a Four-
Ball tribology test with friction and wear measured and also investigate wear
roughness in micro-scale by high resolution optical microscope and 3D
rendering optical technique. Soot particle contamination was simulated using
carbon black. Effects of oils with different additive on size distribution was
studied by laser diffraction technique. Morphology and nanostructure of particles
were studied by transmission electron microscope. Moreover, physical and
chemical properties of used oil were investigated and determined soot
contamination.



The results showed that soot contaminated in engine used oil is about 1%
by weight and it affected on changing oil’s properties. Modern oil additives can
control the agglomeration of soot very well by keep soot size in small diameter.
Based on tribology test, soot contamination in 0il made more wear on tested steel
ball and reduced friction during test comparing to the test with fresh oil.

In conclusion, the appropriate particle size, which is near to oil film
thickness between metal surface contacts, is the dominant cause of making wear.
By the way, the too large particle size compared to oil film thickness will escape
out and too small particle size will not effect on wear. Furthermore, high level of
proper particle size contaminated in oil will increase probability of rubbing
process then make contact surface smoother or make lower in roughness.

Keywords: Internal combustion engine, Soot, Engine life, Lubricating oil,
Engine component wear, Four-ball tribology, Roughness, Laser diffraction
technique, Oil additive, Oil film thickness.
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CHAPTER 1
INTRODUCTION

On the introduction chapter, it consists of the significance of this thesis
which present about the problems of soot to automotive engine then followed by
the objectives of this study and the limitation of the study.

1.1 Statement and Significance of Problems

Automotive engine oil constitutes about 55-60% of the total world
lubricants and fluids. These lubricants have also attracted maximum attention of
engine manufacturers, standardization organizations, and organized users,
resulting in defining the automotive oil quality very clearly. However, this
extensive activity brought in complexities in the development and evaluation of
automotive passenger car oils. Environmental issue also led to extensive
improvements in engine design and oil quality. In passenger cars, both gasoline
and diesel engines are used.

In a motor engine, the critical parts that wear out are the piston and ring
assembly, liners, valve train, valves and bearings. The minimum lives of these
parts determine the life of an engine. In a normal engine, the natural wear is far
less than the wear due to contaminants in the oil, such as metal debris, dust from
environment in which the engine is working, and the most important contaminant
is the soot.

Soot particle has a detrimental effect on the life of internal combustion
engine. It has been disputed for a long time about soot behavior and continues to
be high interesting to car manufacturers. Internal combustion engine produces
soot as a result of incomplete fuel combustion. Ideally, complete combustion in
cylinder would only produce carbon dioxide and water, but no engine is
completely efficient.

Nowadays, wear mechanism induced by the presence of soot is not fully
cleared yet. More fundamental knowledge is needed. Thus, the properties of soot
and their influence on wear and also friction were in the focus of my thesis. To
success, how soot behave to engine metal surface, tribology test has been
conducted to this thesis.



1.2 Goals and Objectives

These are several objectives of this thesis which were set to be met with
the knowledge about the soot behavior and the mechanism on engine wear as
following.

1) To investigate diesel engine lubricating oil properties after use in
both physical and chemical properties.

2) To investigate the amount of soot contamination in diesel engine
used oil.

3) To study morphology of soot from diesel engine exhaust system and
commercial carbon black.

4) To study the effect of modern oil additives on soot particle
distribution in liquid and oil.

5) To study the effect of soot contamination in o0il on metal wear

6) To study the effect of soot contamination in oil on friction

1.3 Scope of the Study

This study is try to investigate used oil from only in diesel engine. It is
not included the data from gasoline engine. The tested used oil is kept from
different type of passenger car and truck. No attempt to control the type of car.
This is to investigation the information from wide range of the uses.

About soot particle, it is sampled from exhaust pipe of diesel dyno engine.
Normally, on dyno, engine can be controlled to vary load and engine speed.
However, this study is not try to study the effect of load and speed on soot
properties. Soot is kept form tail pipe of various load and speed randomly.

Commercial formulated oils are used in this study for testing the ability
of dispersing soot and the properties relating to wear and friction. They are all
same SAE viscosity grade which are the grade that generally used. This is not
try to compare with the special viscosity grade or racing grade.

The Bottom Line

The information above induced the author doing this thesis. Next chapter
will be explained the theory and the study of other researchers which lets us
known the results of experiments that have done. Then, the author has already
the clearly designed the methodology for doing case studies on chapter 4, and
followed by the results of each cases and also conclusion on chapter 5 and 6,
respectively.



CHAPTER 2
LITERATURE REVIEW

In crankcase engines, lubricating oil is filled in the sump and is splashed
or pumped onto the various parts of the engine during its operation. The oil has
to carry out several functions in addition to reducing the friction between moving
surfaces. It has to provide a seal to the cylinder, cool the engine, transport soot,
sludge, and wear particles to the oil filter. Soot, sludge, and other deposits are
formed during the combustion process of the fuel. The oil is also subjected to a
wide range of temperature, -40°C in arctic region to above 300°C under the
piston crown. The blow-by gases, soot, and sludge particles produced by
incomplete combustion go into the oil. Therefore, most of the engine lubricant
problems are related to these issues, that is, entry of fuel combustion products in
crankcase and decomposition/oxidation of lubricant itself at high temperatures
in the presence of various metals and materials present in the system.

The main causes of engine malfunction due to fuels and lubricant quality
are as follows, expressed by Guatum [1]:

1) Deposit and sludge formation at different parts of engine

2) Contamination such as dust and dirt, wear particles, coolants, and

water

3) Fuel and lubricant oxidation products

4) Oil thickening due to thermo-oxidation and soot loading

5) High oil consumption due to oil evaporation and high wear

6) Ring sticking due to deposits in piston grooves

The goal of this thesis is to study the characteristics of soot in the internal
combustion engine that affecting on abilities of lubricating oil and lead to result
in engine components wear. To understand how soot behaves to lubricating oil
and engine component, a number of literatures were reviewed as the following
topics.

2.1 Soot Generation

Soot is a microscopic carbonaceous particle that is a product of
incomplete combustion of hydrocarbon. It consists of carbon, ash, and
unsaturated hydrocarbon (unburned hydrocarbon). The unsaturated hydrocarbon
are essentially acetylene and polycyclic aromatic hydrocarbons. These
components have particularly high levels of acidity and volatility. Measurements
have shown that it typically contains 90 percent Carbon, 4 percent Oxygen, and



3 percent Hydrogen with the remainders consisting of Nitrogen, Sulphur, and
traces of metal. These have been investigated by Clague ef al. [2].

From a number of literatures, it has been found the fact that the properties
of soot particle very much depend upon thermodynamic of combustion in the
engine. The structural complexity of soot varies depending on type of engine and
its operating conditions. The primary soot particles are typically spherical in
shape. While most are only around 0.04 microns in size, they often clump
together to form larger particle. Because of soot’s colloidal properties, the
particles agglomerate up to size of approximately 500 nm, with a mean soot
agglomerate size of 200 nm.

In 2002, Lee et al. [3] studied in a topic as “Morphological Investigation
of the Microstructure, Dimensions, and Fractal Geometry of Diesel Particulates™.
They had investigated morphology of diesel particulates and analyzed size
distribution of primary particles. There was soot from diesel engine at three
different operations, low load, medium load, and high load condition. They
found that mean size of soot from low load condition (engine operate at 675 rpm
and no load) is 34.4 nm. Mean size of soot from medium load condition (operate
at 1400 rpm with 15% load) is 32.3 nm. Last condition (1400 rpm with load
50%), mean size is 28.5 nm. This has been noticed that soot size become smaller
when engine operates at high pressure which represented by the case of high load
condition.

Soejima et al. [4] investigated size of soot in 4 lubricating oil samples,
SAE 10W-30 used oil, SAE 20 oil with 5% soot, SAE 20 oil with dispersant
additive and 5% soot, and SAE 20 with dispersant and ZnDTP additive and 5%
soot. Finally they analyzed the distribution of soot size and found that sizes are
54 nm, 2.935 um, 433 nm, and 323 nm respectively. This may be noticed that oil
additive may affect to soot distribution when contaminating in oil.

In 2004, Park et al. [5] studied in a topic as “Structural Properties of
Diesel Exhaust Particle Measured by Transmission Electron Microscopy (TEM):
Relationships to Particle Mass and Mobility”. They had set the diesel engine
operation at 1400 rpm with 50% load, then measured particulate size emitted
from exhaust pipe. They suggested to say that average diesel soot size is 32 nm.

In 2005, Zhu et al. [6] studied in a topic as “Effects of Engine Operating
Conditions on Morphology, Microstructure, and Fractal Geometry of Light-duty
Diesel Engine Particulates”. They were interested to compare particulates
changing due to different engine operating conditions. They found that soot
diameter size is 29 nm as engine operating at 780 rpm and non-load, and 20 nm
at 2500 rpm with 100% load.

In 2013, Bhowmick et al. [7] studied in a topic as “Influence of Physical
Structure and Chemistry of Diesel Soot Suspended in Hexadecane on



Lubrication of Steel-on-steel Contact”. They had compared the soot collected
from 3 different sources, fire flame, engine oil, and engine exhaust. They
concluded the flame soot is smaller than engine. Mean diameter of flame
agglomerate and diesel soot agglomerate are 350 nm and 450 nm, respectively.

Rocca et al. [8] studied in a topic as “The Nanostructure of Soot-in-oil
Particles and Agglomerates from an Automotive Diesel Engine”. They had
shown the distribution curve of primary particle size collected from heavy duty
diesel engine, and found that the primary particle diameters are 10-35 nm and
mean value is 20 nm.

In 2014, Wang et al. [9] studied in a topic as “Effect of Lubricant Oil
Additive on Size Distribution, Morphology, and Nanostructure of Diesel
Particulate Matter”. They had provided the statistical results and size
distributions of primary particles. For pure diesel, the mean primary particle
diameters are 22 and 25 nm at 1200 and 2400 rpm, respectively. While for
blended fuel, the values are 24 and 21 nm at 1200 and 2400 rpm, respectively.

Because of the way that fuel is injected and ignited, soot formation occurs
more commonly in diesel than in gasoline engine. Unlike gasoline engine, where
the fuel-air mixture is ignited with a spark, fuel and air entering the diesel
cylinder ignite spontaneously from the high pressure in combustion chamber.
The fuel and air mixture in diesel engine typically do not mix as thoroughly as
they do in gasoline engine. This creates fuel-dense pockets that produce soot
when ignited. Diesel engines are operated at higher air-to-fuel ratios, which tend
to produce greater levels of engine soot. While the majority of soot easily escapes
through the exhaust, some gets past the piston rings and ends up in lubricating
oil.

The majority of modern diesel engines operate using direct fuel injection
and swirl within the combustion chamber to assist fuel-air mixing. Combustion
initiates close to the injection point and occur very rapidly as a diffusion flame.
At this point, the air and fuel mix well, but the mixture is very fuel rich, causing
very high levels of soot to be produced. After diffusion burning, the combustion
process progresses through the rest of the combustion chamber, which slowly
burns the majority of the remaining fuel. This slow burning produces more
particulates and unburned hydrocarbons at the end of combustion process.

Throughout the combustion process, soot particles are produced and
destroyed. They are created by the process explained above and destroyed by
oxidation. Oxidation is a mechanism that occurs when soot come into contact
with various oxidizing species. When this happens, the hydrocarbons that are
trapped inside the soot are burned out and the particle size reduces. During the
diffusion burning stage of the combustion process, the soot particles produced in
the initial phase of the combustion process come into contact with a much higher



volume of air compared with fuel, and a large proportion of the soot particles are
oxidized.

Further oxidation is required to reduce the amount of soot finally
exhausted. When the exhaust valve opens, the combustion products are emitted
to the exhaust system, which contains more oxidizing species. Oxidizing
catalytic converters are used to reduce further the amount of soot emitted from
the tailpipe. The majority of the soot formed is oxidized prior to exhaust. This is
possibly why most soot particles are absorbed by the lubricant and relatively
little is exhausted, concluded by Kennedy [10].

The concentration of the soot particles produced increases with an
increasing air-to-fuel ratio. When the air-to-fuel ratio nears stoichiometric (14.5
for diesel fuel), the rate of soot production increases dramatically. This is
because near the stoichiometric ratio there is not enough time and oxygen in the
cycle to burn all the fuel completely. There will also be a low proportion of
oxidizing species to oxidize the soot. Generally, at values of 20% fuel lean of
stoichiometric and higher, which are now being used, excessive amounts of soot
are produced from the combustion process. Excess air is required to increase
diesel cycle efficiency and to reduce hydrocarbon emissions.

Investigations have shown that soot contained in the engine lubricant and
soot emitted from the tailpipe are quite different, investigated by Clague et al.
[2]. This may be partly due to the oxidation processes that the combustion
products go through. As mentioned above, soot contained in lubricants has a very
high carbon content and a low oxygen content. Soot particles are generally
assumed to be extremely hard individually and much softer when agglomerated.

2.2 Soot Simulants

To investigate soot wear, there are essentially three options to choose
from regarding the test particles. These are as follows:

- Used engine oil
- Extracted engine soot mixed with fresh engine oil
- Carbon black mixed with fresh engine oil.

Used engine oil is the most realistic option, but adds complications as the
oil will contain other contaminants and wear debris, all of which will affect wear
results. An extra complication of testing with used oils is that they are naturally
degraded, but this is extremely dependent on use. Test oils would each need to
be produced in an identical manner in an attempt to degrade the lubricant
consistently by the same amount each time, as used engine oils will be mixed



together to produce the required soot content for testing purposes. However, even
this will not allow full control over the final amount of soot produced, which will
vary from batch to batch. Laboratory techniques exist for ageing engine oils
outside of an engine (without producing soot), studied by Mascolo ef al. [11].
This is quite an unpredictable process, however, and would add further
complications to the process. The process of producing used engine oils is
expensive and time consuming.

The second method of extracting engine soot alone from a used lubricant
allows for the assessment of the effect of soot alone on wear without any other
contaminants or lubricant degradation issues. Using this method, the extracted
soot is simply mixed in with the desired test lubricant. This method is more time
consuming and expensive than the first method and reasonably practical for
experimental purposes.

The final method of using carbon black has for many years been the
standard method for assessing the wear level due to soot contamination. This
method is quick and inexpensive. The major drawbacks of this method are that
carbon black, although very similar to engine soot, is not engine soot, and
produces results that industry has argued may be relative to tests with soot from
used engine oil, but not directly comparable.

Carbon black particles do have the capability of mimicking the behavior
of soot from engine oils, investigated by Clague ef al [2]. Findings showed that,
when looking at primary soot particles (30—50 nm) using electron microscopy
techniques, there is very little difference between engine soot and carbon black.
There was a great deal of similarity in particle size and structure, confirming that
the two are essentially the same on a nanometer scale. When investigating
agglomerated soot and carbon black particles (up to 500 nm), carbon black was
again found to be similar to engine soot, although a slight difference was
discovered. The carbon black particles disperse in a similar fashion, but create a
larger agglomerate diameter than extracted engine soot, greater by
approximately 50 nm. Chemical analysis of soot and carbon black particles
showed that carbon black particles display higher carbon contents and lower ash
and volatile contents. Oxygen and hydrogen were shown to concentrate on the
surface of the carbon black, creating a relatively polar surface, meaning it will
tend to have a greater tendency to interact with other polar species, for example,
other carbon black particles. Prior to extraction from its lubricant, the engine soot
displays a higher polar surface than carbon black, but, once the soot has been
extracted from the lubricant, it becomes less polar than carbon black. This
explains why carbon black particles created a larger-diameter agglomerate than
extracted engine soot.



In 2013, Hu et al. [12] investigate and measured the size of commercial
Carbon Black then compared to the engine soot. They found that The Carbon
Black average particulate diameter was 40 nm and the engine soot was 45 nm.

In 2014, Uy et al. [13] had compared characteristic of gasoline soot and
diesel soot by studied on morphology and chemistry. Soot from gasoline
turbocharged direct injection engines (GTDI) and diesel engine from exhaust and
extracted from oil, were characterized by XRF, XPS, Raman spectroscopy, and
HRTEM. They concluded that soot in all case are different in morphology and
chemical composition and can lead to change in the polarity and hardness of the
soot particles and also measured carbon black particle size. Its size is only 24nm.

2.3 Tribology Tests

Torbacke et al. [14] wrote an introduction to tribological test methods that
there are many reasons for carrying out tribology test or tribotest. One reason is
to study wear and friction mechanism appearing in specific tribological
application. Other reasons are ranking of materials and lubricants for existing
equipment or selection of materials and lubricants for new application.
Tribotesting may also be performed for general characterization of wear and
friction.

Tribotests can be classified into tests that simulate the function of real
components or tribological systems and tests that simulate the critical
tribological load. The former class includes field tests, bench tests and
component tests. The latter class comprises different model tests. All testing aims
at increasing the tribological understanding at the fundamental or system level
in order to enable development of design, construction and function of
tribological systems. The complexity of testing may differ as well as the time
and cost for testing, seeing on Figure 2-1.

With testing involving contaminants, it is essential that a good
representation of the contact motion, loading, and geometry is achieved if bench
testing is to be used. Entrainment of the contaminants will be directly affected
by these and is key to determining which wear process may occur. This means
that the best approach would probably be to use actual components.

Engine tests are always problematical. It is difficult to control many of
the test parameters and to provide good wear measurements. However, standard
engine test cycles designed to promote soot production have been defined, as
will be outlined in a later section, that allow soot wear studies to be carried out.
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Figure 2-1. Different types of tribology test [14]

The model test selected should provide the closest possible resemblance
to the application in mind. The first step is to evaluate the contact geometry that
is the form or shape of the contacting bodies and whether the contact is formed.
The contact geometry directly affects the local conditions in the contact and is
considered to be the primary variable for selecting model test and for scaling up
and scaling down of tests. Finally, the test duration must be set long enough for
the test to be correctly evaluated.

The combustion engine is lubricated with one lubricant operating in the
boundary to the full-film regime. Two parts of a combustion engine have been
selected to show the use of model testing, seeing on Figure 2-2. The piston—
cylinder liner and the cam—follower represent two different types of lubricated
contacts in an engine. Due to the combustion in the engine, the piston—cylinder
is exposed to very high temperatures. The cam—follower is exposed to very lower
temperatures.

The piston—cylinder liner shows a- start—stop phenomenon at the turning
points of the piston, that is reciprocating motion. The lubrication regime changes
from boundary to mixed lubrication for each stroke. Therefore, the reciprocating
tribotest is chosen. The environment can be controlled and monitored by adding
a hood to the tribotest. This will make it possible to run tests at temperatures
relevant for the application.
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Figure 2-2. Tribology selection for typical combustion engine [14]

The cam—follower is a sliding contact with different velocities in both
mixed and boundary lubrication. This contact is usually difficult to lubricate due
to uneven wear rates of the cam. Therefore, it is very interesting and important
to find materials and lubricants that keep the friction and the wear rates at a
minimum. This can be simulated in a pin-on-disc, where a flat surface contact is
in contact under unidirectional relative motion. Both materials and lubricants
may easily be evaluated under different conditions.

In early work on soot wear, the most popular test method was the four-
ball approach in which various soot-contaminated lubricant formulations were
tested in a standard four-ball wear tester. High frequency reciprocating rigs was
tested by Green et al. [15], pin-on-disc was tested by Ramkumar et al. [16], and
ball-on-flat rolling sliding apparatus was tested by Yamaguchi et al. [17], have
also been used in more recent times.

These methods have their limitations. It was necessary to test the levels
of wear using test equipment that was designed to replicate the engine
components in question, rather than generic wear testers. Tests have been carried
out since then using test conditions related to actual components, suggested by
Green et al. [15], as well as some with actual components. Engine tests have also
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been used to study soot-related wear, usually through industry standard engine
tests.

The measurement of wear data to assess the effects of soot contamination
is generally carried out through imaging of the wear scar produced after each
test. This involves the use of optical microscopy or, for a more detailed analysis
of the wear surface, scanning electron microscopy (SEM).

In 1999, Guatum et al. [18] determined the mechanism of wear
qualitatively. They had performed the experiments on Ball-on-flat which set on
a milling machine. Stainless steel balls, 0.25 inch indiameter, were worn against
a gray cast iron surface in the presence of soot-oil formulations at 35 Ibs. load
for 30 minutes.

Diatto et al. [19] studied in atopic as “Investigation on Soot Dispersant
Properties and Wear Effects in the Boundary Lubrication Regime”. Their aim of
work is to investigate wear phenomena induced by soot contamination in
lubricated contacts, as it occurs typically in diesel engines. The wear tests were
run under pure sliding condition using the high temperature Pin-on-disk
tribometer. The working conditions operated at lubricant temperature of 135 °C,
a typical value of full-warmed engines, high enough to ensure ZnDTP reaction.
Minimum load and maximum speed are 1 N and 0.1 m/s, respectively. Finally,
the running time is 60 minutes.

In 2002, Soejima et al. [4] had tested the tribology test to clarify the
friction and wear mechanism of the contact between cam and follower in the
valve train incorporated in an EGR system. Cam-follower bench test was
conducted for this tribology testing. A follower specimen slip in contact with a
cam specimen rotated by an outer electric motor. The contact load between cam
and follower was set at 930 N maximum value with an adjusting device of valve
spring assembly. The rotating speed of camshaft was constant at 400 rpm as a
high wear rate situation. The longest test duration was 250 hr.

In 2005, Truhan et al. [20] had evaluated the friction and wear behavior
of piston ring and cylinder liner materials for heavy-duty diesel engine
applications. A high-frequency reciprocating bench test was employed. All tests
were conducted with a 10 mm stroke at 10 Hz.

McQueen et al. [21] studied in a topic as “Friction and Wear of Tribofilms
formed by Zinc Dialkyl Dithiophosphate Antiwear Additive in Low Viscosity
Engine Oils”. There were 2 laboratory tests. A high frequency reciprocating rig
was conducted for testing new and used oil at low and elevated temperatures.
Another one is a sliding valve train bench test for measuring the friction and wear
performances of fresh engine oils added with some additives.
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In 2007, Wu et al. [22] studied in a topic as “Experimental Analysis of
Tribological Properties of Lubricating Oil with Nanoparticle Additives”. The
aim of this test is to study the friction-reduction and anti-wear abilities. A
reciprocating sliding friction tribotester was employed. The friction coefficient
and contact resistance between the rubbing specimens ware measured. The
resistance can be used to study the film-forming process of nonconductive
chemical film of lubricating oil additives. During test, the mean sliding speed of
moving specimen are 30mm/s and 120 mm/s under load 100 N and 100 N.
Temperature is ranging from 40 °C to 160 °C. The test is lasting for 120 min.

Dienwiebel and Pohlmann [23] studied in a topic as “Nanoscale Evolution
of Sliding Metal Surfaces during Running-in”. They used a Pin-on-disk
tribometer. In the experiment setup, the oil was heated to a temperature of 80 °C.
The experiments were carried out at a constant nominal pressure of 75 MPa and
sliding speed of 2.5 m/s. Wear was measured on-line using the radionuclide
technique.

Aldajah et al. [24] investigated the effect of exhaust gas recirculation
(EGR) contamination of diesel engine o0il on wear. Friction and wear tests were
conducted with a Four-ball tribometer. All of the tests were conducted for 1 h at
a constant load of 73 N, rotating speed of 1200 rpm, and ambient room
temperature. Even though the temperature increased while test, no attempt was
made to control the temperature.

In 2010, Antusch et al. [25] studied the tribological behavior of soot by
means of a Pin-on-disk tribometer. They have set the experiments with a custom-
built pin which made from real camshaft. Wear was measured continuously by
the radionuclide wear measurement technique. The contact pressure in all
experiments was 13 MPa, the sliding velocity 0.3 m/s, the oil temperature was
kept constant at 120 °C, and the duration of all experiments was 40 hours.

In 2013, Abdullah ef al. [26] studied in a topic as “Reducing Wear and
Friction by Means of Lubricants Mixtures”. The aim is to test the abilities of
mixed Lubricants. Thus, a Four-ball tribometer was set to perform the test. There
are 2 different forces applied in test, 147 N and 392 N. The temperature of mixed
lubricant is set at 75 °C and the upper steel ball is rotated at 1200 rpm for duration
of 60 min.

Hu et al. [12] studied the influence of soot contamination on the
tribological behavior of engine lubricants. The candidate lubricants were a
formulated engine lubricant and a base oil. Soot particle contamination was
simulated using a Four-ball tribometer.

In 2014, Uy et al. [13] had set a reciprocating Ball-on-flat to investigate
characteristic of gasoline soot and diesel soot. The steel ball was reciprocated on
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a polished steel flat with a load of 100 N, stroke of 2.5 mm, and a temperature of
150 °C for approximately 2 hours.

2.4 Effect of Soot on Oil Properties

Excessive soot level in oil could overwhelm the dispersant additives in
engine oil. As the dispersants become depleted, soot particles clump together,
attach themselves to engine surfaces and lead to reduce lubrication due to
impeded oil flow through the engine as well as through the oil filter.

In 2005, Truhan et al. [20] investigated oil viscosity which are changed
due to soot content. The result of viscosity is illustrated at 40 and 100 °C. They
found that both viscosity has been increased among the soot concentration is
increasing.

In 2007, George et al. [27] studied in a topic as “Effect of Diesel Soot on
Lubricant Oil Viscosity”. They found that the soot contaminating in lubricant
changes the chemical properties resulting in lubricant creasing to perform its
function. This causes an increase in viscosity of the engine oil causing pump
ability problem. The performance of anti-wear lubricant additive can also be
negatively impacted and lead to increase wear and premature engine failure.
High oil soot level can also lead to be a higher lubricant viscosity which impedes
oil flow and increase engine wear.

In 2012, Esangbedo et al. [28] studied the characteristics of diesel engine
soot that lead to excessive oil thickening. They concluded that severe oil
thickening during a heavy duty diesel engine test is linked to soot agglomeration
in engine oil. The ineffectiveness of dispersant to retard particle growth is
attributed to poor soot functionalization.

In 2013, Hu et al. [12] added Carbon Black into the base oil and
formulated lubricant at mass percentages of 0, 2, 4, 6, and 8 % (wt.). This was
distributed using an ultrasonic bath for 30 min to reduce experimental deviation.
The kinetic viscosities of oil samples were measured using a viscosity meter at
40 °C and 100 °C. They found that the viscosity has slightly increased when
raising the containing of Carbon Black.

2.5 Effect of Soot on Friction

It has been shown that soot which is produced within the engine, only
29% reaches to the atmosphere through the exhaust pipe, studied by Daido et al.
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[29]. The remainder is deposited on the cylinder walls and piston heads. Soot
which is retained in the engine, mainly in lubricant, 3% is attributable to blow-
by gases. The remainder results from piston rings scraping away soot deposits in
the cylinder, which then end up in the sump. Then it is transported around the
engine where it can be entrained into component contacts.

In 2013, Hu et al. [12] had tested Four-ball tribometer. During test, the
friction was measuring. They added Carbon Black into lubricating oil samples
and compared with other formulated oil. They found that the friction coefficient
has trended increasing among the samples which have more content of carbon
black. However, it has been noticed that the friction coefficient was small drop
at low percent concentration of carbon black.

2.6 Effect of Soot on Metal Wear

Individual soot particle poses little risk to engine parts, but clumps of soot
can cause damage. Dispersant additives in recent engine oil keep the individual
soot particle from forming damaging clumps.

Until now, many conflicting, incomplete ideas and explanations about the
properties and effects of soot particulates on the wear mechanism have been
published. Some authors showed that soot is not abrasive but adsorb anti-wear
additive, thus diminishing anti-wear properties. However, Ryason et al. [30]
concluded that soot particles are abrasive because they were found to generate
grooves and breakouts in metal surfaces. Ratoi et al. [31] showed that dispersed
carbon black rapidly abraded additive reaction films. Guatam et al. [18] found
more wear with soot contamination in oil than without. Aldajah et al. [24] and
Yamaguchi et al. [17] found that the presence of soot particles reduces the
thickness of anti-wear films and act as an abrasive element. Truhan et al. [20]
concluded his study that the chemical activities of soot particles and their
reactions with additive prevent the formation of liquid boundary layers on metal
surface so the surface becomes easier for scratching.

In 1999, Gautam et al. [18] studied the influence of soot on wear using
reciprocating Ball-on-flat tribology test. There were 8 samples for testing and
prepared by mixing two different base stocks. After testing, they analyzed the
variation in the average wear for all the oil samples with and without soot
contamination. The detrimental effect of soot is quite clear evident as the average
wear from 6 of 8 with soot contamination is higher than wear without soot
contamination. However, the rest of oil samples, wear results give the opposite
results.
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In 2002, Soejima et al. [4] had conducted the Cam-follower bench test
with many conditions. They found that used oil has more wear than fresh oil, and
also same trend as adding Carbon Black. The oil adding Carbon Black give the
result in more damaged than fresh oil. In case of adding dispersant, they found
the particle size is kept small but note that this case made more wear rate too.

In 2005, Truhan et al. [20] had tested a reciprocating Ring-and-flat bench
test to demonstrated mechanism in cylinder liner. They found that wear rate of
piston wall has trended to increase when soot content is raising but there is not
affecting to the case of piston ring. They concluded the soot and particulate
contents have a major effect on wear of the cast iron flat and less of an effect on
the ring. Note that they also suggested the viscosity was related to the soot
content rather than the oxidation levels.

In 2007, Aldajah et al. [24] had conducted a Four-ball tribology test.
There 4 samples lubricating oils were tested which are different in soot
containing. They found that there appears to be no clear relationship between the
soot content and steel ball wear volume. The fresh oil gives the result as near to
zero wear volume, an oil adding soot of 6.9% made wear volume of 10 mm?, the
oils adding 9% and 12% soot made 4 mm? and 6 mm?>, respectively.

In 2013, Hu et al. [12] had operated a Four-ball tribometer. They
contaminated Carbon Black into a formulated oil SAE 15W-40 from 2% to 8%
(wt.). After test, they found that the average wear scar diameters of steel ball
have increased among soot content increasing. However, the test result also
showed the opposite trend. The pure base lubricating oil and adding additive,
they made average wear scar diameter smaller over the soot content increasing.

The Bottom Line

Based on all of the studied literatures, it could be concluded that wear
mechanism induced by the presence of soot is not successfully understood yet.
More fundamental knowledge is required. Thus, the properties of soot and their
influence on wear and also friction were in the focus of my thesis. To understand
the behavior of soot reaction on engine metal surface, the tribology test is
conducted to this thesis.



CHAPTER 3
RELATED THEORY

When we talk about lubrication, we usually imply liquid lubrication that
is by the use of lubricating oil, which is normally a blend of oil and additives that
perform various functions. Lubrication efficiency of an oil depends not only
upon its properties, such as composition, consistency, flow properties, and
surface activity, but also on the needs of the tribology system.

Rizvi [32] wrote a book that Lubrication environments, often called
lubrication regimes, are primarily defined by considering these needs. The
factors that are considered include gross geometry of the contacting surfaces,
their texture and roughness, the nature of the contact (rolling versus sliding), the
contacting load, ambient pressure and temperature, the environmental
conditions, material composition, and the properties of the surface layers.
Lubrication effectiveness is measured by the film thickness, the ability to handle
pressure (load-carrying capacity), and the coefficient of friction.
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Figure 3-1. Schematic of a Stribeck curve related to lubrication regimes [33]

Richard Stribeck is credited with conducting the first systematic
experiments revealing a clear view of the characteristic curve of coefficient of
friction versus speed. In recognition of his contribution, this type of curve is
universally referred to as the Stribeck curve. Figure 3-1 presents a schematic of
such a curve as an overall view of friction variation in the entire range of
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lubrication as a function of the bearing parameter called the Hersey number,
nN/P (where 7 is the dynamic viscosity of the lubricant, N the rotational speed,
and P the bearing load in terms of average pressure). Three lubrication regimes
can be clearly presented in the Stribeck curve: namely, the full-film, the mixed,
and the boundary lubrication regimes [33].

On this chapter, there are 4 theory topics explained for helping understand
the designing of experiments and also for describing the results of the test which
related to the theories as following.

1) Lubrication regime

2) Wear mechanism

3) Engine oil additives

4) Film thickness estimation between two sphere contacts

3.1 Lubrication Regime

The primary functions of a lubricant are to minimize friction between the
surfaces in contact, prevent wear, and remove frictional heat. Tribology
parameters that usually define a lubrication environment are friction, lubricant
viscosity, and the equipment speed and load. The relationship of the coefficient
of friction (p) and the oil film thickness to lubricant viscosity (Z), equipment
speed (N), and equipment load, or pressure (P), are graphically presented by the
Stribeck curve [32] in Figure 3-2.
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Figure 3-2. Type of lubrication [32]
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The ratio of ZN/P is related directly to the oil film thickness but inversely
to the coefficient of friction (w). This implies that high lubricant viscosity (Z),
high equipment speed (N), and low equipment load (P) will allow the formation
of a thick lubricant film, and hence the equipment will encounter little or no
friction. Conversely, low lubricant viscosity, low equipment speed, and high
equipment load will create a situation where the film thickness will be
inappropriate and the equipment will encounter high friction, as indicated in the

figure.

Incidentally, the observed initial drop in the coefficient of friction while
moving from fluid-film to mixed-film lubrication reflects a decrease in viscous
drag due to a decrease in lubricant viscosity. Depending upon the lubricating
environment, lubrication regimes can be divided into fluid-film, boundary,
mixed-film, and hydrostatic types. The first three of these states of lubrication
are depicted in Figure 3-2 [32].

3.1.1 Fluid-film lubrication (Hydrodynamic lubrication)

Fluid-film lubrication, also known as hydrodynamic lubrication, is the
most desirable type. This type of lubrication depends upon the viscosity of the
lubricant and is effective only when the load in the contact zone is low. Under
these circumstances, the sliding or the rolling surfaces are separated by a
lubricant film several times the thickness of the surface roughness (asperities).
The film thickness in this lubrication regime is estimated to be 2-100 pm.
Lubrication of the thrust bearings, journal bearings, and most of the internal
combustion engine parts experience fluid-film lubrication.

Another type of hydrodynamic lubrication, referred to as elasto-
hydrodynamic lubrication, or EHD [32], commonly occurs in roller element
bearings (ball and roller Types), cams, and gears. In this type of lubrication, the
lubricant is exposed to high contact pressures and undergoes a large viscosity
increase. This results in an extremely rigid lubricant film (0.01-5.0 pm thick),
which causes elastic deformation of the surfaces in the lubricating zone.

3.1.2 Boundary lubrication

Boundary lubrication represents the opposite extreme of the lubrication
environment spectrum. Under this kind of lubrication, high loads and very slow
speeds produce extreme pressures that can lead to the lack of effective
lubrication. The film thickness in this regime is in the order of 0.0 - 2.0 pm only,
and hence maximum metal-to-metal contact occurs. If not controlled, the
resulting dry metallic friction will cause catastrophic wear, and ultimately will
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lead to total seizure. Reactive chemicals called anti-wear and extreme pressure
agents provide protection in this kind of lubrication environment.

Examples of equipment that rely exclusively on boundary lubrication
include reciprocating parts of an engine and compressor pistons, slow-moving
equipment such as turbine wicket gates, and gears. It is important to note that the
anti-wear agents are effective only up to a maximum temperature of about 250°C
(480°F), above which they essentially become ineffective. Typically, heavy
loading causes the oil temperature to increase beyond the effective range of the
anti-wear agents. This is because the degree of contact between the surface
asperities further increases due to flattening and the consequence being greater
friction, hence higher temperatures. When the load exceeds the equipment’s
recommended limit, the asperities, instead of sliding, experience shearing and
removing the lubricant and the oxide layer.

3.1.3 Mixed-film lubrication (Mixed lubrication)

Mixed-film lubrication falls between the two extremes mentioned above
and contains characteristics of both the fluid-film and the boundary lubrication.
There are regions of no metal-to-metal contact and of extensive metal-to-metal
contact.

3.1.4 Defining lubrication regimes

A general description of the friction behavior in a lubricated contact can
be seen in Figure 3-3, where the dependence of the coefficient of friction (u)
versus the film parameter (4) is shown [14].

The film parameter (A) is calculated as
h

(3.1)
/R;‘;A +RZp

Where (h) is the lubricant film thickness and (R;,4) and (R,g) represent
the surface roughness of the two surfaces A and B in contact. The contact is
classified as boundary, mixed or full film (Fluid-film) lubricated depending on
the degree of mechanical contact between the solid surfaces. The curve in Figure
3-3 originates from the Stribeck curve.

A=
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Figure 3-3. Coefficient of friction versus film parameter in lubrication sliding
contacts [14]

Boundary lubrication implies heavy contacting between the asperities
with a A-value below 1. The load is carried by the solid surfaces in contact. The
lubricant is mainly acting as a carrier of additives. The presence of additives is
necessary to ensure the performance and build-up of a boundary film. This
regime is characterized by high load and low speed. A slowly rotating shaft and
a bushing mainly work in the boundary lubrication regime even if they are
lubricated.

In mixed film lubrication the surfaces are less separated than in the full
film regime. The surfaces are close enough for asperity contact to occur
occasionally. The mixed film lubrication regime is a combination of full film
lubrication and boundary lubrication with A-values between 1 and 3. Thus, the
load is carried partly by a pressure in the fluid film and partly by the asperities
in contact. The lubricant will support the contact with necessary additives to
reduce wear.

In full film lubrication (Fluid-film lubrication) the solid bodies are
lubricated by a thick enough lubricant film to ensure full separation of the
surfaces. In this regime the coefficient of friction is very low. A A-value higher
than 3 indicates full film lubrication. Hydrodynamic bearings are examples of
machine components carefully designed to operate in the full film regime.

Elastohydrodynamic (EHD) lubrication is part of the full film regime. In
this regime the load is high enough to cause elastic deformation of the surfaces.
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Elastohydrodynamic lubrication can be found in nonconformal contacts, such as
a ball on a flat surface when the motion is rolling or rolling and sliding.
Performance in the EHD conditions is mainly governed by the viscosity and the
viscosity—pressure dependence.

The lubricant film thickness (h) is determined by the lubricant properties,
the operating conditions, the contact geometry and the solid surface’s material
properties. In practice, typical lubricant film thicknesses are about 1-100 pm.

Although boundary lubrication is encountered in certain parts of the
engine, such as valve train, cylinder bores, and piston rings, most of the
lubrication in an engine is hydrodynamic in nature [32], see Figure 3-4.
Boundary lubrication is more common in rear axles, gears, and bearings. The
surfaces in these parts are designed to mesh closely so as to efficiently transfer
power generated by the power source to parts that work. Figure 3-5 shows the
lubrication regimes encountered in various automotive applications.
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Figure 3-4. Strikbeck diagram showing the type of lubrication encountered by
various engine parts [32]
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Figure 3-5. Stribeck diagram showing the types of lubrication encountered in
various automotive applications [32] '

3.2 Wear Mechanism

Lakshminarayanan et al. [34] explained about wear in engine. Modern
design procedures are detailed and well established against gross failures like
fatigue, breaking and loosening. Therefore, only the micron sized failures at the
surfaces that result in wear affect the life of an engine. Apart from the basic
design aspects that are grounds for ‘normal’ wear or aging, extreme loads,
environments like a dusty atmosphere plus quality of maintenance, fuels and oils
bring an earlier end to the life of an engine. If the engine that has lasted its wear
life is studied, only less than 0.01% of the total mass of the engine has been
wasted away. In other words, more than 99.9% of the mass has survived when
the parts are replaced at the end of their wear life.

If the normal and abnormal wear is understood early based on the
application or design of an engine, it is possible to incorporate features and
protections in the design so that the engine is able to complete its expected life
with sufficient margin.

Wear is the progressive loss of substance resulting from mechanical
interaction between two contacting surfaces and occurs because of the local
mechanical failure of highly stressed interfacial zones. The failure mode will
often be influenced by environmental factors. These surfaces are under load in
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relative motion, either sliding or rolling. Mechanisms of wear associated with
failure signatures in engine bearings can be broadly divided as adhesive wear,
abrasive wear, fatigue wear and wear by chemical reaction (Figure 3-6).

Adhesive
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Figure 3-6. Wear mechanism models [34]

3.2.1 Adhesive wear

This form of wear occurs when two smooth bodies slide over each other
or one surface adheres to the other. The strong adhesive forces arise out of
intimate interaction at molecular level. In this process, the wear particles are
pulled off from the softer surface and become welded to the harder surface. For
example, cylinder bores will wear at the top ring reversal zone due to the
adhesive action of piston rings under gaseous load.

3.2.2 Abrasive wear

Abrasive wear occurs when a rough surface slides against hard particles,
causing a series of scratches on the smoother surface, and the material from the
softer surface is displaced in the form of wear particles. For example, a diesel
engine running on heavy furnace oil undergoes wear of the piston grooves due
to abrasive action of hard carbon particles produced by combustion.



24

3.2.3 Fretting wear (fatigue wear)

Fretting wear arises when contacting surfaces undergo oscillatory
tangential displacement of small amplitude. It is a type of wear because of the
cycling motion that produces a displacement (under high contact pressure) that
is so small that it may be difficult to anticipate a large volume of wear debris.
The wear of the inlet valve seat due to micro-scale displacement under highly
load conditions illustrates fretting mode of wear in diesel engines.

3.2.4 Corrosive wear (Tribooxidation)

Virtually all materials except noble metals like gold or platinum corrode
in the normal environment. The most common form of corrosion is oxidation.
Most metals react with oxygen in air or water to form oxides. Abusive
conditions, for example low or high temperatures, increase the rate of chemical
reactions and the corrosive wear increases abruptly, leading to mechanical
destruction of the surface layer due to sliding or rolling contact of two mating
bodies. Typically, the greyish lapped appearance of liner surfaces under cold
running condition is an example of corrosive wear.

3.3 Engine Oil additive

Additive [14] are chemical compounds added to lubricant oils to impact
specific properties to finished oils. They are mainly added to the base fluid to
enhance the viscosity index and the pour point, the friction and wear properties
under boundary and mixed Iubrication, and the lubricant life.

Polar moiety Hydrocarbon chain

Figure 3-7. A generalized structure of an additive molecule with a polar
moiety and hydrocarbon [14]

Additives can be classified regarding different aspects. Important and
helpful for the understanding of additives is the following differentiation that
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takes into consideration which part of the tribology system is influenced by the
additives. According to this considerations additives can be classified into types
that

1) Surface Active Adsorbing Additive

- Corrosion Inhibitors

- Friction Modifiers

- Antiwear Additives

- Extreme Pressure Additives
2) Bulk Active Additive

- Dispersants

- Detergents

- Antioxidation

3.3.1 Surface Active Adsorbing Additive

Surface active additives acting at the solid-liquid surface are added to the
lubricant in order to protect the solid from corrosion and wear and to reduce
friction. They are sometimes referred to as film-forming additives.

The action of surface adsorption involves several steps, such as removal
of water and gas, transfer of the additive from the bulk lubricant to the surface
and adsorption on the metal surface. Sometimes the adsorbed layer reacts with
the surface.

Figure 3-8. Active additive layer on metal surface [14]

Corrosion inhibitors are used in nearly every lubricant to protect the metal
surface from the attack of oxygen, moisture and aggressive products. The base
oil itself forms a kind of protective layer on the metal surface. But in general this
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will not be sufficient especially when highly refined oils without natural
inhibitors are used. Then highly efficient anticorrosion additives are necessary.

Friction modifiers (FMs) are added to the lubricant to modify the friction
in the mixed lubrication regime of the tribology contact. Adding 1% is enough
to give a significant change in friction. They are active in the mixed lubricating
regime at moderate temperatures and loads, but will desorb at high temperatures
and high loads. Friction modifiers work at temperatures where AW and EP
additives are not yet reactive by forming thin monomolecular layer.

Antiwear (AW) additives are mainly designed to reduce wear when the
running system is exposed to moderate stress whereas EP additives are much
more reactive and are used when the stress of the system is very high in order to
prevent the welding of the moving parts that otherwise would lead to severe
damage. Typically, EP additives increase wear effects due to their high reactivity
or multilayers of physically adsorbed polar oil-soluble products.

Extreme pressure (EP) additives modify the metal surface in order to
avoid scuffing and control wear in the boundary lubrication regime. They form
protective, low shear strength surface films that reduce friction and wear.
However, too high concentrations may cause excessive corrosion and wear. EPs
are needed in slow moving, heavily loaded gears (i.e. gear oils) and
metalworking fluids.

3.3.2 Bulk Active Additives

Dispersants prolong the life of the lubricant by dispersing sludge,
suspending soot, reducing deposit formation and keeping parts clean.
Dispersants are bulk active and perform by dissolving polar contaminants (or
dirt) in the lubricant by physical action. Dispersants prevent the contaminants
from adhering to each other (i.e. forming aggregates) by adsorbing to their
surfaces. The hydrocarbon chains point outwards when adsorbed (i.e. forming a
micelle structure) (see Figure 3-9). Thus, dispersants are identical to surface
active molecules that is they have a polar part and a hydrocarbon chain, even
though they act in the bulk.

Detergents react with contaminants or combustion residues in order to
keep engines clean, thus having a similar function to dispersants in the lubricant.
Detergents occur in two different types: neutral and over based. Normally, the
TBN number of a used lubricant indicates the amount of the remaining detergent
concentration.

Antioxidants are added to the lubricant in order to slow down the rate of
oxidation. Exposure of hydrocarbons to oxygen and heat will accelerate the
oxidation process. The lubricant oils consist of hydrocarbon with (C20 — C70)
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carbon atom. At higher temperature these hydrocarbons are oxidize to form fatty
acid, fatty alcohol, fatty aldehydes and ketones. All these compounds form the
solid asphaltic materials. For this reason, the addition of antioxidants is necessary
to all lubricant oils to prevent the formation of such compounds.

Figure 3-9. Active additive in oil bulk [14]

3.4 Film Thickness Estimation between Two Sphere Contacts

Stachowiak et al. [35] introduced history and explanation to estimate oil
film. In the 1940s a substantial amount of work was devoted to resolving
elastohydrodynamics and the first realistic model which provided an
approximate solution for elastohydrodynamic film thickness was proposed by
Ertel and Grubin. The work was published by Grubin in 1949.

In this topic, the fundamental mechanisms of film generation in
elastohydrodynamic contacts, together with the methods for calculating the
minimum film thickness between spherical balls.

The shape of the contact area depends on the shape (curvature) of the
contacting bodies. For example, point contacts occur between two balls, line
contacts occur between two parallel cylinders and elliptical contacts, which are
most frequently found in many practical engineering applications, occur when
two cylinders are crossed, or a moving ball is in contact with the inner ring of a
bearing, or two gear teeth are in contact. The curvature of the bodies can be
convex, flat or concave. It is defined by convention that convex surfaces possess
a ‘positive curvature’ and concave surfaces have a ‘negative curvature’. The
following general rule can be applied to distinguish between these surfaces: if
the center of curvature lies within the solid then the curvature is positive, if it lies
outside the solid then the curvature is negative. This distinction is critical in
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defining the parameter characterizing the contact geometry which is known as
the reduced radius of curvature.

The configuration of two elastic bodies with convex surfaces in contact
was originally considered by Hertz in 1881 and is shown in Figure 3-10.

Figure 3-10. Geometry of two elastic bodies with convex surfaces [35]

The reduced radius of curvature for this case is defined as:

NNI2el. 1T T | 1001 62
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Where:
1 1 + 1
Rx Rax be
1 1 4 1
Ry, Ray Ry
R,  is the reduced radius of curvature in the x direction [m].
R,  isthe reduced radius of curvature in the y direction [m].
R,, isthe reduced of curvature of body A in the x direction [m].
R,y  is the reduced of curvature of body A in the y direction [m].
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be
Ry,

is the reduced of curvature of body B in the x direction [m].
is the reduced of curvature of body B in the y direction [m].

The contact area between two spheres is enveloped by a circle. The
formulae for the main contact parameters of two spheres in contact, shown in
Figure 3-11, are summarized in Table 3-1.

Circular
contact area

Figure 3-11. Geometry of the contact between two spheres [35]

Table 3-1. Formulae for contact parameters between two spheres [35]

Average

Maximum contact Maximum Maximum
Contact area contact .
pressure pressure deflection shear stress
IWR' 1/3 _ 3w _ w w2 1/3 _
a= (T) Pnax = Ina? Fave = o § = 1.0397 (E’—Z-ﬁ) Tmax = §Pmax
. Hemispherical pressure At a depth of
circle distribution z = 0.638a
a




30

a is the radius of contact area [m].

W  is the normal load [N].

P is the contact pressure (Hertzian stress) [Pa].

6 is the total deflection at the center of the contact [m].

T is the shear stress [Pa].

z is the depth under the surface where the maximum shear stress acts [m].
is the reduced Young’s modulus [Pa].

is the reduced radius of curvature [m].

The reduced Young's modulus is defined as:

1 1[1—19A2+1—1932]

= 3.3
L, L (3-3)

E 2
Where:

9, and 95  are the Poisson’s rations of the contacting bodies A and B.
E, and E;  are the Young’s moduli of the contacting bodies A and B.

For example, reduced Young's modulus for contact between steel spheres
of Ogtee; = 0.3 and Egq,pp = 2.1 X 1011 Pa is E' = 2.308 x 10! Pa.

It can be noted that for the spheres:

Rax = Rgy = R4 and Rpy = Ry = Rp
Where:
R, and Ry  are the radii of the spheres A and B, respectively.

Substituting into equation (3.2) gives:

1 1 1 1 1 1 1 (1 1)

E=Rx+R = (34

Where:
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The exact analysis of elastohydrodynamic lubrication by Hamrock and
Dowson provided the most important information about EHD. The results of this
analysis are the formulae for the calculation of the minimum film thickness in
elastohydrodynamic contacts. The formulae derived by Hamrock and Dowson
apply to any contact, such as point, linear or elliptical, and are now routinely
used in EHL film thickness calculations. They can be used with confidence for
many material combinations including steel on steel even up to maximum
pressures of 3—4 GPa. The numerically derived formulae for the central and
minimum film thicknesses, as shown in Figure 3-12, are in the following form:

P Grubin's model of
Poax "\~ contact pressure
Hertzian
Steep pressure 4 \
jump at inlet \\ pressure
]

Figure 3-12. Approximation to film thickness within an EHD contact [35]

he Uno 0.53 ( w )_0'067 0.73k
Ze _ 1 > —0. 35
o 269(E,R) ( EN*% zmm (1-061e7073k) (3.5
ho Uno) 10.49 ( w >_0'073 0.68k
0 _ — e 0 3.6
= 363(E,R (@B (= (1 — g-068k) (3.6)
Where
h.  isthe central film thickness [m].
ho is the minimum film thickness [m].
U is the entraining surface velocity [m/s], U = (U, + Ug)/2.
no isthe viscosity at atmospheric pressure of the lubricant [Pa.s].
E’ is the reduced Young’s modulus [Pa].
R' is the reduced radius of curvature in the direction of rolling [m].
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a is the pressure-viscosity coefficient [m?*/N].
W isthe contact load [N].
k is the ellipticity parameter defined as: k = a/b where ‘a’ is the semiaxis

of the contact ellipse in the transverse direction [m] and ‘b’ is the semiaxis in
the direction of motion [m].

As mentioned already, the approximate value of the ellipticity parameter
can be calculated with sufficient accuracy from:

0.636

R

k = 1.0339 (—y) 3.7)
Ry

Where:

R, and R, are the reduced radii of curvature in the x and y directions.

It can be seen that for line contacts k = oo and for point contact k = 1. It
has been shown that the above EHL film thickness equations are applicable for
‘k’ values between 0.1 and oo [35].

The non-dimensional groups in equations (3.5) and (3.6) are frequently
referred to in the literature as:

- The non-dimensional film parameter H= %

- The non-dimensional speed parameter U= (%)

- The non-dimensional materials parameter G = (aE")

- The non-dimensional load parameter W= (E,V;,z)

- The non-dimensional ellipticity parameter k=



CHAPTER 4
RESEARCH METHODOLOGY

This thesis is a trying to understand what behavior occurred in lubricating
oil in engine, especially on diesel engine. To achieve that goal, the experimental
case study was designed and tested in to 4 experiments. Each step of the study
has been explained as following.

1) The study of physical and chemical properties of diesel engine used
oil

2) The study of diesel engine soot and commercial carbon black
morphology

3) The study of soot particle distribution in liquid

4) The study of effect of soot contamination in oil on metal wear and
friction by means of four-ball tribology test

4.1 The Study of Physical and Chemical Properties of Diesel Engine Used
Oil

This is the investigation of physical and chemical properties of diesel
engine used oil. The test was designed to record statistical data about oil

degradation in diesel engine. There are typical properties that widely used to
determine used oil (related to ASTM standard).

1) Oil condition investigation
- Viscosity @ 40°C (ASTM D-445)
- Viscosity @ 100°C (ASTM D-445)
- Oxidation (ASTM E-2412M)
- Nitration (ASTM E-2412M)
- Total base number (ASTM D-4739)
2) Oil contamination
- Soot contamination (ASTM E-2412M)
- Water contamination (ASTM E-2412M)
- Fuel contamination (ASTM E-2412M)
- Metal particle contamination (ASTM D-6595)

This study is trying to inspect the amount of soot contamination in used
oil and expecting to see the relationship between soot contamination level and
oil condition changing. The assumption is that soot particle is consisting of
carbon, unburned hydrocarbon, and other combustion products such as sulfur,
oxygen, nitrogen. Then when soot particle contaminates into lubricating oil, it
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may react with oil by chemical reaction and then oil’s properties change
(oxidation, nitration, TBN). It may also react with oil by physical reaction and
then viscosity change. Furthermore, from all publication literature review, they
suggested that soot particle contamination is the main factor which induces more
wear in automobile engine.

The target of this is to conduct used oil samples from various type of car
to study a wide range of results which occur in real operating in diesel engine,
so there is not the attempt to specific or control type of car in this test.

Used oil samples are kept from diesel engine crank case through oil level
deep-strip hole. The volunteer cars are from different mile age and all cars are at
end of oil change interval.

Lubricating oil sampling equipment consist of vacuum pump, plastic tube,
and plastic bottle. They are shown in Figure 4-1 where this assembly of these
equipment is shown in Figure 4-2. Figure 4-3 is shown keeping oil sample from
engine through oil level deep-strip hole.

Figure 4-1. Lubricating oil sampling equipment (upper) vacuum pump (lower
left) plastic tube (lower right) plastic bottle

Finally, there are all 17 volunteer car in this case study. Most of them are
passenger car which the engine size is in range of 2,000cc to 3,500 cc. Only 2
samples are kept from heavy duty diesel truck. The test is not conducted at all
standard test which mentioned above. The test is involved in inspecting oil
viscosity (related to standard ASTM D-445, [36]), oxidation (ASTM E-2412M,
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[37]), nitration (ASTM E-2412M, [37]), total base number (TBN, ASTM D-
4739, [38]), soot contamination (ASTM E-2412M, [37]), and metal particle
contamination (ASTM D-6595, [39]).

Figure 4-3. Keeping the lubricating oil from engine of tested car
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4.2 The Study of Diesel Engine Soot and Commercial Carbon Black
Morphology

Nowadays, there are synthetic carbon blacks which are very different in
size and structure, they are commercially available. In this study, a commercial
carbon black was used as representative of practical soot particulate.
Furthermore, size distribution, morphology and nanostructure of carbon black
and diesel engine soot particles were studied. Transmission Electron Microscope
(TEM) was employed to investigate morphology and nanostructure parameters
of primary particles and also agglomerate particles. The TEM machine which
conducted in this thesis is shown in Figure 4-4. The main target is to define the
mean size of these commercial carbon black and diesel engine soot particulates.

A transmission electron microscope (TEM) is an analytical tool allowing
visualization and analysis of specimens in the realms of microspace to
nanospace. High resolution can be used to analyze the quality, shape, size and
density of quantum wells, wires and dots. The transmission electron microscope
is a very powerful tool for material science. A high energy beam of electrons is
shone through a very thin sample, and the interactions between the electrons and
the atoms can be used to observe features such as the crystal structure and
features in the structure like dislocations and grain boundaries.

Figure 4-4. Transmission electron microscope machine
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The TEM operates on the same basic principles as the light microscope
but uses electrons instead of light. Because the wavelength of electrons is much
smaller than that of light, the optimal resolution attainable for TEM images is
many orders of magnitude better than that from a light microscope. Thus, TEM
can reveal the finest details of internal structure - in some cases as small as
individual atoms.

Figure 4-5. Commercial carbon black powder

The objective is to compare morphology between diesel engine soot and
commercial Carbon Black. Figure 4-5 shows the powder of commercial carbon
black and Figure 4-6 shows the preparation in copper grid.

Figure 4-6. Carbon black powder and soot prepared in copper grid
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The investigation by transmission electron microscope is a study of
physical properties of both carbon black and soot. It presents the physical shape
of single particle and also presents the complexity of their agglomerate. This is
just only physical properties study.

For chemical properties, it is not conducted in this thesis. However, more
studies are processed from the public literature reviews.

Maricq [40], in 2007, has written “Review Chemical Characterization of
particulate emissions from diesel engine” and published in Journal of Aerosal
Science. He investigated diesel particulate matter (PMs) and explained the
composition model of its. It shows that diesel PM consists of main particle (soot,
pure carbon composition) and other elements which are from the combustion
process such as unburned hydrocarbon, sulfur, and metallic ash. This information
is noticed that the soot particle which kept from diesel engine exhaust system is
not purity by carbon element but it may have other elements contaminated at
surrounding of soot particle. The model of Maricq is shown in Figure 4-7 [40].

Karin et al. [41] investigated chemical composition of diesel particulate
matter (PMs) from different engine conditions and different fuel, and compared
with commercial carbon black named N330. They found that the estimated
carbon and hydrocarbon content inside PMs are analyzed by CHN analysis, as
shown in Figure 4-8. Carbon fraction inside commercial carbon black is higher
than that of diesel and biodiesel engine PMs. From their results, it showed that,
at engine operating with high load, engine PMs has composition of carbon and
hydrogen of 81% and 1.1% respectively. For carbon black, it consists carbon at
93.9% and hydrogen at only 0.5%. This is highly significant difference between
commercial carbon black and diesel engine PMs.

Finally, the information above indicated that carbon black is more purity
in carbon composition than PMs. It is the very advantage to use carbon black as
a representative of diesel engine soot for this thesis study because it can be
neglected the effect from chemical reaction with hydrogen in any test.
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Figure 4-7. Diesel particulate matter composition model [40]
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Figure 4-8. CHN analysis of diesel engine soot and carbon black [41]
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4.3 The Study of Soot Particle Distribution in Liquid

The main purpose of this test is to analyze the statistical association
between carbon black distribution and lubricating oil additive by means of Laser
particle size detector.

In this case study, there are 2 major conditions for testing.

1) Behavior of soot dispersing in typical liquid
- Dispersing in water
- Dispersing in palm oil
- Dispersing in formulated oil
2) Behavior of soot dispersing in commercial formulated oils which have
different content of additives.

To study in the above conditions, several tools are used.

1) Particle size distribution is investigated by high resolution optical
microscope and laser diffraction technique tool.

2) Formulated oil properties are tested as same as the test in the case
study 1 (The detail is in topic 4.1). Viscosity, oxidation, nitration, and
contamination are investigated.

3) Oil additives in formulated oil are investigated by X-ray fluorescence
tool (XRF).

Figure 4-9. Experimental oil samples preparation by hotplate with magnetic
stirer
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Figure 4-9 shows apparatus for preparing liquid samples. All of samples
(water, palm oil, and 2 formulated oils) are prepared volume of 100 ml and heat
at 100°C then mixed with carbon black long last 15 minutes. Each liquid is
varying the amount of carbon black contamination from 0.25% to 2.0% by
weight. Thus, there are all 16 liquid samples for testing.

The first test, all samples are observed by high resolution optical
microscope to see the behavior of carbon black in all liquid and to compare the
level of agglomerate particle.

Then, all samples are investigated particle size distribution by laser
diffraction technique. The results will show the difference of the ability of
dispersing particle or separating particle.

Laser particle size detection, sometimes called as laser diffraction, is a
widely used particle sizing technique for ranging the materials from hundreds of
nanometers up to several millimeters in size. Laser diffraction measures particle
size distributions by measuring the angular variation in intensity of light
scattered as a laser beam passes through a dispersed particulate sample. Large
particles scatter light at small angles relative to the laser beam and small particles
scatter light at large angles, as illustrated below. The angular scattering intensity
data is then analyzed to calculate the size of the particles responsible for creating
the scattering pattern, using the Mie theory of light scattering. The particle size
is reported as a volume equivalent sphere diameter.

Laser diffraction measures particle size distributions by measuring the
angular variation in intensity of light scattered as a laser beam passes through a
dispersed particulate sample. Diffracted and refracted light is useful for this
purpose; absorbed and reflected light works against this purpose and must be
taken into account during measurement and size calculation. Large particles
scatter light at small angles relative to the laser beam and small particles scatter
light at large angles.

The angular scattering intensity data is then analyzed to calculate the size
of the particles responsible for creating the scattering pattern, using the Mie
theory of light scattering. The particle size is reported as a volume equivalent
sphere diameter.

The second test, there are a trying to study the ability of additive in
modern oil so more samples are tested with laser diffraction technique and
checked additive by XRF.

There are 6 lubricating oil samples prepared for testing, lubricant A, B,
C, D, E, and F. They all are formulated oils for heavy duty diesel truck engine
and certificated viscosity grade as SAE 15W-40. The objective is to measure and
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classify additive elements in lubricating oil by means of X-ray Fluorescence
spectrometer.

Figure 4-11. Lubricating oil samples prepared for XRF testing

X-ray fluorescence (XRF) is a powerful analytical instrumental method
used in a wide variety of industries to determine the elemental composition of
various materials. In oil analysis especially, XRF techniques have gained wide
acceptance. Among other applications, XRF is used to determine Sulphur in
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petroleum products and residual catalysts, monitor additives in lubricating oils,
analyze regular wear metal in lubricants and analyze wear debris [42].

The oil samples were mixed with a suitable solvent and introduced into
the plasma of the spectrometer. The plasma is generated by a powerful radio
frequency discharge and very high temperatures. When the different elements
are subjected to such high temperatures, they will emit light of different
frequencies. The intensity of each frequency is proportional to the concentration
of each element in the oil.

Finally, after the lubricant additive element has been known, they will
have been classified to indicate the function of the found additives by relying on
the reasonable information powered by Evan [42] on Table 4-1.

Table 4-1. General element sources typically analyzed using XRF [42]

General element

Contamination sources

Iron (Fe) Cylinder liners, crankshafts, gear, shafts ,valves, anti-friction
bearings, rust, radiator water
Chromium (Cr) Cylinder liners, rings, shafts, anti-friction bearings, internal coolant

leak, dirt entry, coatings

Nickel (Ni)

Anti-friction bearings, gears, turbine components, valve and valve
guides, coatings, fuel contaminant

Molybdenum (Mo) = Piston rings, synchro rings, oil additives, greases, solid additive
(anti-friction), internal coolant leak

Vanadium (V) Turbine blades, valves, fuel contaminant

Manganese (Mn) Shafts, valves, anti-friction bearings, dirt entry

Titanium (T1) Turbine components, springs, valves, ceramics, dirt entry

Aluminum (Al)

Pistons, plain bearings, torque convertors, thrust washers, bushes,
housings, pumps, greases, dirt entry

Copper (Cu) Plain bearings, bushes, thrust washers, any components made from
“yellow metal alloys” (such as bronze, phosphor bronze or brass),
worm gears, clutch packs, brakes, cooling system, oil additives,
assembly greases

Tin (Sn) Plain bearings, piston flashing, solder, cooling system

Lead (Pb) Plain bearing, bushes, clutch packs, cooling system, solder, oil
additives, petrol additives, combustion by-products, greases,
coatings

Magnesium (Mg) Oil additives, sea water, coatings, engine blocks, housings/casings

Calcium (Ca) Oil additives, greases, sea water

Zinc (Zn) Oil additives, brass components, cooling system

Phosphorus (P) Qil additives, bronze components

Sulphur (S) Oil additives, base oil component

Barium (Ba) Oil additives

Boron (B) Oil additives, internal coolant leak

Lithium (Li) Greases

Sodium (Na) Internal coolant leak, oil additives, greases, dirt entry, sea water

Silicon (Si) Dirt entry, oil additives, internal coolant leak, greases, assembly

compounds, pistons, silicon/aluminum alloys
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4.4 The Study of Effect of Soot Contamination in Oil on Metal Wear and
friction by Means of Four-ball Tribology Test

The Four-ball testing is one of the tribology test methods. This test
method can be used to determine the relative wear preventive properties of
lubricating fluid in sliding contact under the prescribed test conditions. No
attempt has been made to correlate this test with balls in rolling contact [43].

The illustration of principle for a Four-ball set-up is presented in Figure
4-12 and Figure 4-13. The Four-ball tribology test is a versatile test for evaluating
seizure and wear. The upper holder has one rotating steel ball, which is loaded
against lower three stationary steel balls. All contact areas are drowned in the
testing lubricant. The load can be applied by using deadweight or through a
hydraulic system. The rotation is central along the symmetry axis of both the
upper and the lower holders. Circular wear scars will appear on the lower balls,
while a circular wear track will appear on the upper ball.

The main purpose of this test is to measure wear and friction due to carbon
black by means of Four-ball testing.

In Four-ball tribology testing, to study the impact of soot on metal wear,
four lubricating oil samples were prepared. Two samples are fresh oil from
lubricant A and B, other two samples are the oil which were contaminated with
carbon black at 1% weight concentration.

There were 4 lubricating oil samples prepared for testing as following.

New lubricant A
New lubricant B
New lubricant A added carbon black 1% (wt.)
New lubricant B added carbon black 1% (wt.)

Lubricant A and B are formulated oils for heavy duty diesel truck engine
and certificated viscosity grade as SAE 15W-40.

Four-ball test machine has load cell sensor on driving shaft. During the
test, resistant force which occurring is recorded. So friction torque during test
can be measured and can be calculate more or convert to friction force and also
friction coefficient. After test, wear will occur on all steel ball, where wear scar
appears 3 lower ball and wear track appears on upper ball, as model is shown in
Figure 4-14. The prepared oil samples are shown in Figure 4-15 and the prepared
steel balls are shown in Figure 4-16.
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Figure 4-12. Four-ball tribology test machine

Vertical Load

Lubricant

Soot

Figure 4-13. Schematic of Four-ball tribological test
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Wear Scar

Figure 4-14. Wear scar on steel ball from Four-ball tribology test
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Figure 4-15. Lubricating oil samples for Four-ball tribology testing (a) new
lubricant A (b) new lubricant B (c) new lubricant A added carbon black 1%
(wt.) (d) new lubricant B added carbon black 1% (wt.)

Figure 4-16. Steel balls prepared for Four-ball tribology testing
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The four lubricating oil samples were tested via using this tribology test
method as follow the ASTM standard number D-4172. Three 12.7 mm diameter
steel balls are clamped together and covered with the lubricating oil sample to
be evaluated. A fourth 12.7 mm diameter steel ball, referred to as the top ball, is
pressed with a force of 392 N into the cavity formed by the three clamped balls
for three-point contact. The temperature of the test sample is regulated at 75°C
and then the top ball is rotated at 1200 rpm for 60 min.

The testing results are compared by using the average size of the scar
diameters worn on the three lower clamped balls, during testing, friction torque
is also measured. The wear scar results are observed by Optical Microscope
(OM), firstly.

After inspect by OM, wear that appear on both upper balls and lower balls
are also inspected more by convert the captured images from optical microscope
to black and white color and gray scale color for helping investigation
morphology on wear scar.

Moreover, 3D image rendering system is used to investigate wear shape
and measure surface roughness. This test will help us to know more details in
wear mechanism which occurred during test especially the test with soot
contamination oil samples.

The Bottom Line

Now, all details of each designed case study have been already explained.
Then, next chapter will be the results of each experiments and also the analysis
information of that data. Every investigating result will help us to clarify and
understand the characteristic of soot and carbon black, and will be also reach a
knowledge about the behavior among particulates, metal wear, and lubricating
oil additives.



CHAPTER 5
RESULTS AND DATA ANALYSIS

On This chapter, all results from each case study are shown. There are all
case studies which are already descripted in previous chapter. The results are
separated into 10 topics.

5.1 Amount of Soot Contamination in Diesel Engine Used Oil

After investigated used oil which are sampled from passenger car and
truck. There are 17 samples of diesel engine used oil, 15 samples from passenger
car and 2 samples from heavy duty truck. Moreover, in a group of passenger car,
they can be separated into 3 groups by engine size classifying, 2,000 cc, 2,500
cc, and 3,000 cc. For truck engine, its size is 7,684 cc. The oil interval changes
of passenger car differ from truck where truck has more long last interval change
than passenger car. Passenger car normally changes oil when oil age reach
10,000 km and 25,000 km for truck (see detail in Appendix A).

Soot contamination

204
03
02
0.1 I I
. B m

#1 #2 #3 #4 #5 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 #17
Car number

m2000cc m2,500cc ®m3,000cc ®7,684 cc

Figure 5-1. Soot contamination in diesel engine used oil
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This case is trying to investigate the amount of soot that contaminate in
diesel engine oil at after end of interval change. The results are shown in Figure
5-1. There are 5 samples which kept from 2,000 cc engine and their average
value of soot contamination is 0.64% by weight. For 2,500 cc engine, 8 samples
have the average soot of 0.30%. They are 0.08% and 0.44% of soot
contamination from 3,000 cc and 7,684 cc engine, respectively.

Table 5-1. Average soot contamination in diesel engine passenger car and

truck
Group Engine size Amount e S(();: ;::tx.l)tanunatlon
1 2,000 cc 5 0.642
2 2,500 cc 8 0.301
3 3,000 cc 2 0.080
4 7,684 cc 2 0.440
Total All 17 0.392

It is an average value of soot contamination in all samples of 0.39% by
weight. All of the average value are presented in Table 5-1. This results indicated
that, among oil using through end of oil life, soot contaminated in oil is less than
1% by weight. From literature reviews, in past century, the amount of soot
founded in engine reached in range of 3-5%. This may be the effect by fuel
technology and engine development by manufacturer that trying to reduce the
producing of particulate matter in the engine.

The results have been noticed that the amount of soot in small engine is
higher than large size engine. It may be because small engine has to operate in
higher speed than large engine to reach maximum torque and power during
running. Then it produced soot more times than the larger size engine. In case of
truck engine, it is the largest engine in this study and it normally operated at high
load situation so it may produce more soot by the increasing of fuel-air ratio
during running at high load to reach high performance. Furthermore, truck also
has longer period of oil change interval, then it has longer lasting for collecting
soot in oil than the smaller size engine.

5.2 Viscosity Changing of Used Oil

This case is trying to investigate the level of viscosity of diesel engine oil
at after end of interval change. The results are shown in Figure 5-2 and Figure 5-
3. In case of viscosity test at 40°C, the viscosity in all samples fall in range of
61.8 — 70.6 cSt. The average value is 67.1 ¢St. The samples from truck are not
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inspected in this test. It shows that the values of all group are very close to each
other. It is just small difference (see detail in Appendix A).

Viscosity @ 40°C

I

#2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15
Car number

Viscosity (cSt)
- N W A N NN
(=T > N <~ AR = < T =R = S = [ =

%2,000cc m2,500cc =3,000cc

Figure 5-2. Viscosity at 40 Celsius of diesel engine used oil

Viscosity @ 100°C
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m2,000cc m2500cc m3,000cc ®m7,684 cc

Figure 5-3. Viscosity at 100 Celsius of diesel engine used oil
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In case of viscosity test at 100°C, the viscosity of all group fall in range
of 10.7 — 13.9 ¢St, where samples from truck is the highest value in this test. The
average viscosity is 11.7 cSt. All parameters are concluded in Table 5-2.

Table 5-2. Average viscosity of diesel engine passenger car and truck

Engine Viscosity @ 40°C Viscosity @ 100°C
SR g oo (cSt) (cs%
1 2,000 cc 5 61.88 10.84
2 2,500 cc 8 68.89 10.75
3 3,000 cc 2 70.60 11.45
4 7,684 cc 2 - 13.90
Total All 17 67.12 11.73

5.3 Increasing of Oxidation of Used Oil

This case is trying to investigate the level of oxidation in diesel engine
used oil. The results are shown in Figure 5-4 and Table 5-3 (see detail in
Appendix A).

Oxidation

#1 H#2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 #17
Car number

Oxidation (Abs)
[ — N N
(=) W (=1 (9]

W

(=

®2000cc ®m2,500cc ®™3,000cc m7,684 cc

Figure 5-4. Oxidation in diesel engine used oil



52

Table 5-3. Average oxidation in diesel engine passenger car and truck

Group Engine size Amount 0’23;;1)011
1 2,000 cc 5 750
2 2,500 cc 8 945
3 3,000 cc ) 1185
4 7,684 cc 2 270
Total All 17 11.63

For oxidation test, it shows that the all average value is 11.6 absorbance,
where group 1 (engine size 2,000 cc) is the highest level of oxidation at 17.5
absorbance. It has been noticed that this group is also producing highest soot
contamination in used oil. Other groups are same level at about 10 absorbance.

5.4 Increasing of Nitration of Used Oil

This case is trying to investigate the level of nitration in diesel engine used
oil. The results are shown in bar chart in Figure 5-5 and the average values of
each car group are shown in Table 5-4 (see detail in Appendix A).

Nitration

#2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 #17
Car number
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#2000cc ®2,500cc ®W3,000cc ®m7,684cc

Figure 5-5. Nitration in diesel engine used oil
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Table 5-4. Average nitration in diesel engine passenger car and truck

Group Engine size Amount Nztizt;;)n
1 2,000 cc 5 926
2 2,500 cc 8 6.10
3 3,000 cc 2 = 65
4 7,684 cc 2 580
Total All 17 720

For nitration test, the results are shows the same tendency as oxidation. It
shows that the all average value is 7.2 absorbance, where the highest level of
nitration of 9.3 absorbance is from group of small size engine, which are the
group of highest percentage of soot contamination in used oil.

5.5 Decreasing of Total Base Number of Used Oil

This case is trying to investigate the level of total base number which
remaining in diesel engine used oil. The results are shown in chart in Figure 5-6
and also shown the average value in Table 5-5 (see detail in Appendix A).

Total Base Number
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0

#1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 #17
Car number

TBN (mg KOH/g)

2000cc ®2,500cc ®W3,000cc ®7,684 cc

Figure 5-6. Total base number of diesel engine used oil
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Table 5-5. Average total base number in diesel engine passenger car and truck

Group Engine size Aot Total base number

(mg KOH/g)
1 2,000 cc 5 3.92
2 2,500 cc 8 8.03
3 3,000 cc 2 6.90
4 7,684 cc 2 9.30
Total All 17 7.04

The total base number (TBN) is measured of the 0il’s condition and a high
TBN indicates a good condition. Fresh oil may contain basic additives such as
detergents and dispersants, giving a high TBN. These basic additives are added
to the lubricant to neutralize acidic components that may form in the lubricant.
Therefore, the TBN will gradually be lowered when these additives are
consumed, usually followed by oxidation and an increase in soot contamination.
Consequently, the TBN is a good indicator of the remaining life of engine oils,
express by Torbake [14].

The results show that the 2,000 cc engine has minimum value of total base
number which relate to high nitration, oxidation, and soot contamination. When
soot contaminate in lubricating oil, detergent react with them by surround soot
particle and prevent them to agglomerate [14], then make the level of total base
number decrease.

5.6 Metal Particle Contamination in Used Oil

Metal particle contamination in used oil is a measurement the volume of
metal element in used oil. There are 2 classified groups, small particle size
(smaller than 5 mm) and large particle size (larger than 5 pm), as shown in Table
5-6 (see detail in Appendix A).

Table 5-6. Average metal particle in diesel engine passenger car and truck

Engine Car Small particle Large particle
Group § 1gz % No. Amount (p;)m) g(p;)m)
1 2,000 cc 1-5 5 87.30 62.92
2 2,500 cc  6-13 8 36.40 20.08
3 3,000 cc  14-15 2 38.35 7.65
4 7,684 cc  16-17 2 9.45 4.55

Total All 17 42.88 23.80
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Figure 5-7 and Figure 5-8 show the volume of small metal elements and
large metal elements, respectively, which both small and large particle are from
wear of engine parts. Group 1 (2,000 cc engine), number 1-5, has maximum
volume at 87.3 ppm. It is higher than others for double.

According to previous study, it shows that group 1 car has produced high
soot contamination. It has been noticed that when soot is more produced, more
wear is occurred. Soot may cause in producing more wear. This is supported by
the result test of Gautam et al. [18] that lubricant with soot contamination makes
more wear than without, this is tested by ball-on-flat tribology test. Hu ef al. [12]
concluded that the average wear scar diameters of steel ball have increased
among soot content increasing.

Figure 5-9, 5-10, 5-11, and 5-12, present the proportion of metal element
particle contaminating in used oil and classified by group of engine’s size, 2,000
cc, 2,500 cc, 3,000 cc, and 7,684 cc respectively. The results show that iron is
the highest percentage and followed by copper and aluminum respectively
because most of engine parts are made by iron, especially in the parts which have
more rubbing surface areas, such as a cylinder wall area.
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Figure 5-9. Total metal wear particle in used oil of 2,000 cc diesel engine
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Figure 5-10. Total metal wear particle in used oil of 2,500 cc diesel engine
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Figure 5-11. Total metal wear particle in used oil of 3,000 cc diesel engine
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Figure 5-12. Total metal wear particle in used oil of 7,684 cc diesel truck
engine

Base on the results from 5.1 to 5.6, it indicated that the level of total base
number strongly relates to the amount of soot contamination. When soot
increases, TBN decreases.

The level of soot relates to level of wear where soot increases, wear also
increases.

Oxidation and nitration value are direct-variation with soot content and
they are also direct-variation with operating time of engine. However, the test
results appear to be no clear relationship between the soot content and oxidation
and nitration.
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S nm

Figure 5-13. Morphological differences of soot and carbon black (left) Diesel
engine exhaust soot (right) commercial carbon black
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5.7 Comparison of Diesel Engine Soot and Commercial Carbon Black

After Transmission Electron Microscope (TEM) has been conducted to
capture the images of particulates both soot particles from exhaust system in
diesel engine and commercial carbon black particles, some images are shown in
Figure 5-13. The samples were prepared by using the ethanol solvent extraction
technique and were put on the copper grid plates.

There are all 68 images captured of the diesel soot and 47 images for
commercial carbon black. The images shown in Figure 5-13 (left) present typical
single soot and agglomerates from diesel engine exhaust system, and Figure 5-
13 (right) present carbon black. Most of the images captured is in high
magnification, so there are only some images that shown clumped particulates.
The agglomerate size is 200 nm up to 500 nm in both soot and carbon black.
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Figure 5-14. Size distribution of primary particles of diesel soot and
commercial carbon black

These images of primary particle are quite difficult to measure the
primary size of single particle because they are stacking together, so we cannot
determine diameter of all particulates. The idea is just only measuring some of
them that stay at border and clearly appear. Figure 5-14 presents the distribution
of primary single size which plotted in histogram bar chart. There are in range
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of 5 nm to 90 nm. The highest peak of diesel soot and carbon black sizes are 15-
20 nm and 50-55 nm, respectively. Most of soot are clearly presented smaller
size than carbon black. More TEM image of soot and carbon black are shown in
Appendix B.

Finally, more than 500 particles were investigated the primary size, 330
and 264 particle counts are from diesel soot images and carbon black images,
respectively. The maximum diesel soot size is 62 nm and carbon black size is 87
nm. The minimum of diesel soot is also smaller than carbon black, 8 nm for
diesel soot and 30 nm for carbon black. Then, the mean values of diesel soot and
carbon black are 30 nm and 58 nm, respectively (more image in Appendix B).

Table 5-7. Statistical data of diesel soot and carbon black

Soot and Simulant

el Y e Diesel Soot Carbon Black
Particle Count 330 264
Maximum 62.1 nm 87.3 nm
Minimum 8.1 nm 29.5 nm
Average 29.5 nm 57.8 nm
Standard Deviation 10.8 11.3

The statistical data has been concluded in Table 5-7. It showed that the
commercial carbon black, representing to typical soot, average size is double to
the average of diesel engine exhaust system soot. It could be an effect from
carbon black production process. When carbon black is produced in low
temperature and low pressure atmosphere, it may become larger in size than the
particle which is conducted in combustion chamber.

5.8 Soot Particle Distributing in Liquid

Figure 5-15, 5-16, 5-17, and 5-18 are shown the dispersing of carbon
black in water, palm oil, lubricant A, and lubricant B respectively. The gray color
scale on each figure show the percentage of mixing carbon black into liquid
samples. There are the percentage in range of 0.25%, 0.5%, 1.0%, and 2.0% by
weight.

Results of the particle-dispersing observation by optical microscope are
accordance with assumption before the experiment that soot dispersion is not
similar at different liquid significantly. Piles of black particle obviously seen in
Fig. 5-15 is the accumulated carbon black which represent the soot particle in
water. Additionally, the result presents the carbon black accumulates more
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clearly if its percentage by weight increases. However, the accumulation may
not be strong because this situation is occurred in ambient air pressure and the
temperature is not too high comparing to hard carbon which produced in
combustion chamber of engine.

Figure 5-16. Carbon black disperse in palm oil
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Figure 5-17.

Figure 5-18. Carbon black disperse in formulated oil lubricant B

Moreover, as the other liquid sample shown in Fig 5-16, the observation
results of carbon black dispersion in palm oil present it is worse if an amount of
carbon black increases. Comparing between the two liquid, carbon black
dispersion in palm oil, which is more similar chemical characteristic with oil
lubricant than water, is quite batter than the previous one. As expected, when
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looking at the sample of the carbon black-dispersing results in formulated oil
lubricant A and B (Fig. 5-17 and 5-18), theirs dispersing is significantly better
than in water and oil because an oil lubricant has an additive that help to disperse
soot particle. It is obviously different if the samples of liquid have much carbon
back particle. At 2% carbon black, the dispersion in the oil lubricants is better
than the others clearly.

When comparing between formulated oil lubricant A and B, the carbon
black dispersion in oil lubricant A is worse than the other observed by color tone
of the figures. The dark tone represents the dispersion of carbon black is quite
great until a light is hard to lay through the lubricant. For this reason, it can be
concluded that the lubricant B is better than the lubricant A.

After investigate the distribution of carbon black in liquid by using optical
microscope, this case study is also investigated liquid sample mixed carbon black
by laser diffraction technique. The results are shown in Figure 5-19 to 5-28.

Figure 5-19 shows size distribution of carbon black powder mixing in
palm oil at 0.25% and 1% by weight. In case of mixing at 0.25%, there are small
particles which have the size of 10 nm to 60 nm. The bigger size particles, they
may be the agglomerate, are size of 100 nm to 50 pym where the highest peak is
at 5 pm.
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Figure 5-19. Carbon black particle distributing in palm oil
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Figure §-20. Cumulative of carbon black particle distributing in palm oil

In case of mixing at 1%, there are not small particles in nanoscale. The
sizes are in range of 400 nm to 100 pm. Figure 5-20 shows the cumulative
percentage of particle size of carbon black in palm oil. It shows that there is just
only the test with 0.25% concentration which can maintain or keep particle small,
which are size of 10 nm to 60 nm, it is about 20% cumulative (see laser particle
size report of palm oil in Appendix C).

Another two tests are the test with commercial formulated oil, lubricant
A and B. The results of the test with lubricant A is shown in Figure 5-21 and 5-
22. They show that lubricant A can keep carbon black particle small at all
concentration percentages. Even though it was mixed at 2%, it maintains the
particle in size of 10 nm to 60 nm at about 5%. Moreover, it has been noticed
that at the level of 1% mixing, lubricant A makes additive the most active
compared to other levels of concentration. It can keep small particle reach to
18% cumulative (see laser particle size report of lubricant A in Appendix C).

Figure 5-23 and 5-24 show the results from the test with lubricant B. They
present the same trend as lubricant A. In all level of mixing with carbon black,
lubricant B can keep particle small and the remaining are agglomerate.
Furthermore, lubricant B is also the most additive active at 1% carbon black
mixed (see laser particle size report of lubricant B in Appendix C).
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Figure 5-21. Carbon black particle distributing in lubricant A
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Figure 5-22. Cumulative of carbon black particle distributing in lubricant A
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Figure 5-23. Carbon black particle distributing in lubricant B
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Figure 5-24. Cumulative of carbon black distributing in lubricant B
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Figure 5-25. Carbon black 0.25% by weight distributing in liquid
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Figure 5-26. Cumulative of carbon black 0.25% by weight distributing in

liquid
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Figure 5-27. Carbon black 1% by weight distributing in liquid
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Figure 5-28. Cumulative carbon black 1% by weight distributing in liquid
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Figure 5-25 and Figure 5-26 are repeating result from earlier one. They
show the results of testing with palm oil, lubricant A, and lubricant B, but picked
up only the mixing at 0.25% by weight. It shows that palm oil makes the best
result by keeping carbon black particle small in size of lower than 100 nm at
about 20% cumulative. Lubricant B is also giving a better result than lubricant
A.

Figure 5-27 and 5-28 present the results of testing at 1% carbon black
mixing concentration by weight. It shows the significant result that palm oil
cannot maintain small particle and let them agglomerate to be larger size.
Moreover, lubricant B is the best one that can keep particle small at about 24%
over lubricant A at near 18% cumulative.

After investigate carbon black size distribution in liquid, the results
indicated that properties of oil are the dominant for dispersing soot. Moreover,
oil additives are also having an effect to prevent agglomeration of soot particle.
Then more fundamental information about oil additives is need.

This thesis is designed to study the effect of oil additives on the ability of
dispersing soot. Thus, more commercial formulated oils are prepared to
investigate particle size distribution by using laser diffraction technique.

Before doing dispersing test, all formulated oils are inspected several oil
properties to make sure that they are same conditions but just only oil additives
different.

Table 5-8. Oil properties of diesel engine lubricant grade SAE 15W-40

Lubricant (SAE 15W-40)

01l e Lube A TLubeB LubeC TLubeD LubeE LubeF
Viscosity @40 C cSt 104.2 110.1 108.9 107.5 106.7 109.5
Viscosity @100 C cSt 13.8 15.0 14.6 14.4 14.6 14.4
Oxidation Abs 4.0 6.6 7.0 12.1 5.9 5.0
Nitration Abs to PR, 3.5 34 6.9 3.5 4.0
TAN mg KOH/g 0.91 1.58 1.63 0.92 1.81 2.20
TBN mg KOH/g 8.2 9.2 9.8 9.4 8.1 T

Table 5-8 shows oil properties of 6 diesel engine lubricating oil which are
same viscosity grade as standard SAE 15W-40. There are several condition for
investigating such as viscosity, oxidation, nitration, total acid number, and total
base number (see details commercial oil properties in Appendix D).

Oil additives in all 6 formulated oils are analyzed by using X-ray
fluorescence (XRF). The results are shown in Figure 5-29 and 5-30. The
summary of that data are presented in Table 5-9 (see details of XRF results in
Appendix E).
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Figure 5-29. Stacked bar chart of total additive element volume
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Figure 5-30. Clustered bar chart of additive element volume
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Table 5-9. Additive element volume of lubricating oils analyzed using XRF

Element Volume (%)

Lubricating Oil S Ca 7n P Mg a Mo
Lubricant A 0.822 0593 0.132 0.128 - 171 ppm -
Lubricant B 0.760 0.875 0.237 0.262 - - 38.2 ppm
Lubricant C 0.678 0.769 0234 0228 . - 79.0 ppm
Lubricant D 0.635 0637 0.157 0.149 - 308 ppm -
Lubricant E 0.625 0213 0251 0235 0.173 195ppm 493 ppm
Lubricant F 0.664 - 0.263 0.259 0.289 - -

Table 5-9 shows the volume of oil additive elements of 6 commercial
formulated oil which are analyzed by using XRF tool. Whereas lubricant A is
the most contain Sulphur and lubricant B has Calcium more than others.
However, lubricant B is the most contain all element additive than others (more
than lubricant A), as shown in Figure 5-19.

According to Table 4-1 [42], the sources of each element can be classified
as following:

Sulphur (S) is a natural constituent of base oil, so it appears in almost all
oil samples. Highly refined and synthetic base stocks may contain no or very
little Sulphur. Sulphur is also found in many additives, including anti-wear, anti-
oxidant, extreme pressure, corrosion inhibitor and metal deactivator additives.

Calcium (Ca) 1s often found in conjunction with magnesium and forms
the detergent and corrosion inhibitor part of the additive package.

Zinc (Zn) is found in chemicals used to make anti-wear, anti-oxidant,
detergent and corrosion inhibitor additives.

Phosphorus (P) is a non-metal and is found in many additives. These
include: anti-wear, anti-oxidant, extreme pressure, corrosion inhibitor, friction
modifiers, metal deactivator, and biocide chemicals.

Magnesium (Mg) is used in the formulation of detergents and corrosion
inhibitors.

Molybdenum (Mo) is seen as an additive in engine oils as part of the anti-
oxidant package. Molybdenum disulphide (Mo-Di) is an aftermarket additive
than can be added to lubricants by the end user. Mo-Di is an anti-friction
compound that has been used in lubricants for almost a century.

Chlorine (Cl) is not found that used in any lubricant additive purposes.
Then, it may be coming from the production process and refining process of
lubricant, so it may also conclude that chlorine is a contamination part of the
lubricant.
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Figure 5-31 and 5-32 are shown the results of the study of effect of oil
additives on the ability of dispersing carbon black in 6 formulated oils (see laser
particle size report of commercial lubricant in Appendix F).

It has been noticed that lubricant A has large carbon black particle more
than others and lubricant B is the most contain small carbon black particle.

Torbake [14] reported that most of all additives have polar moiety and
hydrocarbon chain. They can react with all polar particle that contaminated in oil
and soot or carbon black are also the polar particle. This can be supported to the
results of particle size distribution test which lubricant B can keep carbon black
in small size than others because it is the highest containing of oil additives.

5.9 Effect of Soot Contamination in Qil on Metal Wear

The objective of using lubricating oil is to get advantage from ability of
film layer forming by lubricant, whereas film thickness is depended on viscosity
at operating temperature. Then the viscosity of lubricant A and B are investigated
for estimating oil film thickness of each lubricant. The viscosity of lubricant A
and B are shown in Figure 5-33 and 5-34, respectively.

Lubricant A
120
100
- 80
A
=2,
g 60
S
40
20
, A1 Hl ER ER &R
New oil CB 0.25% CB 0.5% CB 1.0% CB 2.0%
M at 40°C 104.2 101.3 101.6 98.9 105.6
M at 100°C 13.8 13.9 13.7 13.9 14.0

Figure 5-33. Viscosity of lubricant A mixed with carbon black
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Figure 5-34. Viscosity of lubricant B mixed with carbon black

Minimum film thickness is calculated by equation (3.6) which several
parameters are required as following:

-0.073

h U 0.68 w
NG (E";?B') By (E'R’Z) S/ A

ho is the minimum film thickness [m].

U is the entraining surface velocity = 0.23 [m/s]

Mo is the viscosity at atmospheric pressure of the lubricant = 60.9 [Pa-s].
E' s the reduced Young’s modulus = 2.308 x 10! [Pa].

R’ is the reduced radius of curvature = 1.5875 x 10~ [m].

a is the pressure-viscosity coefficient = 2.332 x 10 [m?*/N].
W is the contact load = 159.9 [N].
k

is the ellipticity parameter = 1.0339

After calculation, the oil film thickness of lubricant A and B are shown
in Table 5-10.
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Table 5-10. Estimation of oil film thickness of lubricant A and B

Cases Oil film thickness ho (nm)
Lubricant A 302
Lubricant A + CB 1% wt. 294
Lubricant B 319
Lubricant B + CB 1% wt. 311

From Table 5-10, the values of oil film thickness of all cases are hardly
different at about 300 nm.

Lubricant A and B with and without carbon black 1% by weight are
brought to test four-ball tribology test under controlled condition, 60 minutes
duration, apply load 392 N, speed 1200 rpm, and temperature at 75°C.

The wear scar diameter was measured under microscope. Figure 5-35
shows the microscopy image of wear scars found on three lower balls and one
upper ball after 60 min running time in lubricant A without carbon black and
Figure 5-36 shows for lubricant A with carbon black. The results showed that
wear diameter of four metal balls in case of testing with soot are larger than wear
diameter of four balls without soot. Similarly, wear diameter of four balls in
lubricant B with soot are larger than wear diameter of four balls without soot, as
shown in Figure 5-37 and Figure 5-38. Wear edge shape of balls in lubricant A
are quite smoother than shape of balls in lubricant B. The average wear diameter
of balls in case of testing in lubricant A is 493 microns and in lubricant A with
soot is 537 microns. In case of lubricant B, the average of wear diameters are
531 and 597 microns for case without soot and with soot respectively. Even
though they are same viscosity grade, wear shapes are a little bit different.

Upper ball

Figure 5-35. Wear scar on steel ball test with lubricant A



i7 4

Lower ball 2 Upper ball

[E RN Loehs

Lower ball 1

Upper ball

Figure 5-38. Wear scar on steel ball test with lubricant B mixed carbon black
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Upper ball

Lower ball

Figure 5-39. Roughness on steel ball test with lubricant A

Upper ball

Lower ball

Figure 5-40. Roughness on steel ball test with lubricant A mixed carbon black

Upper ball

Figure 5-41. Roughness on steel ball test with lubricant B
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Figure 5-42. Roughness on steel ball test with lubricant B mixed carbon black

Table 5-11 presents the count of wear track which occur on wear scar on
steel ball. The track density on lower ball of the test with lubricant A with and
without carbon black 1% wt. are 237 and 261 line per millimeters respectively.
The track density on lower ball of the test with lubricant B with and without
carbon black 1% wt. are 279 and 301 line per millimeters respectively (see high
resolution image of wear scar in Appendix G).

Roughness on wear scar of lower ball of the test with lubricant A 1s 0.07
pum. It is lower than the test with lubricant A mixed carbon black at 0.19 pm. The
results are different from the test with lubricant B. Roughness on wear scar of
lower ball of the test with fresh lubricant B is higher than the test with
contaminated lubricant B which are 0.15 and 0.03 um respectively (see 3D
rendering image of wear scar in Appendix H).

Table 5-11. Summary of investigation on wear scar

Lube A Lube A+CB Lube B Lube B+CB

Wear diameter Upper ball 468 575 538 650
(um) Lower ball 493 537 531 597
Track density Upper ball 244 230 312 317
(line/mm) Lower ball 237 261 279 301
Roughness Upper ball 0.10 0.16 0.12 0.09
(um) Lower ball 0.07 0.19 0.15 0.03

Figure 5-43 shows that both lubricant A mixed carbon black 1% by
weight and lubricant B mixed carbon black 1% by weight make more wear than
case of fresh oil. William [99] suggests that the too large particle cannot enter to
the contact surface zone. Thus, the carbon black, which is smaller than minimum
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oil film thickness (300 nm), is introduced to the rubbing zone and then make
wear on metal surface.

From the experiment 5.8 soot particle distributing in liquid, indicated that
9% of carbon black in lubricant A is smaller than 300 nm and 25% for lubricant
B. It means carbon in lubricant B can be introduced to rubbing zone more than
carbon black in lubricant A. This related to the results of experiment 5.9, wear
diameter increased 44 pum for lubricant A testing and 66 pm for lubricant B

testing.

Lube A Lube A+CB Lube B Lube B+CB
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Figure 5-43. Wear scar diameter on lower and upper steel ball
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Figure 5-44. Wear track density on lower and upper steel ball



81

Lube A+CB Lube B Lube B+CB
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Figure 5-45. Roughness of wear scar on lower and upper steel ball

Figure 5-39, 5-40, 5-41, and 5-42 show the surface image from 3D
rendering optical microscope. They are helping to inspect morphology of wear
scar surface and helping to understand wear mechanism of four-ball tribology
system (two sphere steel ball geometry contact). Furthermore, this tool is also
providing the roughness value which is a good information for calculating and
helping defining the lubrication regime of the test.

Figure 5-45 presents roughness on wear scar on steel ball. It shows that
lubricant B mixed CB testing (which contain carbon black size smaller than
300nm of 25% by volume) has lower roughness than the test with fresh lubricant
B from 0.15 to 0.03 pum. However, in case of the test with lubricant A, roughness
is increase from 0.07 to 0.19 pm. It may be the effect from the amount of small
particle (smaller than minimum film thickness) which lubricant A mixed CB
contain just only 9% by volume. Whereas 9% containing may not enough to
scratch and reduce roughness at contact surface.

Figure 5-44 present track count on wear scar on steel ball. Both lubricant
A and B, when mixing with carbon black, track density increased on wear scar.
For lubricant A testing, it increased 24 lines from 237 lines. For lubricant B
testing, it also increased 22 lines from 279 lines. However, the wear track is
investigated by human observation from optical microscope image so it may not
count the track accurately.
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Figure 5-46. Friction torque of lubricant A case tested using Four-ball
tribometer
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Figure 5-47. Friction torque of lubricant B case tested using Four-ball
tribometer
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5.10 Effect of Soot Contamination in Oil on Friction

Figure 5-46 and Figure 5-47 show the friction torque. The value of friction
torque is very low. The samples with soot seem to be lower friction torque than
the sample without soot in both cases. The average friction torque in testing with
lubricant A is 2.008 N.mm and the average friction torque in testing in lubricant
A with soot is 1.615 N.mm. In lubricant B, the average friction torque in case
none soot and mixed with soot are 1.708 and 1.223 N.mm respectively.

2.008

Lubricant A Lubricant A with Lubricant B Lubricant B with
Carbon Black Carbon Black

2:5

1.5

Friction torque (N.mm)

0.5

Figure 5-48. Average friction torque

From Figure 5-48, the values of friction torque are calculated for friction
coefficient by equation below (derived by four-ball geometry) [44]:

=2.227—
p - i W
Where
u is friction coefficient
T is friction torque [kg-cm]

w is normal load to contact surface = 40 [kg]

Film parameter can be calculated by equation (3.1) in chapter 3 and the
values are shown in Table 5-12.
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Table 5-12. Summary of friction coefficient and film parameter

Friction coefficient Film parameter
Lubricant A 0.110 247
Lubricant A+CB 0.088 1.18
Lubricant B 0.093 1.66
Lubricant B+CB 0.067 3.27

Table 5-12 presents the decreasing of friction coefficient when carbon
black is mixed to lubricant in both case of A and B. Carbon black in lubricating
oil may act as a rolling element and result in reducing friction between metal
surfaces, however, this suggestion is still not inspected in this thesis. Another
idea is that carbon black may react with lubricating oil by both physical and
chemical reaction and result in increasing oil film thickness between contact
surfaces.

Film parameter indicates the lubrication regime of four-ball test. Where
film parameter value is under 1 refer that the situation is in boundary lubrication
regime, 1-3 refer to mixed lubrication regime, and more than 3 refer to
hydrodynamic lubrication regime (related to Figure 3-3 [14]).

Form Table 5-12, it reported that the four-ball situation is in mixed
lubrication regime except the case of testing with lubricant B mixed with carbon
black, it referred to full film or hydrodynamic lubrication regime.

According to Figure 3-4 [32], this may refer that this test can represent
the system of valve train and piston ring system which are in mixed lubrication
regime.
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Figure 5-49. Model of carbon black particles introduced to gap between two
metal surfaces
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Figure 5-50. Model of wear scar scratched by carbon black (upper) high
roughness and low track density (lower) low roughness and high track density

After analyze all of the data, they may be explained that soot or carbon
black which are mixed into tested lubricants, the too small particles may not
affect to the metal surfaces. The too large particles may also escape out from
scrubbing areas because they cannot enter to that clearance. They are limited by
the gap length between two metal surfaces which defined by oil film thickness.
There are just only the proper particles which near to film thickness can be
introduced to the gap and scratch the metal surfaces and make them wear. This
is demonstrated by a drawing in Figure 5-49.

The gap height is calculated from equation (3.6). It shows the oil film
thickness is about 300 nm. Then particles which can be introduced to this gap
are the particle size of lower than 300 nm. In case of the test with lubricant A
mixed carbon black 1% by weight, there are only 9% of all which are smaller
than the limit. Moreover, in case of lubricant B, there are reached to 25%. That
mean lubricant B is more containing the particles which have dominant effect on
scratching than lubricant A (see data and explanations in section 5.9).

Figure 5-50 demonstrates two forms of wear scar that occurred in this four
ball test. Related to the results in section 5.9, lubricant A which contains the
proper particles at 9% make metal surfaces scratched, where the roughness of
wear scars are 0.16 um and 0.19 um (on upper ball and lower ball respectively)
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and wear track density are 230 and 261 lines per millimeter (on upper ball and
lower ball respectively). On the other hand, lubricant B contains the dominant
particle at 25% can make higher probability for scratching metal surfaces, so
wear track density is higher than the test with lubricant A (317 and 301 lines per
millimeter for upper ball and lower ball respectively), but these dominant
particles are also reducing the metal surface peak areas then roughness of this
case are lower than the case of lubricant A (0.09 pum and 0.03 pum for upper ball
and lower ball respectively). These situations are demonstrated by this
illustration in Figure 5-50, where upper model shows schematic of high
roughness and low wear track count which refer to wear scar on steel ball tested
with lubricant A mixed carbon black, and lower model shows schematic of low
roughness and high wear track count which refer to the test with lubricant B
mixed carbon black (mixing at same concentration but different in amount of
dominant-effected particles).

In conclusion, all of the results have been already analyzed. It shows that
the situation of four-ball test is in mixed lubrication regime. Thus, this system
can be used to simulate the mechanism of gear and valve train system in the
engine. The relationship between soot and wear and friction are very
complicated. There are only the suggestion ideas trying to explain the behavior
of soot. However, more fundamental knowledge is still in need. More
experimental works are required to investigate.

The Bottom Line

The next chapter 1s the final chapter in the thesis. Chapter 1-3 give the
information about the significant of this study and provide public literature
reviews and theories which related. Chapter 4 and 5 provide the experimental
process and the results that help to understand about the behavior of soot
contamination in lubricating oil and their effect on metal wear and friction. Next
will be the conclusion of which this thesis has conducted.



CHAPTER 6
CONCLUSION

According to the study of the impact of soot on lubricating oil properties
and on metal wear, it can be concluded as following:

In case of investigating lubricant from passenger car and truck, it has been
showed that soot was contaminating in range of 0.05-0.88% by weight in diesel
engine used oil. It is less than 1% by this study. Moreover, the results also
induced to show that soot may be the cause of decreasing total base number of
oil by absorb oil additives, and increasing metal wear from engine parts.

Carbon black can be used to be a simulant of soot because the both have
a similar morphology. However, they still have small difference in the view point
of the particle diameter size of which the average sizes are 29.5 nm and 57.8 nm
for soot and carbon black, respectively.

Oil additives have a significant effect on dispersing soot in lubricant oil.
However, it cannot be concluded clearly that which additive make the most
effect. The tested results presented the difference of soot particle size distribution
in liquid that there are highly agglomerated in water, and smaller level of
agglomeration in palm oil, and well dispersing in formulated oil.

Based on the four-ball tribology test, soot in lubricating oil may act as a
rolling element and result in reducing friction between metal surfaces, however,
this suggestion is still not inspected in this thesis. Another idea is that soot may
react with lubricating oil by both physical and chemical reaction and result in
increasing oil film thickness between contact surfaces. Furthermore, high soot
contaminating has an effect on increasing more wear by increase more area of
abrasive mechanism and increase probability in scratching process between
metal surfaces.

Finally, this thesis found the most significant result that the appropriate
particle size, which is near to oil film thickness between metal surface contacts,
is the dominant cause of making wear. The too large particle size compared to
oil film thickness will escape out and too small particle size will not effect on
wear. Furthermore, high level of proper particle size contaminated in oil will
increase probability of rubbing process then make contact surfaces smoother or
make lower in roughness.
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APPENDIX A

Physical and Chemical Properties of Used Oil from Diesel Engine
Passenger Car

No. List Page
1 Car #1 engine size 2,000 cc 93
2 Car #2 engine size 2,000 cc 94
3 Car #3 engine size 2,000 cc 95
4 Car #4 engine size 2,000 cc 96
5 Car #5 engine size 2,000 cc 97
6 Car #6 engine size 2,500 cc 98
7 Car #7 engine size 2,500 cc 99
8 Car #8 engine size 2,500 cc 100
9 Car #9 engine size 2,500 cc 101
10 Car #10 engine size 2,500 cc 102
11 Car #11 engine size 2,500 cc 103
32 Car #12 engine size 2,500 cc ' 104
13 Car #13 engine size 2,500 cc 105
14 Car #14 engine size 3,000 cc 106
15 Car #15 engine size 3,000 cc 107




93

Used oil properties of car number 1 (engine size 2,000 cc)
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Used oil properties of car number 2 (engine size 2,000 cc)
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Used oil properties of car number 3 (engine size 2,000 cc)
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Used oil properties of car number 4 (engine size 2,000 cc)
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Used oil properties of car number 5 (engine size 2,000 cc)
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Used oil properties of car number 6 (engine size 2,500 cc)
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Used oil properties of car number 7 (engine size 2,500 cc)
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Used oil properties of car number 8 (engme size 2,500 cc)
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Used oil properties of car number 9 (engine size 2,500 cc)
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Used oil properties of car number 10 (engine size 2,500 cc)
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Used oil properties of car number 11 (engine size 2,500 cc)
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Used oil properties of car number 12 (engine size 2,500 cc)
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Used oil properties of car number 13 (engine size 2,500 cc)
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Used oil properties of car number 14 (engine size 3,000 cc)
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Used oil properties of car number 15 (engine size 3,000 cc)
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High Resolution Image of Diesel Engine Soot and Carbon Black analyzed

by Transmission Electron Microscope (TEM)

No. List Page
1 Diesel Engine Soot* 109
Commercial Carbon Black* 110

*Remark: All images are in attached CD. This section shows some of example

images.
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TEM image of diesel engine soot from exhaust pipe
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Images captured at scale of 50 nanometers
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Images captured at scale of 200 nanometers
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TEM image of commercial carbon black

Image captured at magnification of 100,000x



Image captured at magnification of 40,000x




Image captured at magnification of 25,000x
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Image captured at magnification of 10,000x
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APPENDIX C
Particle Size Distribution in Liquid Analyzed by Laser Diffraction
Technique
No. List Page
1 Palm oil mixed carbon black 0.25% wt. 117
2 Palm oil mixed carbon black 1.00% wt. 118
3 Lubricant A mixed carbon black 0.25% wt. 119
4 Lubricant A mixed carbon black 0.50% wt. 120
5 Lubricant A mixed carbon black 1.00% wt. 121
6 Lubricant A mixed carbon black 2.00% wt. 122
7 Lubricant B mixed carbon black 0.25% wt. 123
8 Lubricant B mixed carbon black 0.50% wt. 124
9 Lubricant B mixed carbon black 1.00% wt. 125
10 Lubricant B mixed carbon black 2.00% wt. 126
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Palm oil mixed carbon black 0.25% by weight

Sample Name Paim 01.CRO25% Instrument Type Mastessizer 3000
! Measurement Date 137,/2559 Instrument Serlal No. MALI0S926T
| File Name 560507-9302 Arcessory Name bydrm MY
i Purticle Name Carbon black Result Units Volume
Particle Refractive Index * 640 Concentration 00006 %
Particle Absorption Index 3000 Uniformiry 5220
Dispersamt Name n Hesane Span 18083
Dispersant Refractive Index 7 380 Specific Surface Area 29260 m'ikg
Analysis Model Gonaral Purpase Weighted Residual .05 %
Scattoring Model Mig Dv (10) D.0225 pm
Laser Obscuration 1696 % Dw (50) D.64% pre
Ultrasound Achieved [ % Dv (90) 118 um
Stirrer Speed Achieved 3000 D 14,3] 366 pm
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Palm oil mixed carbon black 1.00% by weight

Sample Name Palm [17-C8 1 (%

Measurement Date 1372555

File Name Z80507-8302

Instrument Type Magersizer3000
Instrument Serlal No, MALIDS3GT
Accessory Name Hydo by

Dispersant Refractive Index 1 580
Analysis Model General Puspose
Scattering Model M2
Laser Obscuration 25 15 %
Ultrasound Achieved 0 ¢
Stirrer Speed Achieved 2000
Particle Notes

Particle Name Carban back Result Units Volume
Particle Refractive Index 1 540 Concentration 00093 %
Particle Absorption Index 2000 Uniformity 2 385
Dispersant Name n-Hexane Span 8801

Specific Surface Area 9301 m'/kg
Waoighted Residual 127 %
Dw (10) 1.1E g
Dv (50) 578 um
Dv (90) 520 um
D[43] 17.2ym
D [3.2] 307 ym
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Lubricant A mixed carbon black 0.25% by weight
e T

Sample Name Lute A+CR 025%
Measurement Date 147,
File Name S90507-9302

Instrument Type Masterizer3000D
Instrument Serial No. MAL10%9267
Accessory Name Hyomn My

Particle Name Cartion Black
Particle Refractive Index 1540
Particle Absorption Index 3 000
Dispersant Name r-Hegans
Dispersant Refractive Index 1 3150
Analyss Model Cenaral Purpose
Scattering Model nie
Laser Obscuration 2287 %
Uitrasound Achieved 07
Stirrer Speed Achieved Z500 rper
Particle Notes

Resalt Units Volume
Concentration 00123 %
Unifoemity 2 350
Span 756
Specific Surface Area 12200 m’/kg
Welghtad Residual (194 %
Dw {10) 0280 ym
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Dwv {90) 347 pm
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Lubricant A mixed carbon black 0.50% by weight

Sample CB 0.5%

Name Lubs A
Measuremant Date 14,/7/255%
File Name SS0507.6102

Instrument Type Mastersizer3(00

Instrument Serial No. MAL1093267
Accessory Name Hydro MV

Particle Name Caton back
Particle Refrective Index 1240
Particle Absorption Indes 3000
Disporsant Name n- Hexane
Dispersant Refractive Index 1380
Analysis Model General Pumpose
Scattering Madel Hir
Laser Obscuration 208
Ultrasound Achieved
Stirrer Speed Achieved 2500 rpm
Particle Notes

Result Units Valume
Concentration 00027 %
Uniformity 2 607
Span G989
Specific Surface Area 11440 m'/kg
Weighted Residual 071 %
Dv (10) 01326 um
Dv (50) 677 ym
Dv (90) 476 ym
D43] 157 ym
D [3,2] 0.250 ym
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Lubricant A mixed carbon black 1.00% by weight

Sample Name Lube 2¢CE 10%
V4/Ti255

905078

Measurement Date &

File Name

Instrument Type Mastersizer30I0
Instrument Serial No. MALIU996T
Accessory Nama Hyrdro My

Particle Name Cation Black
Particle Refractive Index 1840
Particle Absorption Index 3 00
Dispersant Name n-Heane
Dispersant Refractive Index 1580
Analysis Model General Purpose
Scattering Model Mz
Laser Qbscuration &4 75 %
Ultrasound Achiewed G
Stirrer Speed Achiewed 2500 rpm
Particle Notes

Result Units volume
Concentration 00074 %
Uniformity 2939
Span 144811
Specific Surface Area 27030 m/kg
Woeighted Residual 201 %
Dw (10) 00234 pm
Dw (50) 130 um
Dw (90) 154 um
D [4,3] 549 ym
D [3.2] U105 um
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Lubricant A mixed carbon black 2.00% by weight

Sample Name Lubr A+ CB 2.0%

Measurement Date 14/7/255

Instrument Type Mastersaer 3000
Instrument Serial No. MALTD9S257
Accessory Name Hydro MV

Particle Name Carbon black
Particle Refractive Index 1.540
Particle Absorption Indes 3000
Dispersant Name n-Hexane
Dispersant Refractive Index 1 380
Analysis Model Grneml Purpose
Scattoring Maodel iz
Laser Obscuration -
Uitrasound Achieved 0 %
Stirrer Speed Achieved 2500 rpm
Particle Notes

454 %

Result Units Volume
Concentration 00021 %
Uniformity 3556
Span 13218
Specific Surface Amea 14760 m'/kg
Welghted Residual (8% .
Dv (10) 0175 pm
Dw (50) 205 ym
Dv (80) 27.3 pm
D [4.3] 804 um
D [3,2] Q.18 pm
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Lubricant B mixed carbon black 0.25% by weight
R s

Sample Name Lube B-CB 0.2%% Instrument Type Mastersizer3000
Measurement Date 14/7/2558 Instrument Serial No. MAL 1099267
Fite Name SSU507-43402 Accessory Name Hydro MV
e e e i e
Partide Name Casbon Slack Result Units volume
Partiche Refractive Index 1840 Concentration 00072 %
Particle Absorption Index 3 000 Uniformity 6815
Dispersant Nama n-Hexane Span 24263
Dispersant Refractive Index 1380 Specific Surface Area 19070 m'/kg
Analysis Model General Purpase Weighted Residual 1.31 %
Scattering Model "« Dw {10) DO360 pm
Laser Obscuration 20.30% Dv (50) 105 um
Ultrasound Achieved 0 % Dw (90) 256 ym
Stirrer Speed Achleved 2000 rpm D [43) 756 uym
Particle Notes D [3.2] 0150 ym
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Lubricant B mixed carbon black 0.50% by weight

instrument Type Mastersies3000

Sample Name Lube 5+CB 0.5%
Measuromsnt Date 14/7/2553 Instrument Serisl No. MALIGREIET
Fla Name $90507.5302 Accossory Nome Hydro MY
.5 |
Particle Name Carbon black Result Units Volume
Particle Refractive Inden 1.842 Congentration 0015 %
Particle Absorption Index 3000 Uriformity 3533
Dizpensamt Name n-Heng Span 11782
Dispersant Refractive Index 1.38) Spocifie Sarface Aren 20120 mi/kg
Analysis Mode) Generd Purate Wrighted Residual 0.8 %
Scattering Model Mie v (10) 0013 pm
Laser Dbscuration 244 % Ov (507 2498 ym
Uttrasound Achiewsd § % Ov (50) 351 pm
Stirret Spawd Achiwnd 3000 rpm D [4,8) 114
Particle Notes D [3,2] G.142 pm .
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Lubricant B mixed carbon black 1.00% by weight
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Sample Name Lube 8405 10% Instrument Type Masiersizer3NQ
Measurement Date 14/3,/2559 Instrumem Sqrlal No, MALIDAS26T
File Nama 590507.9303 Acceszory Namae Hydeo My
. ]
Farticle Name Carben black Result Units Volume
Particle Refractive Index 1540 Concentration 0.0001 %
Partiche Absoeption indax 3400 Uniformity .511
Dispersact Namp n-Hexang Span 2033
Dispeesent Rafractive tndea 1,360 Specific Surface Aren 37540 mifkg
Analysis Mode! Goneral Putpase Weighted Resicuat 220%
Seuttering Niodel Mis Dv (10) 06383 pm
Laser Qoscuration 1070 % Dv {50} 0541 pm
Witrasoumd Achimeed 0% v (90) 102 pm
SHrrer Speed Achisved 3000 rpm D (4,3] 0.562 ym
Particle Notzs D (3,2] Q0261 pm
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Lubricant B mixed carbon black 2.00% by weight

Ssnple Name Lube B+C8 2.0%
Measurement Date 148/7/255%
File Name 530357-5302

126

hutrument Type Mactardzarnio
Instrument Serial Ko, MALICYIZGY
Accessory Hame Hydn 14

Partide Name Caxtion back
Particle Befrmctive ndex 1840
Particie Absorption Indea 31000
Dispersand Namw n-Hexane
Dlspersant Refractive Index 1380
Analysls Mode! General Arpase
Scattering Model ndie
Lozer Obseuration 17,14 %
Uitrasaund Achiqwod 0%
Sthrrer Speed Achisved 2006 rpm
Farticle Notes

Result Unlts Velume
Conventration WOT1Z %
Uniformity 2589
Span B460
Specific Surface Arpa 17620 miig
Walghted Resldual 1,17 %
Drw (10) Q0399 pors
Dy {50) 195 pre
v (90) 166 yim
D {4,3] 590 um
D [3,2] 0162 pm
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Physical and Chemical Oil Properties Reports of New Formulated Oils

APPENDIX D

127

No. List Page
1 New Lubricant A 128
2 New Lubricant B 129
3 New Lubricant C 130
4 New Lubricant D 131
5 New Lubricant E 132
6 New Lubricant F 133
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Oil properties of lubricant A

Lab 1D ~ 341270
Boibs 1D 1058903
Dats Sampiad g g D416
O Hotrs (Kms) % = Nl Avatatte
ot Boure (Kane) Not Apatabie

Tianhen
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Vissomty ArC”

ot 104.2

Vistosty @ S0PC | D25 | ot 138
Outiaatioh EXi Am 40
Nirainn EdIz: Am §5
TAN 0574 | =gxing [11:3]
D735 | =g B2

- E - o - svpeesos s Sui emmeesems w0 AT A e
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Oil properties of lubricant B

Lab ID _, 1372
Botie ID 1058505
Dste Sampen i E 04-May 16
0ff Howrs (Kms) & - ol Avakabie
Ut Hours {GTa) ot Avatstie
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Crromium DEms | PEM D1
Lead DS E PN 11
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Aluriremm sy 2 Al 11
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Oil properties of lubricant C

Lab D " 31275
Bothe ID 1058505
Das Samplod % ;8;’ 04-May-15
0d Hoixs {Kima) E =4 ot Avatatie
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Oil properties of lubricant D

Lab D 3 31273
Botte 10 1058907
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Oil properties of lubricant E
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Oil properties of lubricant F

Lab D A M
Botbie 1D 1058508
Dafs Samploc i g’ De-Ny-16
Ofl Hous [Kms) & - Mol Avaisbie
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APPENDIX E
Additive Elements in Formulated Oils Analyzed by X-ray Fluorescence
Spectrometer
No. List Page
1 New Lubricant A 135
2 New Lubricant B 136
3 New Lubricant C 137
4 New Lubricant D 138
5 New Lubricant E 139
6 New Lubricant F 140
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Additives elements in lubricant A

Instrument Type X-ray Fluorescence Spectrometer
Model Bruker Model S8 Tiger
Measurement Method Best Detection-He34mm
Calculation Method Theoretical Formulas, “Fundamental

Parameter Calculations™
& Q
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Result: LUBRICANT A

Element Volume
SULPHUR S 0.822 %
CALCIUM Ca 0.593 %
ZINC Zn 0.132%
PHOSPHORUS P 0.128 %
CHLORINE Cl 171.0 ppm
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Additives elements in lubricant B

Instrument Type X-ray Fluorescence Spectrometer

Model Bruker Model S8 Tiger

Measurement Method Best Detection-He34mm
Calculation Method Theoretical Formulas, “Fundamental

Parameter Calculations”
&1 |
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Result; LUBRICANT B

Element Volume
CALCIUM Ca 0.875%
SULPHUR S 0.760 %
PHOSPHORUS P 0.262 %
ZINC Zn 0.237 %

MOLYBDENUM Mo 38.2 iim



Additives elements in lubricant C

Instrument Type
Model

137

X-ray Fluorescence Spectrometer
Bruker Model S8 Tiger

Measurement Method Best Detection-He34mm
Calculation Method Theoretical Formulas, “Fundamental
Parameter Calculations”
£
: g
E- pool
§_
L
"
g-
§‘
gt
94
IS
3e
o 3
g 2
24 A 3
o |
CE J g
24 —xa, )
M, =4 ¢ 55 E i
81* Tl A
a3 ‘ML\"W‘ i ! 5 1 oam
i ) ..f\mr\\w a I8} 3
1 a2 Pl i
] 1 18 e “ 1 12 11t 1% ] [ T L] ] L] 3 FERT |
KaV

Result: LUBRICANT C

Element Volume
CALCIUM Ca 0.769 %
SULPHUR S 0.678 %
ZINC Zn 0.234 %
PHOSPHORUS P 0.228 %

MOLYBDENUM Mo 79.0 im
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Additives elements in lubricant D

Instrument Type X-ray Fluorescence Spectrometer
Model Bruker Model S8 Tiger
Measurement Method Best Detection-He34mm
Calculation Method Theoretical Formulas, “Fundamental
Parameter Calculations”
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Result: LUBRICANT D

Element ' Volume
CALCIUM Ca 0.637 %
SULPHUR S 0.635%
ZINC Zn 0.157 %
PHOSPHORUS P 0.149 %

CHLORINE — (Lo | 308 ppm
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Additives elements in lubricant E

Instrument Type X-ray Fluorescence Spectrometer

Model Bruker Model S8 Tiger

Measurement Method Best Detection-He34mm
Calculation Method Theoretical Formulas, “Fundamental

Parameter Calculations”
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Result: LUBRICANT E

Element Volume
SULPHUR S 0.625%
ZINC Zn 0.251%
PHOSPHORUS P 0.235%
CALCIUM Ca 0213 %
MAGNESIUM Mg 0.173 %
CHLORINE Cl 195.0 ppm

MOLYBDENUM Mo 49.3 iim
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Additives elements in lubricant F

Instrument Type X-ray Fluorescence Spectrometer

Model Bruker Model S8 Tiger
Measurement Method Best Detection-He34mm

Calculation Method Theoretical Formulas, “Fundamental
Parameter Calculations™
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Result: LUBRICANT F
Element
SULPHUR 0.664 %
ZINC 0.289 %

PHOSPHORUS 0.263 %
= — 0.259 %
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Particle Size Distribution in Formulated Oil Analyzed by Laser

APPENDIX F

Diffraction Technique

141

No. List Page
1 Lubricant A mixed carbon black 1% wt. 142
2 Lubricant B mixed carbon black 1% wt. 143
3 Lubricant C mixed carbon black 1% wt. 144
4 Lubricant D mixed carbon black 1% wt. 145
5 Lubricant E mixed carbon black 1% wt. 146
6 Lubricant F mixed carbon black 1% wt. 147




142

Lubricant A mixed carbon black 1% by weight

Sample Nama 1060789

instrument Type Masienior30d

Dlspersant Relrectie Indea 13580
Analysis Mode! General Puipose
Seattering Model Wi
Leser Obscuration 1533 %

Maasiremant Date 2552509 Instrument Sorial Mo, MALYGIZET
Filp Name S581471 Acceusory Nome Hydra SV
.|
Particle Name Carbion blark Resullt Units Volume
Parlicle Refractive tndex 1840 Congcantration 00018 %
Particla Absorption tndex 3000 Uniformity 1346
Dispersant Name n-Hexans Span 4225

Cltrasound Bchisved 0% v (90) 187 gm
Stirrey Spawd Achisvad 1002 rpm D[43] 734 am
Particle Notes o [3,2] 0309 un

Spedific Surface Aran 8253 raiky
Weighted Residual 051 %
Dv (%0) 0338 pm
Dy (58] 434 gm
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Lubricant B mixed carbon black 1% by weight

Sample Name 106009t instrumernt Type Mastesirer3tod
Wessorement Bate 257572559 Irstrument Sertal No. MALI0IS267
Fife Name 5521471 Accessory Name Hydro SV
I
Particle Nams Carbon biack Resolt Unitd Volume
Particle Refractive Index 1.840 Loncentration 0.5008 %
Particle Absorption Index 3000 WUniformity 3.579
Dispersant Nams 3-Haccne Span 8RG8
Dispassant Ralractive Index 1,383 Specific Surface Arca 28820 m¥/kg
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Lubricant C mixed carbon black 1% by weight

Sampde Name 1050023
Measuremant Date 24572539
Fike Mana 5891471

Hstrument Type Tastersizera000
tratnument Serial No. MALT059267
Agoessory Name Hy:ts 5V

Particle Hame Carbon black
Partiche Pafractive Index 1840
Particle Absorption tndex 3 02D
Dispersant Kame f-Hexng
Dispersant Reiractive Index 1,300
Analysis Model General Purpoase
Seattoring Modal Mie
Laser Gbricuration 2351 %
wtrasound Achlaved 0%
Sthrrer Speed Achlaved 1000 rpm
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Concentration B9 %
Uniformity 0750
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Spocific Surface Area 19370 m'fg
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D {50) .23 ym
Dv {30 3.03 pm
b3t 18 pm
B {2.2F 0150 pm
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Lubricant D mixed carbon black 1% by weight
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Samply MHame 1000 instrument Type MastersizarI000
essurement Date 2552539 trstrument ferlad No. MALIOPG267
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£ |
Partiche Name Carbon hiack Retutt Units Vohane
Partiche Refractive indax 1840 Concentration 0.0110%
Particle Abtorpdice Index 3000 Uniformity 1.624
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Dlhipersant Refractive Index 1,380 Spectfic Surface Arsa 17950 ity
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Scattering Model Mic D {10) 0247 pro
Laser Obsouration 1339 % Dv {50 0.959 i
Ntrasound Achieved 0% Dw{80) 552 pm
Stirrer Spoed Athloved 3020 1pm D &3] 205 pm
Partitle Notes D{3.2] 0158 um
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Lubricant E mixed carbon black 1% by weight

Sample Name 1050)95 Instroment Type Kastarsizer3000
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Lubricant F mixed carbon black 1% by w
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Sample Name 1050095 Instrumant Type Mastecsizer3000
Mrasurement Dite 25/5/2559 Mestrumant Savlal Nou MALI0SS2E7
Flla Name 5501470 Accessory Mams Hydm SV
I O
Particle Name Cathoa black Resuft Units vohame
Partiche Refractive Index 1 840 Comcentration BOTI0%
Particls absorption tadex 3000 Unlformity 0,705
Disporrant Name n-Hexane Span 2473
Dispermant lirfractive Index 1380 Specific Surface Area 23250 mikg
Analysis Modal Generd? Purpasn Whlghted Resldual 596 %
Scattering Model Mie D $10) £.0249 omy
Laser Olieuratinn 1652 % D {50 D672 pm
itraseunt Adveved D % Dv (30} 218 ym
Stiever $pead Achisved 1020 rpm D 14,3) 1.0 pm
Particls Notes O {12} 612 pm
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APPENDIX G

Wear Scar on Steel Balls Analyzed by High Resolution Optical Microscope

No. Result List Page
1 Steel ball testing with lubricant A 149
2 Steel ball testing with lubricant A mixed carbon black 1% wit. 150
3 Steel ball testing with lubricant B 151
4 Steel ball testing with lubricant B mixed carbon black 1% wt. 152

According to the four balls testing standard (ASTM D4172), the samples
are tested at 75°C. The normal load applied is 392 N. Running time is 60 minutes.
Below figure shows the wear position on the after tested steel ball. On the lower
ball, wear is occurred like spot point. On the upper ball, wear is occurred like
circular track.

Wear Scar

\\

Lower ball Upper ball
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Wear scar on steel ball tested with lubricant A

Wear track on upper ball

I o o § oy
& DT

S i

(lower left) ball #2,

bl

Wear scar on 3 lower balls (upper) ball #1

(lower right) ball#3
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Wear scar on steel ball tested with lubricant A mixed carbon black

Wear scar on 3 lower balls (upper) ball #1, (lower left) ball #2,
(lower right) ball#3
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Wear scar on steel ball tested with lubricant B

Wear track on upper ball

Wear scar on 3 lower balls (upper) ball #1, (lower left) ball #2,
(lower right) ball#3
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Wear scar on steel ball tested with lubricant B mixed carbon black

i S i C————

Wear track on upper ball

(lower left) ball #2,

2

Wear scar on 3 lower balls (upper) ball #1

(lower right) ball#3
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APPENDIX H

Roughness Test on Wear of Steel Balls Results

No. Result List Page
1 Steel ball testing with lubricant A 154
2 Steel ball testing with lubricant A mixed carbon black 1% wt. 155
3 Steel ball testing with lubricant B 156
4 Steel ball testing with lubricant B mixed carbon black 1% wit. 157

This objective is to measure the surface roughness of the balls after wear
resistance testing according to ASTM D4172. The roughness was measured by
optical microscopy in 3D mode. The wear scar presenting on the upper ball was
circle. Thus, three areas as shown in left figure were analyzed the surface
roughness. The analyzed area of the lower ball was shown in right figure.

Roughness test zone

Upper ball Lower ball
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Roughness test of steel balls from testing with lubricant A

16-811 mm

17.237

=13.455 mm

-638.577

-175. 7608

o o 5 / ‘ -181.823
-3904.660 mm bedemin - / f

-3784.932

= et
=-3605. 310 mm

2973 mm

747.72680 mm 3 327.532 -567.668 -447.910 mm

3D image roughness test of lower ball (ball #3)



Roughness test of steel balls from testing with lubricant A mixed carbon
black

6.567 mm

-12.973
413.945 mm

. ;
oA

-4038.860 mm ——— 7
-3978. 996 vy LY YA
-3919.132 A e
-3859. 268

-— X

-3739.548 mm

3D image roughness test of upper ball from 3 positions

19.299 mm

-
!
vaa

-166. 160 mm -406. 296 Z8B6.56 226. 7091 -166.840 am

3D image roughness test of lower ball (ball #2)
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Roughness test of steel balls from testing with lubricant B

16.811 mm

=15.135
382.745 mm

246.623

196.560

Y i |

-7564. 684

T — X

=2504.740 mm

3D image roughness test of upper ball from 3 positions

19.379 mam

6.700
2 \:i 70.577

=h ST \ = £ SRR

-/736.6660 mm -676. 796 -616.932 -557.068 -437.340 mm

3D image roughness test of lower ball (ball #3)
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Roughness test of steel balls from testing with lubricant B mixed carbon
black

12.973 mm

-1.081

-15.135
1198.245 mm

1142.123

1886. 680

—— 1079.877
-6196. 160 mn -
-6346.29

=BIHGe 09 M= SN
-6106.810 mm

3D image roughness test of upper ball from 3 positions

G.186 mm

m
=

6. H08

\ “\310.377

167.196 227.060 mm

3D image roughness test of lower ball (ball #2)
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Impact of Soot in Engine Lubricating Oil on Metal Wear
using Four-Ball Testing

Chokan Sopanamok ? Preechar Karin ¥ Chi-na Benyajati ¥ Katsunori Hanamura »

1) International Coligge King Momgha s Jutinge of Yechnology Ladirabang, Depariment of dutomotivg Engiresring
Chzionghung B, Ladkrabong, Bavgink 10720, Thatiand (E-mail: aoxute ke Gigmal com)
2) Natlamsl Matal and Maneriak Tochnolegy Cncer, Deparimen af Auromotive Laborocory, Thailand
Y Tekyo Inziirste f Tocknology, Depovonent of Mecharical and Control Ensireering, Jopan

ABSYRACT: This paper &= 3 stwdy of the chasceristics of soor fn che intenal comnbustion engive affecring oo the abilide: of
fabricaring ol and leads 1o resol: in ensine crarponears wear, The ibologica bakmior was studied by means of a four-ball wbomensr
with fricton e2d wear messured. This tast method caq be used to determize the relstive wesr prevenrive propertes of lubricsring Buld
i shiding contmr under the prescribed test conditions. Soot pamicle contsmdnazion was siolated wsing carbon black (CB). The
candidase lubricaon were two formolaed enpine lubwitsmts for hesvy duty diesel ensine which heve the viscosity gade as
SAF 15W-40 sod ko blended wih carbon black. Effecrs of oils with differemt sddive on size disgibution, merphology, and
nasostracizye of particles were studied. Tramsmiszios Electon MEtroscopy (TEM) was etpliyed o smdy tie morphology and
nanostrachize paracssters of catbon black pardeles and agglomersted catbon Black. The wibomerer bull wear surfices were anslyzed by
COpriczl Microscopy (OM). The results show that eqch hubricering oils hierded with carbon black exhibits kécher wesr on triborsster

bail thar withers carbon Wack. However, the rontsminated lobricsting ofs seem to be lower friction thon frech ofls
EEY WORDS beat eagine, lnbricating oil, tribology, Sooz, Carbon Bleck, Four-Ball mibotest (Al)

1L INTRODUCTION

Seot paicniare hay 8 dechwenrs] effect on the lifs of
inrerzal cormbrestion engives, It hag been dispared for 2 long e
about soo1 bebavier and coutinves Yo be of high itterest to car
mereficterers. Interps] combusden epgine prodice 400t 25 2
resuit of imconplete foel combustion, Idsadly, complem
combusrtion & cytinder would ondy produce csthon dexide and
warer, bar nn engine is conplecsly efficienr.

Becamese of the way that el &5 ixjecrsd and iznfred, soor
formuation oconrs more commonly fn dfesel than o gasoline
engines, Uniiks gasolive engines where the faelfair poxmme is
ignited with s spek, fue! and air entericg the diesel cylinder
Ignie spomtnesntly from the bigh pressnre in the comdustion
chamber. The fael and air mixnoe in dieset ensine: rypically do
oot ot oz thoroughly ss they do i gasolme engines. This
crestes fisel-dense pockets that produce 500t when izatted While
the majority of soot easily escapes throusgh the exhanet some
gets past the piston Tines and ewds up in the hitwicmir ofl.

From a puesber of Hieranwes, we have been found the facr
thas the propenties of soof pacticutars very pmeh depend npon the
tarmsodvnamizs of combuston in the engina The stuchesl
complexity of sootz varies dependine on the typs of engine and
s operating conditiors. Wearsel s gl soadied the primmry
patiches of diese! exgiva under 3 single cpsruting conditicry enly

2018 JSAS Assusd Coogress fprtogd May 20 1o 27,  J01%
favued 2o Ob My 18, NS
201H JSAT Armusk Congres Proseeding (Spongd

5-7 agzrezames ware maasured, and the sverzze diamerer of
primTy pamicies was 23 mm. Pak ar ol® fvesizand the
partiche manter emiccions of a foor-cyBnder Gecel engine mnd
coicuisted the gverage primery pericle dismetar #s 32 om. Lee ot
8% concinded thst the diamazer chamges af the ranee of 2834
rm Zhn ec al*) formd that the range is 20-35 mm with & neerly
normal Esuibeion Wang ef al™ smdied the effert of tobrcarr
oil addive on size dismfbution of disse] pavriculae matter, smd
they aloo Soumd that the paricle diamaters are 20-25 oo,

The primary scot particies are 98 percemt czbon by welshr
and rypically spherica] v sheps While most are only sround
0.03 micrems i size, they ofien clump tozecher to forn larger
particies. Individns] soat particles pose lintle ritk 1o engine parts,
b chzeps of soot can tase dsrmage. Dispersany sdditives n
Tecert engine offs keep the individual soot pasticles from forrming
damaging clerps.

Untl now, mamy confiicing, incomples ideas znd
explamarions sboat the propertes and effacs: of soot particulates
on G wesr mockarism have been published. Some authers
showed thar soot it 1oz sbrastve bug sdsorb aud-weer sdditives,
thus diminfshing envi-swear propetiss. Howweer, Ryason e o™
conchuded that soot paicies are shrasive beczuce they were
found 10 penarate erooves and breakour in mstal surfaces. Raod
and Spikec™ showed that dispersed carbon black rapidly shraded
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additive peaction fitms, Gevnam e ol™ formd more wesr with
s00% commxmsnation fn the ol thmn withour Aldsiah et €l ™ and
Vamaguchi et 51 fornd dear the presence of seor partickes
reduces the fhickness of mi-wear filims and £07 as s shansive
element. Traun et 2l 1 copcluded duic smdy dhar the chermicat
ectivity of soot particies snd thefr reaction with sdditive prevents
the formstion of ligmid bowndsry tavers on meta! surfzoes.

Eased on all conchusions from staded Heraniges, excessive
3007 Javels in the il conld overwhelim the dispersant addidives in
enzine oifs As the dispemsarts berome depletad, the soot
pardcles chzop togerher attarh themxslves to engine urfaces
and Jaad 1o reduce nhoicasion due 1 fxpeded ofl fiow through
fha ergine a5 well as foroush the of fiiter. Exxtebedo et it/
smufied the charscreristcs of diesel engine soot that Jead
excessive ofl thickecizz They concinded thar secers ofl
thickening dring s heavy duty dissel enzime wmatis Hnkad o soot
agzlomesation in the eogine ofl. The ineffectivencss of dispersant
to reterd pattiche growth i ambuied t0 poor soor
furcriopalization.

High ofl saot lavely cxn siso lead to e @ higher Jubricant
viscesmy which impedes ofl fiow and increase engine wear
Georga et Al found that the soot conryminating In fobricen
change the chemical propertles sesultins ju the bricast creasins
to perforn its finction, This canses an incmzse in vicosiy of
thee enxine of] causing paxwpsbility peoblems. The performance
of snci-wesr Jubrizam sdditives cen #lso be nezstively inpacied
and lead s increase wesr aud premsnie engine faihae.

Torbacke et aLO? has wiiten xn fomoduction 1o mibslogizal
test mabods thar there sre mumy reesoms i (=T o
tribological tests or wibotest. One teason I to smdy the swesr and
filadm  nachanisns  appesring fu spacific  tribologicnd
applicarions, Qther reasons =8 rEnking of mstavials sd iobwicant
for exdstng equipmenr: or selection of memiaks snd hbeicmr
for new applications. Tribotesting may also be performesd fo
zenaral, spplication fydependent, chamcrerizadion of wesr znd
fricoon

To mndemstrad bow soot behste o0 enzine mets] sufare,
trihelogical rest has bern m o focns.

E ¢ be cooxiuded from the liemomrs thar the wesr
methegion ipdoced by the presence of soot is not Ky
undersrond wer, More fundsmuemm] knowledge it peeded Thus,
s propertier of soot and fthefr influence on wesr and also
friceion wees fn the foons of our studies,
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Tabls 1 Properties of Experimensi Lobricant

= 1 3
e e
Ol Comdinon -
« Viscouiyipddne s 1119 1012
- Viscosiy @ 100°C ey} 43 144
- Oxidetion - 60 4.4
- Noation - 33 39
| -TBN e KCE 2 ) i ¥ 04
- Flash Poimt rg 200 210
Coarrminggion
- Weer e W 0.080 RiLuryd
- Pual TR 0es 0.0
- Soot %% WLl 0.60 o0

2 EXPERIMENRTS
21 Experiteental T ubricants

In fhis study, there were fwe hibtizasing oils nsed for the
tibologicnl teers, lubricant A and Ibricent B, which sve differsmr
by fha factors of additive elemenss from each other. They are the
forpmisted hubriznnss for usfeg in hesvy dugy diesel engine
which bas the standard viscosity prade as 5AT 15W-44, Befora
going to test, nose thet these ofls were tasted o gar the seversl
TTORerT:Es A3 Presented the resuls in Tebla 1. For off condidons,
e viscosity valne was conducred by ASTR sterdiynd msthod
uumber D445, weal base oundber smd 82sh polnt vahie wen
imvestigsted by D-4739 and D-3828 respectively. Addiionally,
Fourler Trardqm Infraved Spectroccopy (FIIR) was med for
derecring oxidetion and also rfoerion. For ofl comtmmination
warer, fuel 23 imporzans scor wers also tasted by the meshod of
PTIR #nd bas beon shonm the tesuly ia form of percentzrs of
weigh: concenTation.

As shown in Table 1, oo exparimanes] inhricanss kas &
Tinle difference It alf of] propertss, tms thay noight be wsumed
a5 they sy oaly differsar fn sdditve slemenrs snd they are fedh
chesn ofls ansd also have no soo¢ contarinadion ar ixftis]

Iz Fong-ball mibological rasting, o sty the mpacy of soor
on eagine waar, fxw lubricstdug oft carmples were prepared, Tom
sitoples mpe frash ofl fom lubwicent A 29d B, szother two
szpies ame thie oily whick was concambeated with cashon black
ar 1% by weizkt concenTamon

2.1 Soot Coscentration im Practical Condifien

To deenuine the vulue of o0t Copmamination I real
simatiows, bvicmt A was smdied by testing in pracrical basvy
duty diesel k. Ths wck was poc smempred 1o ¢onmol tha
emdirormentl conditions sach as aze of engine, owe, driver’s
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behsvior and 20 an, becznse the phjective of this case smdy is o
deterraine the possitility of soot comtaenination

bck’s enyine were syupled 102 o for investiwstine soot
conteminaticn by nsing FITR. The resuiz of this real condtion
test would show the 2acent of spot convemermion dorfny tck
working and 5t end of 30,000 km,

23 Carbon Black Properiies

Nowsday, & wide variery of syntharir carbon biack very
different in size and sToctes are comenercially svailable In this
sy, & comnmerdial carbon black wes zead 55 epretsatstive of
practiczl  soof partimlmte.  Fothermose, st dismibation,
marphology end namostructure of ccbon blark parriclss were
stafied Transmssion Elsctrom Microscope (TEM) was
employed to wvestigme marpholory and - ManOstUCture
pazmerey of primoy ombon black particles sod also
aggiomeran particies. The mmin tarpet i= 1o define the major cies
of these cormmercia] carbon biack particulasss,

2.4 Four-Ball Tribology Test

‘Tha Four-Ball testing by ons of the tibological test mathods
This test method can be used 1o determima the pelartve wesr
prevensive propetties of teieatine findd i sHding contect tmder
the prescribad test comditions. No shempr bes bems pmde to
correlste thiy test with bafls in rolting concact!™. The ilustration
of principle for 2 Four-Ball sst-vp it preseged in Fixoe 1.

As Figmre 1, The Four-Ball tribovest is & vercatile mst or
esvxinatine seleors and weer. The upper holder hee coe meating

~ Speed
Vertical Load
L

Fiz t Four-Ball wibatest schemaric
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steel balf, which is loaded agxinst trse smiovsry loasr smeel
talls. Al contact sress are drowmed in the test lnbricery. The
Joad cen be gppliad by wsing desdweight or trousk a hydramhic
system. The rotution §x cenwal along the symewsery sxis of both
the 1pper end the lower holders’ Circollar wear scars will sppear
on thx bover balks, whils s cizmntar wesr toack will sppear on the
upper bell

In this study, forr kibeicsting oil samples (fiweh Tobeicam A
frech Indricamt B, contmmmaed Rfbricsmt A with cobon hiadk,
contarinated hubricene B with csrbon bizck) were wmsted vis
using this tribotest method as followr the ASTM stmdsrd rinvher
D-4172

Three 12.7 mim disrster simed balls se clamped tozether
and covered with the Inhricatieg off sEEpls to be evalused A
forrth 127 1 dizroeter steel ball, referred to ws the rop ball, is
pressed with & force of 392 N imo the cavity formed by the thras
clamped halls for three-point conract The mmpersrore of G st
smmple is regntawd o 75°C gnd then e twop ball is rotsted ot
1200 e for 60 min. Lubwicsting off samples sre coogured by
using the sverame sive of the scar dismeters worn on the thires
lower clamipad balls and friction torgoe & alse msssared. The
wenr scaT resnins se cbhservad by Opticel 3icroscopy (OM)L

3. RESULTS AND DISCUSSION
In fiis section, there sre the results divided by sims of soudy
2nd tools usad. As of weting in practics] eogine, fis resoits hag
been shown in wpic soot in wsed lubxicsting off. Narostoncture of
crzbon black was perfiuremd by nciny TEAL. Fipally, there warg
thee disceszions of oibological test resnlrs.

&5 4

‘

B
-]

:

Sood Contaminaton % Wi )

.4

] 3400 100 ILBOO 2h000  ZX0MD SO0 SSOMD

Trip (km)

Fiz2 Soot copzentnation in heavy dury diesel engine
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Fiz.3 TEM imags s varty of masmficarion

4.1 Soot in Uised Lubgicating O

After testing nbricent 4 on hamy dury diese] enmine mock
long lasting 30,000 kon, the results heve been showy on the gragh
n Figure 2. The pph showed the amount of soot that
concenirste fn hebricating oil over the penod of rowte wip. For
Inbricent A, itwas grow up from 0.43 ar first sanpling {ar £,.000
km) o 0.47 %wt ar the end of rest (sbout 30,000 ko, Soor in
tabrican: might come from both inside operating i engine and
outside such gs gir. Hoveves, the mam targer of this case sdy i
o deteming the amount of soot after roanme by pratical engine
apd it has been already exhibited the fact fhat sox was arownd
.40 0.3 in pescetnze by weight concentration.

£ ml

B oOR B B J
3

LS L
AR F

Catbon Black Dessrter fzmy

Fig4 Carbon black size dismburon
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3.2 Transmission Electran Microscope (TEM)

The images shown In Fimwe 3 ilamsmase nipical soof
aggiomerstes from conmmercial Carbon black smmple prepared
uzing the ethemol solvenr exoscnon teckmigue amd par it on
copper gnd plue. The apgiomerates kave a branchimg stocmrs
and typecally fall mo the size ranze 30-700 om0 Fizure 3 consisted
of 4 rypes of ronge which very by the mamnificent of nroroscope.
The reost rongh ane wis cspnorad ke eudook view of largs soot
or carboubiack zgzlomernies with 8 223le 3t 560

Theze imazes of carbon bisd: e guie dcuk o messure
the primery size of singla pamicle becanse they sre stacking
wozether, 50 We faunct determine dizmerer of 2l pamaiate. Tha
iden ix just coly measwre some of them thiat sy ax hordar and
claarly appear,

Fixally, 86 poimsry cathon black pamiculates ware
meanaed zod the result of all measazing bas been plot on tar

Fig.5 Wezr or: meral balls resnung m (2) ubricars 4
() Jubncans A wath carbon black
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chert as 2 mstogram gragh = Fizuwe 4. An avemee size s 55 o
The minimmum size apd pumivem size are 30 omoand 57 am
respectively with stadsxd deviafor of 11 am. The highesr peak
om histozrem graph is 8! the rzee of 51 - 35 om in wze, As of
éradny size range vk stzndard devastion value, de  mgor
paticies are fllep i the swe rewwe 46 - 70 mm which are
arcomned for T4% of 286 paoculzte szmples. Mareover, a
mober of smniler size and brever o than meor one are 345
acd 11% respectvely. Thes resudr diffzed Ecm all reviewsd
lizerstuzes in the imtrodureon secdon. They all goc the puomumry
size of soof near w 30 mm which tormadict to thes resuly
showing thar major size i3 vear 1o 58 mm It <ould be mn efect
from carbon black producrion process. Waen curbon black is
produced T hizh temperarre and lmrh pressue amosphere, 1t
rxy becomme sraalter in. size them the particle which 35 conducrad
in roore amnsphare.

e

Fig.6 Weer on el balls tesonp m (5) bocans B,
{b) lubrzazt B witk carbon black
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Fig, 7 SEM image of wear on metal ball

3.3 Wear and Fricion

The wear scer dismeter was measured tmder micsosoops, at
30X magnificsrion. Figare § sbows the microecopy hmswe of
wesr scars formd on three lower balls after 60 min rusming tima
in lubricemt A withomt carbon black {on left hemd side) end
Tobricant A with cerbon Black (on right hand side) The results
showed that wezr dizmeter of thres metal balls in case of testing
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3000 4000

with sout #re larzer thm wesr diameter of dwes balls without
so0t. Similarly, wear dismeter of thres ball in Inhrican: B with
soax e larper Gian wear diameter of three balls withoot soot, 23
shown in Fig 6. Wear edge shape of balls fn Jubricart A ame
qudte smoother than shape of balls in hibricanr B, The svetusn
wesr disieter of balls in case of testing in lohricept A & 7883
ncrons angd in fubricent A with soot i3 8773 microns. In cese of
Intxicant B, the merage of wear dismeters are 723.5 and 7006
Eventheash they are sams vicosity grade, wear shapes zie & Iitfls
bt differeme.

In addition, Scanning Blectron Micsostopy (SEM) wes msed
10 ch:racterize shape of wear with 130X #nd SO0 magnificarion
for mozre deeply wnderctanding. Fizure 7 shows SEM fmage of
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oz ball swoples afee tacr. 3t hay presenred the width of each weay
nacke gpploximanty 5-10 microns.

Fizre 8 and Fipwze 9 show the fricdon torgqoe, The vakee of
fricdon torgoe is wery low. The ssople with 2001 semn w be
loswer friztion torgrs than the semple withost soot for boch ceses.
Tie sversre Setdon torgue in testing in whrcamt A & 1,708
Noom eod the svemmze friction torgme in testing in iobricanr A
with suot is 1.223 N T Inbricanr B, the sversge friction
torgoe fo case noas soot and mixed with soot are 2.008 snd 1.615
N.ga respecrively.

4. CONCLUSIONS

Carbon black was conmndnazed in two conventional 15%-
40 engine Jubricating odls end recied in Four-Ball Triboms for
evaimae wear bebavior The resubs showsd thst cerbon blsck
conid lead o resubted in incresss wear dizmersr However,
carbon black meghr acy a5 2 sphere ball betwesn met] surfaces
md § nmight crose lower friction The tmpact of soor
concerarion md spor diametsr ob wear phenontns md ficton
wold be Srimr investigation,
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