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ABSTRACT

Soot particles are produced inside the combustion chamber of the internal
combustion engines and will later be exhausted into the thermosphere. Part of these
particles will contaminate the engine oil. When this happens, diesel engine abrasion
or, in a worst-case scenario, lubricant starvation will occur. This circumstance will
eventually cause engine wear. This research uses X-ray fluorescence (XRF) technique
to analyze the additive element in engine oil. For wear test, this research uses
tribology Four-ball wear tester to substitute point contact wear mechanism. Then the
images will be analyzed with Scanning Electron Microscope (SEM) and three-
dimensional models of wear scars from Confocal Microscope will be used to study
the effect of additive on soot dispersion in engine oil, which affects the metal wear
mechanism. This research focuses only soot between 0.01-1 pm which can enter into
contact area and cause wear. Base on Four-ball wear test, average wear scar in the
group of low-grade engine oil were clearly larger because they had lower amount of
anti-ware additive. Carbon black was the cause why wear scar diameters increased
significantly on low-grade engine oil and wear mechanism was three body abrasive
wear because the hardness of the carbon black is higher than the steel ball. Anti-wear
additive has an important role on preventing metallic wear, both in the case of with
and without carbon black contamination, by building oil film layers to protect metal

surfaces.
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CHAPTER 1
INTRODUCTION
1.1 Research Background

In the present, internal combustion engines are mechanical, which use fuel to
transform heat energy into mechanical energy. However, a part of the mechanical
energy is wasted by friction caused by tractions between moving parts. This friction
causes deteriorations of the parts and eventually defunct them. Therefore, engine oil is
used to protect the engines from deterioration by decreasing frictions and separating
surfaces to reduce contacts between them.

Biodiesel is an alternative fuel from plants. It is nontoxic, biodegradable, and
has a comparable technical qualification to the diesel. Studies shown that horsepower
and torque of engines that use biodiesel is not far from ones with diesel. In fact, if a
biodiesel engine is modified properly, its performance can overcome a diesel one,
thanks to its more complete combustion done by oxygen atoms in biodiesel
molecules.

However, a better combustion does not mean a complete one. The biodiesel
engine combustion is still incomplete, which does not only produce particle pollution
that effects environment by releasing carbon as soot together with the exhaust gas, but
also contaminates the engine oil with these particles.

This contaminated engine oil can harm the lubrication in many ways, for
example, causing oil deterioration, reducing oil film thickness, producing sticky stain,
making the oil more acidic and corrosive to metal, increasing abrasive wears, etc. Due
to the mentioned possible damages, oil additives are utilized to improve both its
physical and chemical properties. So, appropriate oil additives are important for

prolonging the life and the efficiency of the engine.

1.2 Objective

To investigate the impact of soot and oil additive on metallic wear by Tribotester.
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1.3 Scope of work

1) Do research and study on academic papers about mechanism of internal
combustion engine, occurrence of soot, lubrication, physical and chemical
properties of engine oil, mechanism of wear, contamination of fuel and soot in
engine oil and oil additive.

2) Testing and analyzing the physical and chemical properties of lubricants with
additives, as contaminated by soot, with scientific instruments.

3) Testing and analyzing the example of soot contaminated lubricant, that has
additives, with Four ball wear tester and advanced tribology technic.

4) Explain the mechanism of metal wear cause by soot contamination in engine
oil and the additive’s properties that influence physical and chemical
properties of lubricant, which also impact metal wears, by using Four ball

tester, Small engine, Scanning Electron Microscope and Confocal Microscope

1.4 Structure of the research

The research methodologies are divided as follows.

Chapter 1 discuss the research background, objective and scope of work.

Chapter 2 discuss the relevant theory and literature including fundamental of
tribology, engine oil analysis, soot contamination and metallic wear.

Chapter 3 discuss the research materials and methods.

Chapter 4 discuss the results of soot contamination on metallic wear using Four-ball
wear tester, optical microscopy, confocal microscopy, scanning electron microscopy
and laser diffraction spectroscopy.

Chapter 5 make conclusion and discussion

1.5 Expected benefits

This research can explain the impact of soot and engine oil additive on metal wear.

12



CHAPTER 2
LITERATURE REVIEW
2.1 Tribological contacts [1]

A tribological contact is when two solid bodies are in contact under relative
motion. It can be either unlubricated or lubricated. Figure 2.1 shows the characteristic
of tribological contact, which defined by its operating conditions, such as velocity,
load and type of motions; material parameters, such as surface material, surface
roughness and hardness; environmental conditions, such as temperature and humidity;
and lubricant properties in the lubricated case, such as viscosity. Figure 2.2 shows
different scales that tribological contact can be observed: macroscopic scale and
microscopic scale. The macro scale will give global information of the contact, while
the micro scale will give local information within the contact. For example, a contact
that appears smooth at macro scale may appear very rough and uneven at micro scale.
The overall contact area between the two surfaces consists of many small areas where
surface peaks get into contact. Therefore, the apparent contact area at the macro scale

is much larger than the real contact area between the two surfaces in micro scale.

Surface roughness

Humidity

Temperature

Force or pressure

Velocity
ﬁ

'- :
» A

LU AL AN\

"t . A

f“’"\*~.f\.l YV "v"

Load Hardness

The tribological contact

Surface materials Type of motion

Figure 2.1 Tribological contacts are affected by different conditions [1].
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Figure 2.2 The tribological contact can be observed at macroscale (left) or at

—

microscale (right) [1].

2.2 Lubrication Conditions [2]

2.2.1 Boundary layer

Boundary layer or additive layer is a molecular layer of a substance that cover
two contact surfaces. The properties of these layers can significantly impact the
characteristics of friction and wear. Creating additive layers in a variety of dynamic,
geometric and thermal conditions is one of the most important objectives of lubricant
development. These layers are significantly important when the thick and long-lasting
lubricant films between two surfaces are not present. Additive layers are created from
surface-active ~ substances, their chemical reaction products, adsorption,
chemisorption, and tribochemical reactions. Although boundary friction of these
additive layers is often allocated to solid friction, the difference between them and the
understanding of lubrication and wear processes, especially when the additive layers

are formed by the lubricants, are significant to lubricant development.

2.2.2 Full film lubrication

In this form lubrication, both surfaces are fully separated by a fluid lubricant
film. This film is either formed hydrostatically or more commonly, hydrodynamically.
Figure 2.3 shows hydrodynamic or hydrostatic lubrication. It is when liquid or fluid

friction is caused by the frictional resistance, because of the rheological properties of
fluids.
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_Shatt

Lubricant drain

Bearing shell
L~

1\ Lubricant
200 - 300 bar

Figure 2.3 Hydrostatic lubrication as a form of fluid friction [2].

2.2.3 Mixed lubrication

Mixed lubrication occurs when boundary layer combines with full film
lubrication. From a lubrication technology standpoint, this form of friction requires
sufficient load-bearing boundary layers to form. Machine elements that are normally
hydrodynamically lubricated experience mixed lubrication when starting and
stopping. For rolling bearings, it has been shown that the reference viscosity either of,
lubricating oils or of the base oils, is not enough to ensure the formation of protecting
lubricant layers, or the required minimum lifetime. Under mixed lubrication
conditions, it is important to choose the appropriate lubricant. For example, one that

can form tribolayers by using anti-wear and extreme pressure additives.
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2.2.4 Stribeck Diagram

Figures 2.4 shows the different between boundary and fluid friction by using
Stribeck diagram. These are based on the starting-up of a plain bearing whose shaft
and bearing shells are separated only by a molecular lubricant layer when stationary.
As the speed of revolution of the shaft increases, a thicker hydrodynamic lubricant
film is created. This film initially causes random mixed friction which significantly
reduces the coefficient of friction. As the speed continues to increase, a full,
uninterrupted film is formed over the entire bearing faces, which sharply reduces the
coefficient of friction. As speed increases, internal friction in the lubricating film adds
to external friction. The curve passes a minimum coefficient of friction value and then
increases, solely as a result of internal friction. The lubricant film thickness shown in

this Figure depends on the friction, lubrication conditions, and the surface roughness.

} 8o N Lubricant film
W VN A W /
J:‘ £ o~
v LAA L Y | .
f /, v dramar Material pair

i
Surface roughness

Film thickness h

0NN |

(D) Boundary friction (h > 0)

@ Mixed film friction (h = R)

@ Elastohydrodynamic lubrication (h > R)
@ Hydrodynamic lubrication (h >> R)

Friction coefficient f

0,014

viscosity - velocity
load

Figure 2.4 The Stribeck graph [2].
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2.3 Wear [2]

Wear is loss of material from a solid surface. Wear can appear in many ways
depending on the material of the interacting contact surfaces, the environment and the
operating conditions. At least three principal wear processes can be distinguished:
abrasive wear, adhesive wear and surface fatigue wear. These are briefly described as
follows:

2.3.1 Abrasive wear [3]

Abrasive wear occurs whenever a solid object is loaded against material that
have equal or greater hardness. A common example is the wear of shovels on earth-
moving machinery. The level of abrasive wear is larger than may be realized. Any
material may cause abrasive wear if hard particles are present even if it is very soft.
For example, an organic material, such as sugar cane, can cause abrasive wear to cane
cutters and shredders, because of the small fraction of silica present in the plant fibers.
In fact, there are almost always several different mechanisms of wear that occur on
materials, all of which have different characteristics.

The process when a rough hard surface mates a softer material, where the
asperities of the hard material scratch the softer surface, is called two-body abrasive
wear. While the situation when hard loose wear particles are present between the
mating surfaces, and one or both surfaces can be worn by scratching, is called three-

body abrasive wear as shown in Figure 2.5.

(a) (b)

Figure 2.5 Two-body abrasion is shown in (a); the abrasive particles are fixed to a
substrate during rubbing. In (b), the particles are forced against the fixed surface by
the third body [4].
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2.3.2 Adhesive wear
Adhesive wear occurs under sliding conditions where asperities are plastically
deformed and welded together by high local pressure and temperature. When the
sliding continues, the asperity bonds are broken, and results in removal of material or
transfer of material from one surface to the other. Extensive adhesive wear is

commonly described as scoring, galling or seizure as shown in Figure 2.6.

Figure 2.6 Adhesion loci are produced by sites of real contact between conforming

surfaces (a) and (b) [4].

2.3.3 Rolling Contact Fatigue

Rolling contact fatigue is material removal or damage caused by repeated
rolling of a solid shape on a contacting solid surface. The usual manifestations include
pitting, micro pitting or cracking. There are many degrees of these manifestations, but
these examples present the “flavor” of this form of wear [4].

Examination of worn surfaces in cross section reveals intense deformation of
the material directly below the worn surface. For example, it is shown that under
conditions of severe sliding with a coefficient of friction close to unity, material
within 0.1 mm of the surface shifted in the direction of sliding due to deformation
caused by frictional force. Also, close to the surface, the grain structure is drawn out
and orientated parallel to the wearing surface. Obviously, under the lower coefficients

of friction which prevail in lubricated systems, this surface deformation is less or may
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even be absent. Strains caused by shearing in sliding are present below the surface
reaching the extreme values at the surface [3].

Cracks and fissures have frequently been observed on micrographs of worn
surfaces. Figure 2.7 shows the skeptical illustration of the mechanism of surface
fatigue wear that is initiated by cracks. A primary crack starts at the surface at some
weak point and propagates downward along weak planes such as slip planes or
dislocation cell boundaries. A secondary crack can develop from the primary crack or,
alternatively, the primary crack can connect with an existing subsurface crack. When

the developing crack reaches the surface again a wear particle is released [3].

D
\\ __Adhesion or
— _ high friction

1) Crack initiation as a result of fatigue processes = 2) Primary crack propagation along slip plane

3) Secondary crack initiation 4) Secondary crack propagation and formation
of wear particle

Figure 2.7 Schematic illustration of the process of surface crack initiation and

propagation [3].

2.4 Diesel engines [5]

The engine operation will be described from the four-stroke engine
perspective as showed in Figure 2.8. Air is sucked into the combustion chamber
during the intake. Fuel is injected during the compression stroke. Different fuels are
used for different engines. Fuels generally consist of carbon and hydrogen, CyHjy.
They may include gasoline that has 5—12 carbons, diesel or biodiesel that has 10-15
carbons, ethanol or gaseous fuels such as natural gas, biogas or landfill gas. Fuel and

air react during the compression stroke. The combustion energy released pushes the
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piston downwards, yielding power, heat and friction during the expansion stroke. The
final stroke releases the exhaust components. The current emission legislation such as
Euro V has limits on the allowable exhaust components. For example, CO,
hydrocarbons, NOx and particulate matters like soot. Emissions may be reduced by

after-treatment of the exhaust gas or optimizing the combustion.
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Figure 2.8 The lubricated parts in an engine (left) and the corresponding lubricating

conditions indicated in the diagram (right) [5].

2.5 Oil analysis

2.5.1 Engine oil additive
2.5.1.1So00t dispersant additive [7]

Dispersants are metal-free additives that suspend oil-insoluble resinous
oxidation products and particulate contaminants in the oil. By doing so, they minimize
sludge formation, particulate-related abrasive wear, the increase of lubricant viscosity,
and oxidation-related deposit formation.

Dispersants perform these functions by doing the following:
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* They include polar contaminants in their micelles.

» They associate with colloidal particles to prevent aggregation to larger particles to
prevent them from separating out of oil.

* They suspend aggregates in the lubricant.

* They modify soot to minimize its aggregation and then prevent soot-related oil
thickening.

* They lower the surface or interfacial energy of the polar products to decrease their

tendency to adhere to surfaces.

The unwanted polar materials, generally described as dirt, are a consequence
of the oxidative degradation of the lubricant and thermal decomposition of the
thermally labile lubricant additives, such as extreme-pressure or anti-wear agents; and
the reaction of the resulting chemically reactive species, such as carboxylic acids,
with the metal surfaces or wear debris in the engine. The lubricant consists of three
components: the base fluid, the additives, and a viscosity modifier in the case of a
multi-grade lubricant. As all three are organic, they are easy to be attacked by oxygen,
resulting in the formation of the highly oxygenated polar materials.

In diesel-fueled engines, soot from the combustion chamber is the key
component of the carbon and lacquer deposits, which occur on pistons and sludge. As
stated earlier, soot combines with resin to form lacquer and carbon deposits. In
general, lacquer is rich in resin, and carbon is rich in soot. Sludge results when soot
combines with the oxygenated species, oil, and water. The local piston temperatures
and the lubricant’s ash producing tendency have a profound effect on the composition
of the carbon deposits. High temperatures and the lubricants with high metals content
mainly produce deposits with high residue and low organic content. Basic detergents
are considered to contribute deposits, as they contain metals, which are the main
source of ash that is a part of some deposits. Zinc dialkyl-dithiophosphate only
slightly contributes deposits because their amount in lubricants is much smaller than

that of the detergents.
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2.5.1.2 Antiwear additive [1]

Figure 2.9 shows anti-wear additives that lengthen the tribological contact life
by modifying the metal surfaces and reduce wear in the mixed lubrication regime.
They are active in the mixed lubrication regime that has higher temperatures and
loads than Friction Modifiers (FMs). They are commonly added at 1-3%. They are
used in engine oils, hydraulic fluids, Automatic Transmission Fluids (ATFs), etc. [1]

Anti-wear additives mainly chemisorb to metal surfaces. The monolayer of
chemisorbed anti-wear additive offers durable wear protection of the surface in the
mixed lubrication regime. Anti-wear additives require moderate activation
temperatures, loads and shear rates, but has to be higher than friction modifiers. [§].

The chemistry involves nitrogen, phosphorus and/or sulfur. Phosphorus is the
most widely used because it offers anti-wear protection at relatively low loads. The
most frequently used anti-wear additive is ZDDP (zinc dialkyl-dithiophosphate),
which also has antioxidant and detergent properties.

Nontraditional anti-wear or extreme pressure additives will be more
extensively used as environmental awareness increases. Nowadays there are
alternatives reported in the literature, such as graphite, PTFE, inorganic carbon

nanoparticles and CHON-based additives. [8, 9].

Shearing between FM layers
g ¢} ly

Lubricant

Figure 2.9 Multilayer adsorption of friction modifier (FM) additives promotes

separation of surfaces. The layers are easily sheared, giving low friction [1].
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2.5.2 Viscosity

Viscosity is the most important performance property, as it determines the
lubricant film thickness and the performance of the lubricated contact. In general, a
high viscosity gives a thicker lubricant film, while a low viscosity gives a thinner one.
If the lubricating film is too thin, roughness surfaces will be brought in contact with
each other and friction will increase. On the other hand, if the film is too thick, it
requires more energy to move the surfaces. Therefore, a lubricant with extremely high
viscosity may, in the worst case, not be able to pump into the contact, because it
becomes harder to pump when viscosity increases. This will result in starvation of
lubricant which cause wear or seizure. During the development of lubricants, the
aspects of temperature, pressure and shear rate that impact viscosity are dealt with, so
lubricants are available in different viscosity grades to satisfy the requirements in
different applications. Lubricant with the lowest viscosity that still forces the two
moving surfaces apart is generally the most demanded in the market [1].

Viscosity is the main parameters to create lubrication efficiency and the
application of lubricants. Its terms appear in nearly all lubricant specifications and is
also the only lubricant value which is used in the design process for hydrodynamic

and elastohydrodynamic lubrication. Figure 2.10 shows viscosity explanation [10].

Shear stress
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Figure 2.10 Explanation of viscosity [10].
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2.5.3 Density [11]

The density is one of the most common physical properties of a lubricant. A
liquid lubricant is usually considered to be incompressible while its thermal expansion
is ignored, so that the density is considered as a constant. The density of 20°C is
usually considered to be standard. The density of a lubricant is the function of
pressure and temperature. The density of a lubricant should be variable under some

conditions, such as in the elastohydrodynamic lubrication state.

2.5.4 Total base number [1]

The total base number (TBN) is another measure of the condition of lubricant
as a high TBN indicates a good condition. Unused lubricants may contain basic
additives such as detergents and dispersants with its TBN remains high. These basic
additives are added to the lubricant to neutralize acidic components that may form.
Therefore, the TBN will gradually be lowered when these additives are consumed,
usually followed by oxidation and an increase of viscosity. So, the TBN is a good
indicator of the remaining life of engine oils.

The TBN test is performed by diluting lubricant sample in a beaker. There are
two methods for measuring the TBN: using a strong acid, such as hydrochloric acid or
a weak acid such as perchloric acid to titrate the basic components of engine oil. The
acid will react to the basic components in both cases, but there are some differences.
The perchloric acid can determine both detergents and dispersants, so it is commonly
used to measure the TBN of unused lubricants. While hydrochloric acid can
determine only detergents so, it is commonly used to measure the TBN of used
lubricants. When all basic components have reacted with the acid the amount of acid
is converted to KOH/g equivalent of lubricant in analogy with the Total Acid Number

(TAN). A potentiometer is commonly used to identify their equilibrium point.

2.5.5 Element and structural analysis [12]
There are two reasons in considering elemental analysis of petroleum product.
First, many metals and nonmetals element in crude oils are harmful to the refinery and
processing operations, by generally acting as catalyst poisons. The sulfur and nitrogen
compounds that are generated during the processes are also potential environmental

concerns. Second, the additives and oils contain added organometallic compounds to
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enhance their performance. Although much of this chemistry is proprietary, certain
aspects are universally known. Generally, the presence of sulfur, phosphorus, alkaline
earth metal, zinc, copper, etc. compounds defines the composition of the additives and
lubricating oils.

All proper elemental analytical techniques are used for the analysis of
petroleum products. Several monographs are available on this subject: a recent
monograph has been published by ASTM, containing papers from several authors
covering a wide variety of techniques [13]. Most outstanding among these techniques
are atomic spectroscopy (atomic absorption spectroscopy, AAS, and inductively
coupled plasma atomic emission spectroscopy, ICPAES), X-ray fluorescence (XRF),

and micro-elemental techniques.

2.6 Wear analysis

2.6.1 Scanning Electron Microscope [1]

The Scanning Electron Microscope (SEM) is one type of electron microscope.
It is the prime technique for imaging and examining wear and damage mechanisms.
The most important features of SEM are high spatial resolution and large depth of
field, and the possibility to combine imaging with elemental analysis using Energy
Dispersive Spectroscopy (EDS). It works by scanning a finely focused electron beam
over the surface to be imaged. The incident electrons, with energy typically of 5-20
keV, interact with the sample atoms within a few microns of the surface. This
interaction generates various signals emitting from the surface, for example electrons
and X-ray photons. The SEM image is formed from the intensity of electron
emissions from the surface. When the electron beam is scanned over the surface, the
intensity of emitted electrons from each position point of the surface sets the intensity
of the corresponding point of the image, as showed in Figure 2.11.

SEM is made in vacuum, which means that the samples must be clean and dry.
Non-electrically insulating surfaces, which do not get negatively charged by the
electron irradiation, can be analyzed by SEM after, for example, being coated with a
thin layer of a gold alloy. However, the development of advanced SEM systems is fast

and today most samples can be studied with SEM techniques.
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Figure 2.11 Principle of SEM [1].

2.6.2 Confocal Microscope [23]

Confocal microscopy is better than conventional wide field optical microscopy
in many aspects. Not only that it can control depth of field, but it can also eliminate or
reduce background information away from the focal plane and collect serial optical
sections from thick samples. The confocal microscopy works basically by using
spatial filtering techniques to delete out-of-focus light or glare in samples, whose
thickness is larger than the immediate plane of focus. In recent year, the use of
confocal microscopy becomes more popular. [t does not require more specification of
samples than that of conventional fluorescence microscopy to produce extremely
high-quality image.

Figures 2.12 diagrammatically shows the principle of confocal microscopy. It
works by scanning epi-fluorescence laser. The laser system emits a consistent beam of
light that goes through a pinhole in a confocal plane, with its scanning point on the
sample. There is a second pinhole aperture in front of the detector or a photomultiplier
tube. As the laser is reflected by a dichromatic mirror and scanned across the
specimen in a defined focal plane, secondary fluorescence emitted from points on the
specimen in the same focal plane, pass back through the dichromatic mirror and are

focused as a confocal point at the detector pinhole aperture.
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Figure 2.12 Principles of Confocal Microscopy [23].

2.7 Literature reviews

2.7.1 Particle Emission Characteristic

Soot is a microscopic particle that contains carbons. It is produced in the
process of incomplete combustion of hydrocarbons. Figure 2.13 [14] shows an artist’s
conception of diluted and cooled diesel PM, which consists of carbon, ash, and
unsaturated hydrocarbons. The unsaturated hydrocarbons are essentially acetylene and
polycyclic aromatic hydrocarbons. These mentioned components have exceptionally
high levels of acidity and volatility. Measurements have shown that it usually contains
90% carbon, 4% oxygen, 3% hydrogen, and the remainder combination of nitrogen,
sulfur, and traces of metal. soot particles from diesel combustion, both Individual or
primary, have been measured to be approximately 40 nm. The particles can
agglomerate up to a maximum of approximately 500 nm, with an average soot
agglomerate size of 200 nm, because of its colloidal properties. Figure 2.14 shows the

TEM micrograph of soot from diesel engine.
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Figure 2.13 Artist’s conception of diesel particulate matter [14]

Figure 2.14 TEM micrograph of diesel engine soot [15]
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Figure 2.15 Idealized diesel exhaust particle number and mass weighted size
distribution [16].

Figure 2.15 shows the ideal number and mass weighted size distributions of
diesel exhaust particle, proposed by D. B. Kittelson [14]. The particle size distribution
is a trimodal distribution: consisting of nucleation, accumulation and coarse mode.
The nucleation mode contains particle from a few nanometers to 50 nm, while in
agglomeration mode, there are larger particle in the range of 0.01 — 0.3 microns. The
particle in coarse mode which involves both nucleation and accumulation mode are
larger than 1 micron.

The impact of small Compression Ignition (CI) engine operation conditions on
diesel and biodiesel particulate matters (PMs) was investigated by Siricholathum et al
[17] They found that the smoke intensity of biodiesel engine’s PMs was around a half
of the smoke intensity of diesel engine’s PMs. The physical characterization of those
PMs was also investigated by using TEM. Figure 2.16 shows TEM micrographs of
diesel and biodiesel engine’s PMs under 80% engine load and 2,400 rpm of engine
speed. The primary particle size was in the range of 10-60 nm and it was observable
that a large amount of particle diameters was in the range of 30-40 nm. Figure 2.17
shows that the measured sizes of primary particle size distribution were between 10
and 60 nm. It was clearly seen that a large amount of particle diameters was between
30 and 40 nm.
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(b) Diesel Engine’s Ultrafine Particle

Figure 2.16 TEM images of (a) biodiesel engine’s and (b) diesel engine’s ultrafine
particles in the operation condition 80% of engine load and 2400 rpm of engine speed

[15].

30



45

40 020B-1600
1 40B-1600
35 M
M 60B-1600
30
5 m 80B-1600
2
£ 25
=}
2
2 20
b
=
& 15
10
5 ‘
0 A
0-5 5-10 10-1515-20 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60
Particle Diameter (nm)
(a) Biodiesel Engine
45
20 [020D-1600
#40D-1600
35
= 60D-1600
30 —|
5 W 80D-1600
2
£ 25
5
2
2 20
-
b= 3
[ '
Q. 15 #
*)
10
5
.
o
0 [ |

0-5 5-10 10-1515-20 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60
Particle Diameter (nm)

(b) Diesel Engine
Figure 2.17 Size distributions of (a) biodiesel engine’s and (b) diesel engine’s

nanoparticle emission using TEM image processing method. The engine operation

condition is 20, 40, 60 and 80% of engine load and 1600 rpm of engine speed [15].
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2.7.2 Impact of Soot on metal wear [18]

In case of investigating lubricant from passenger car and truck, it has been
showed that soot was contaminating in range of 0 - 1.0% by weight in diesel engine
used oil. The results also induced to show that soot may be the cause of increasing
metal wear from engine parts. Carbon black can be used to represent soot because of
their similar morphology. However, they still have small difference: their particle
diameter size. The experiment results showed the soot particle size distribution in
different type of liquid: they were highly agglomerated in water, had smaller level of
agglomeration in palm oil, and were well dispersed in formulated engine oil.

According to the result of four-ball tribology test, soot in lubricating oil might
act as a rolling element and resulted in reducing friction between metal surfaces.
Another conclusion was that soot may react with lubricating oil by both physical and
chemical reaction and resulted in increasing oil film thickness between contact
surfaces. The most significant result was that the dominant cause of making engine
wear was the appropriate particle size between 20 nm and 300 nm, which was near oil
film thickness between metal surface contacts. High level of proper particle size (20
nm — 100 nm) contaminated in oil will increase probability of rubbing process.
Furthermore, soot dispersing oil additives might have a most significant effect on
engine wear. Table 2.1 shows wear scar diameter when engine oil is contaminated by
carbon black. Figure 2.18 show carbon black and wear particles size distribution

before and after Four-ball wear tester.

Table 2.1 Wear scar diameter, roughness and friction torque [18].

Wear conditions Lubricating oil Lubricating oil with CB
Wear scar diameter microns 493 537
Roughness microns 0.07 0.19
Track density line per mm 237 261
Friction torque N-mm 2.01 1.62
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Figure 2.18 Carbon black and wear particles (a) size distribution and (b) cumulative

volume in lubricating oil before and after Four-ball tribology test by Laser Particle

Diffraction Spectroscopy [18].
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2.7.3 Soot hardness calculation [19]

The TEM micrograph was used to calculate the carbon platelet number to
investigate the number of carbon density. Each of platelet is consist of carbon atom
from incomplete combustion product as shown in Figure 2.19. The TEM micrographs
of 100 nm? focused area was changed to be black and white images. Then it was
skeletonized by image processing software. The line shows carbon crystallite each of
which consist of carbon platelet. Each of platelet is a pair of graphene sheet.
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Figure 2.19 Soot primary particle conceptual model for calculation carbon atom

density [19].
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Table 2.2 shows the properties of various forms of carbon taken from
reference [19]. Taking the literature values for the carbon atom density and hardness
data of diamond and diamond-like carbon, which are glassy carbon, amorphous
carbon and diamond; a plot which in Figure 2.20 is created. The black solid line is the

most accurate plot from all four data points, with the R square of 0.95.

Table 2.2 The properties of various forms of carbon [19].

Density (g/cm?®) Hardness (kg/mm?)

Glassy carbon 1.43 250
Evaporated amorphus carbon

1.95 0.50
(a-C:evap)
Hydrogenated amorphus carbon

/o E 1.9 1,500

(a-C:evap)
Daimond 3.52 10,000

Finally, the sot hardness is calculated by the relationship crated by Jao [20].
From the references, shows in Table 2.3, the density of Diesel soot reported by [20,
15] are in the range of 1.79 — 1.86 (g/cm?) then their hardness are going to be in the
range of 968.67 to 1,300 kg/mm?. Additionally, the density of Biodiesel soot (B20)
reported by [7] are in the range of 1.82 — 1.84 (g/cm?) then their hardness are going to
be in the range of 1,100 to 1,200 kg/mm?. (From Devlin et al [7] they collected the
soot of B20 from the difference engines).

Figure 2.20 shows the calculated atom density and mechanical hardness of
carbon and the data from the references [20, 15]. The comparison between the
hardness of any individual soot particle with the hardness of steel ball by using the
correlation [8]. The hardness of steel ball followed by the standard Four-ball wear test
is about 799-867 kg/mm?. It is clearly showed that the hardness of soot is much higher
than that of the steel ball.
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Table 2.3 Carbon atom density and its hardness of soot primary particle from the

references [19].

Method to measure | Carbon density | Hardness
Source# )
carbon density? (g/em?) (kg/mm?)
B100 1.82 1,334
Qualitatively analysis
CB N330 | calculated ) 1.89 1,460
from the TEM images
Diesel 2.0 2,056
Diesel -A | Li et al [2] Measuring the 1.86 1,330
Diesel-B | Jao et al [1] plesTiiOn crereyeal e 1.84 1,200
- - individual = soot by
Diesel-C | Lietal [2] 1.79 968.67
using low-loss
B20-A Devlin et al [3] 1.84 1,200
electron energy-loss
B20-B Devlin et al [3] spectroscopy (EELS) 1.82 1,100
10,000
§ Diesel-A [2] & Diesel*(2.01,2,056)
= B20-A (3] B N330¢1 89, )/ 460)
£ Diesel -B [1] o | 130
E],DOO B20-B [3] B100 (1.82{ 15131)
Py i Steel balls [4] (799-867-L)
2 ™
"§ ® ® Reference [1]
E ® ® Calculated
B Reference [2]
© Reference [3]
100
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Carbon density (g/cm”3)

Figure 2.20 Plots of carbon density and its hardness [19].
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2.7.4 Tribology Test [11]

Friction and wear experiments are designed to examine tribological
characteristics of a tribo system and their variations under working conditions, in
order to reveal the influence factors on friction and wear properties, and to reasonably
determine design parameters. Because the aspects of friction and wear are
complicated, there are many methods and devices needed for experiments, and the
results data can be conditional and often difficult to compare. In recent years,
researchers have paid more attention on making a standard for these test methods to
make them uniform. Friction and wear performances are affected by many factors.
Therefore, we can only get a reliable conclusion when the experimental conditions are
strictly controlled. Current experimental methods can be divided into the following

three categories.

Laboratory Specimen Test

A laboratory specimen test uses the universal testing machine to carry out the
experiment with a specimen according to given working conditions. The advantage of
the laboratory specimen test is that the environmental and working parameters can be
easily controlled. This test can produce high amount of experimental data within a
short experimental period. However, the results are often less practical because
experimental conditions are not fully met with the actual working conditions. A
laboratory specimen test is mainly used to study friction and wear mechanisms and

their factors, and to evaluate performances of lubricant.

Simulation Test

After the laboratory specimen test, a simulation test can be further carried out
with the real component designed according to selected parameters. The results of this
test are more reliable because its test conditions are close to real working conditions.
While it can also produce a series of experimental data within a short period and the
factors of wear performance can also be studied individually through intensive and
strictly controlled experimental conditions. The main purpose of the simulation test is

to verify the reliability of the data and the rationality of the wear design of the part.
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Actual Test

After the mentioned two tests, an actual test can finally be done, which is
much more reliable. However, its experimental period is long and expensive. Its
results are influenced by various factors, so it is difficult to analyze the results in-
depth. This test is commonly used to test results from the first two experiments.

Figure 2.21 shows the contact and movement types of common friction and

wear testing machines.
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Figure 2.21 Types of contact and movement of friction and wear testers [11].

38



CHAPTER 3
RESEARCH METHODOLOGY
3.1 Experimental equipment

3.1.1 Engine oil related with API standard

This research used different standard of engine oil. They were normal engine
oil that used for diesel engines in the market, based on API standard. Base oil was the
same: Group III, but their additive amount in each one was different. In order to study
on the effect of soot particles in additives, the amount of additive was measured by x-
ray fluorescence (ASTM D6481). The engine oil condition including viscosity and

total base number were measured according to ASTM standard test methods.

3.1.2 Carbon black

Figure 3.1 shows Carbon black N330 which was used instead of real engine
soot in this research to reduce the impact of unburnt hydrocarbon. Its physical
properties were close to soot from diesel engine and average primary particle size was
around 31 nanometers, which was also similar with diesel engine soot particles.
Carbon black N330 was mixed into engine oil at 1% by weight to simulate the effect
of soot contamination in the engine oil. Figure 3.2 shows TEM micrograph of carbon

black N330.

Figure 3.1 Carbon Black N330 [21].
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Figure 3.2 TEM Micrograph of carbon black N330 at (a) 50,000 and (b) 100,000

magnification.
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3.1.3 Laser Diffraction Particle Size Analyzers

Figure 3.3 shows laser diffraction particle size analyzer which uses the
technique of laser diffraction to measure the size of particles. It does this by
measuring the intensity of light scattered as a laser beam passes through a dispersed
particulate sample. This data is then analyzed to calculate the size of the particles that

created the scattering pattern.
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Figure 3.3 Laser particle size distribution analyzer (MALVERN, Mastersizer 3000)

3.1.4 Fourier-transform infrared spectrometer

Figure 3.4 shows fourier-transform infrared spectrometer which was used to
investigate the engine oil additive structure. Fourier-transform infrared spectroscopy
(FTIR) is a technique used to obtain an infrared spectrum of absorption or emission of
engine oil additive. When IR radiation is passed through a sample, some radiation is
absorbed by the sample and some passes through (is transmitted). The resulting signal
at the detector is a spectrum representing a molecular ‘fingerprint’ of the sample. The
usefulness of infrared spectroscopy arises because different chemical structures

produce different spectral fingerprints.

Figure 3.4 Fourier Transform Infrared Spectrometer (Perkin Elmer, Spectrum One)
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3.1.5 Four ball wear tester

Figure 3.5 shows the Four-ball wear tester which is a tribology bench test. that
shows relation between properties to prevent wear of liquids and the sample’s sliding
contact. The experiments are done according to ASTM D4172 standard (table 3.1).
Equipment used in this experiment are: Four alloy balls with diameter of 12.7 mm
(0.5 in.) Grade 25 EP (Extra Polish) 12.7 mm. Three of the balls are fixed at the base
while the other one is on them, pressed by 392 newton force, and rotated with speed at
12000 RPM. All four balls are placed inside a container with the engine oil sample.
The test is done at 75°C temperature. At the end, this test will cause horizontal
circular wear scars to the three balls at the base and will cause vertical straight-line

wear scars to the upper ball. The test conditions are shown in Table 3.1.

(» [ S-S

Figure 3.5 Schematic of Four-ball wear tester followed ASTM - D4172.

Table 3.1 The condition of Four Ball wear tester (ASTM D4172) [24].

Test conditions Ball material

Parameter Specification Parameter Specification
Rotational speed 1200 rpm Ball material grade 25 EP

Load 392N Surface roughness 0.005 microns
Duration per load 60 min ?I:(l)lcllza;irllle)ss 64 — 66 (HRC)
Temperature 75°C
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3.1.6 Optical Microscope
Figure 3.6 shows optical microscope (OM) which is used to measure the wear
scar diameter of three lower ball after wear testing. Average of wear scar diameters

were used to compare the performance engine oil in each standard.

Figure 3.6 Optical Microscope

3.1.7 Confocal Microscope

Figure 3.7 show confocal microscopy which is a kind of microscopy that uses
focal point technique to increase resolution and contrast of the image. It uses a spatial
pinhole to block out unnecessary lights out of the focus. This imaging technique can
create three-dimensional structure by using multiple two-dimensional ones captured at
different depths. In this research, confocal microscopy will be used to measure surface
roughness of the three balls at the base of four ball test. Each one will be measured
five times, the average measurement will be used. The purpose of this process is to

see more details of wear scar.

Figure 3.7 LEXT OLS4000 3D Laser Measuring Microscope
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3.1.8 Scanning Electron Microscope

Figure 3.8 shows scanning electron microscope and energy dispersive X-ray
spectrometer (SEM-EDX) which are used to investigate the worn surface. SEM is
used to observe the worn surface in micro scale. EDX is used to investigate elements

which remained on ball surface after wear test.

Figure 3.8 SEM-EDX JEOL JSM-IT-500HR

3.2 Experimental procedure

3.2.1 The study of engine oil property
A formulated engine oil which had the same base oil as SAE15W40 was used
in this research. The engine oil condition including viscosity and total base number
were measured according to ASTM standard test methods. Oil additives were
measured by x-ray fluorescence. The standard for testing the new engine oil are
following:
- Kinematic viscosity @, 40°C (ASTM D-445)
- Kinematic viscosity @ 100°C (ASTM D-445)
- Viscosity Index (ASTM D2270)
- Total base number (ASTM D-4739)
- Element analysis (ASTM D6481)
3.2.2 The impact of oil additive with soot on metal wear
The wear preventative properties of the engine oil and engine oil with soot
contamination was investigated using Four ball wear tester. The test methods and
conditions followed the standard ASTM D4172 as showed in Table 3.1. The major
conditions for this wear test was to investigate the impact of oil additive on metal
wear. The engine oil with different types and treat rate of additive were mixed with
carbon black (N330) at 1% by weight per volume. The details of oil samples and

Carbon black were shown in Table 3.2.
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Table 3.2 Engine oils contaminated with carbon black N330

Samples Carbon Black Types and volume of additive %CB (wt./wt.)

CD - BCP 3047 4.85% -
CD N330 BCP 3047 4.85% 1%
CF - BCP 3047 6.80% -
CF N330 BCP 3047 6.80% 1%
CF-4 - BCP 3047 7.50% -
CF-4 N330 BCP 3047 7.50% 1%
CH-4 - BCP 1059 12.70% -
CH-4 N330 BCP 1059 12.70% 1%
Cl-4 - BCP 1059 14.00% -
Cl-4 N330 BCP 1059 14.00% 1%

After the four ball wear tests, the balls and the tested oil were collected for the

surface analysis

1) Wear scar diameter measurement by Optical microscopy.
The ball wear scar diameter of the three lower ball and one upper ball were measured
using OM. After that, the average wear scar diameter of the three lower balls is used
to compare the effect of contaminant on metal wear

2) Surface roughness by Confocal Microscopy
This imaging technique can create three-dimensional structure by using multiple two-
dimensional ones captured at different depths. In this research, confocal microscopy
will be used to measure surface roughness of the three balls at the base of four ball
test. Each one will be measured five times, one after another at about 80 wm and the
average measurement will be used. The purpose of this process is to see more details
of wear scar.

3) Microscopic surface analysis by using SEM-EDX
The microscopic worn surface of the four balls of each oil samples were investigated
using SEM. SEM is a powerful tool for studying worn surface and wear elements
analysis. SEM micrograph at 500 magnification used to analyze the wear scar which

were covered by 24 x 18 tables, the size of each block was 10.66 microns.
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CHAPTER 4
RESULTS AND DISCUSSIONS
4.1 Engine oil properties

Different kinds of engine oil used in this research. They are common oil,
based on the API standard, used for diesel engines in the market. The additive amount
in each one was different, but their base oil was the same: Group III. They also had
the same viscosity at 15W40. In order to studied on the effect of soot particles in
additives, they were tested according to ASTM standard and the amount of additive
was measured by x-ray fluorescence. Then engine oil is divided into 2 groups
according to their amount of additive: Low grade with lower additives from 4.8% to

7.5% and high grade from 12.7% to 14%.

Table 4.1 Engine oil properties

BCP 3047 BCP 1059
Base Oil Group 111 15-W40
API

P dard CD CF CF-4 CH-4 CI-4

Additive ) gso,  680%  7.50% - 12.70%  14%

package
Magnesium =

Yowt 0.11 0.17 0.16 - -

(Mg) ’
Calcium (Ca) Y%owt - - - 0.32 0.32
Sulfur (S) Y%wt 0.41 0.50 0.43 0.52 0.51
Zinc (Zn) Yowt 0.09 0.13 0.13 0.13 0.14
Phosphorus (P) Yowt 0.08 0.11 0.11 0.12 0.12
TBN mgKOH/g ~ 6.90 10.1 10.2 9.6 10.4
Viscosity
@40°C cSt 113 120 110 114 113
Viscosity
@100°C cSt 15.0 15.5 15.2 15.3 15.3
Vicosity Index - 138 136 144 140 140
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4.1.1 Fourier-transform infrared spectroscopy

Infrared spectroscopy is a widely used technique for the analysis of lubricating
oil. Taking advantage of FTIR spectroscopy in the process of identifying the
molecular structure of a compound. Therefore, Fourier-transform infrared
spectroscopy is chosen for investigate the chemical structure of engine oil additive.
Figure 4.1 shows four different spectrum engine oils. The plot showed the spectrum
of C-H stretching(2900 cm™'), C-H scissoring(1470 ¢cm™) and methyl rock(1380 cm™).
It clearly seen that these four types of FT-IR spectrum were similar. Therefore, the

soot dispersant additives structure in these four types were the equivalent, only

differed in quantity.
100

90 (,
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4 ——API CF4 methyl
% 70 -~ API CH4 Methyl rock
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g 50
5
= 40 ( C-H Stretch

30

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)

Figure 4.1 Fourier Transform Infrared Spectroscopy

4.1.2 Laser particle size distribution

Figure 4.2 shows size distribution of carbon black N330 which contaminated
in formulated engine oil at 1% by weight, using laser particle size distribution
analyzer. This graph focuses only soot between 0.01-1 um, because they are the size
that can enter into contact area and cause wear on contact surfaces, while soot
particles that are larger than 1um are too large to enter into the contact area. The result
showed that carbon black N330 can disperse well in API CF4 and CD engine oil,
because there was noticeably many of 20-30 nanometer particles that dispersed in the
mentioned engine oil. Followed by CI4 and CH4 engine oil respectively.
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The dispersing of different sizes of particles in engine oil can specify the
performance of soot dispersant additive in each type of engine oil. Also, the
difference in sizes of particles impacted directly to metal wear, because its roughness

value varied according to the particle size distribution.

—APICD —API CF4
APICI4

——API CH4

0.01 0.1 1
Particle Size (um)

(a) Particle size distribution

100
/

—APICD ——APICF4

Cumulative Volume (%)
=

——API CH4 API CI4

0.01 0.1 1
Particle Size (um)

(b) Particle cumulative volume

Figure 4.2 Carbon black N330 (a) size distribution and (b) cumulative volume in

engine oil by Laser Particle Diffraction Spectroscopy.
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4.2 Impact of anti-ware additive

Figure 4.3 shows average ware scar diameter of new oil from Four-ball wear
tester. From the test results, the wear in the group of low-grade engine oil are clearly
larger. The main reason of this, is their lower amount of anti-ware additive, that
prevent the additive from generating enough oil film layer to protect the surface.

Results in more wears than in high grade engine oil.

660
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=
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Figure 4.3 The average wear scar diameter measured by OM (um)

4.3 Impact of soot on metal wear

4.3.1 Wear scar diameter

Four-ball wear tester was used to investigate the effect of soot and oil additive
on metallic wear and carbon black N330 was used to simulate engine’s soot. Engine
oil were contaminated with carbon black N330 1% by weight. After wear test, three
lower balls were used to measure the wear scar diameter (WSD) using a high-
resolution optical microscope (OM) as showed in Figure 4.4 and 4.5. The results
showed that API CD engine oil that was contaminated with carbon black, the largest
increase rate of wear scar was found at approximately 7.7%. On API CF the increase
rate of wear scar was 3.5% and API CF-4, API CH-4 and API CI-4 the wear scar was

not significantly different. Therefore, it was noticeable that wear scar diameters
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increase significantly in 2 types of engine oil because of their carbon black
contaminating. The average of wear scar diameter of four ball indicate that carbon
black particle can enter to the contact area and then cause wear. When soot particles
cause too much damage on oil film layer, additives in engine oil will build a new
layer to protect the surfaces again. So, when different types of engine oil are
contaminated with soot, there are clearly higher wear increase rate in low-grade

engine oil as it has less amount of anti-ware additive.

I S S S | o

S & S & &

Figure 4.4 The average wear scar diameter of carbon black contaminated engine oil

measured by OM (um)
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(b) API CD with CB N330

(d) API CF with CB N330

ki :’7-. (\::-,W
() API CH-4 (h) API CH-4 with CB N330

(i) API CI-4 (i) API CI-4 with CB N330

Figure 4.5 Wear scar diameter measured by OM.
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4.3.2 Surface roughness
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Figure 4.6 Ra value from confocal microscope at low magnification 20x (um)

0.4
0.3

0.2 %

0

%
.

3§ R i LY Gy o\

X

S & S & &

Figure 4.7 Ra value from OM at high magnification 100x (um)
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(a) Wear profile of low-grade engine oil
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. W
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(b) Wear profile of high-grade engine oil
Figure 4.8 Example of wear profile between (a) low-grade and (b) high grade engine
oil.
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Figure 4.9 show the worn surface after four-ball wear test, Figure 4.6 and 4.7
show surface roughness value of the metal ball. Figure 4.6 shows surface roughness
value of the metal ball at low magnification, to study overall-surface metallic wear
behavior. Figure 4.7 shows its roughness value at high magnification from optical
microscope

The results show that, from both type of Ra value, the results show in the same
direction which the roughness value of metal ball will decrease when engine oil is
contaminated with carbon black N330. This is because carbon black particles entered
and cause 3 body abrasive wear on the surface. Also, small size particles entered into
the contact area and polish the ball surfaces, leaving lower roughness value.

However, there is an exception in the case of API CD engine oil that the
roughness value increased. That is because its amount of additive is too low, that it
could not prevent carbon black particles from further damaging the surfaces like other
types of engine oil.

Figure 4.8 show the profiles of wear on metal ball surface. Figure 4.8 (a)
shows wear profile low-grade engine oil. When it is contaminated with CB, some part
of the surface became rougher, the wear became deeper, and there were more grooves.
These damages were not caused only by carbon black particle, but also by small metal
particle that had been broken from ball surface as another damage from carbon black
particles. This surface braking occurred because there were not enough anti-wear
additives to protect all the surfaces. On the other hand, when high-grade engine oil is
contaminated with carbon black, the ball surfaces became smoother, because of the
strong oil film layers of anti-ware additive as shown in Figure 4.8(b). These layers let

carbon black get into the contact area and polish ball surfaces, leaving abrasive wears.
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(a) API CD (b) API CD with CB N330

(c) APICF (d) API CF with CB N330

(e) API CF-4 (f) API CF-4 with CB N330

(g) API CH-4 (h) API CH-4 with CB N330

(i) API CI-4 (i) API CI-4 with CB N330

Figure 4.9 Roughness measurement by confocal microscope
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4.3.3 Wear mechanism
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Figure 4.10 Average wear mechanism (%)

Table 4.2 Qualitatively analyze wear mechanisms when engine oil is contaminated

with carbon black N330.

CD CF CF4 CH4 Cl4
Fatigue -44.1% -95.0% -23.1% -35.5% -40.0%
Adhesive -74.3% -62.6% -53.3% -47.3% -41.8%

Abrasive +87.5%

+62.2% +62.5% +120.0% +83.3%

Figure 4.11 shows SEM micrograph at 120 magnification of the wear scar
found on the balls of engine oil API CD(a), API CF(c), API CF-4(e), API CH-4(g),
API CI-4(i) without soot and contaminated engine oil API CD(b), API CF(d), API
CF-4(f), API CH-4(h), API CI-4(j) with CB N330 1% wt. This figure shows the wear
scar of stationary ball under the same test conditions according to ASTM D4172.
Figure 4.12 and 4.13 show SEM micrograph at 500 magnification of the wear scar.
The result shown that, there were some areas of plastic deformation on
uncontaminated oil. It was mentioned in the research that the plastic deformation of
the worn surface which was larger than 20 microns was reflected to adhesive wear
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[3]. Moreover, some of subsurface cracks and pitting were found in the plastic
deformation zone that was mentioned as fatigue wear. From the SEM micrograph of
wear scar that contaminated with carbon black N330, the increasing of wear track
parallel to the sliding direction is clearly seen, which suggests a mechanism of
abrasive wear. From the above, when the engine oil was contaminated with carbon
black, the mechanism of wear was three body abrasive wear because the hardness of
the carbon black is higher than the steel ball [22]. Figure 4.14 show the quantitative
analysis, SEM micrograph at 500 magnification of the wear scar were covered by 24
x 18 tables. The size of each block was 10.66 microns. The wear mechanisms
characterize as follows: The fine wear track or grove along with the sliding direction
which was defined by a gray color was reflected to abrasive wear [3]. The plastic
deformation which was larger than 20 microns defined by a blue color was reflected
to adhesive wear [3]. Moreover, the pitting and subsurface crack which was defined
by a red color was reflected to fatigue wear.

Figure 4.10 and Table 4.2 shows qualitatively analyze wear mechanisms, the
result show that the engine oil without carbon black has more adhesive wear than the
engine oil with carbon black also when the carbon black was added the abrasive wear
increase significantly. This indicates that the predominant wear mode of soot
contaminated engine oil was three body abrasive wear because the hardness of the
carbon black is higher than the steel ball. In case of new oil, adhesive wear occurred
because of three factors: the boundary lubrication of the anti-ware additive, the
shearing force of the steel balls” sliding motion, and the direct contact between two

metal surfaces.
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(a) API CD

(c) API CF (d) API CF with CB N330

(¢) API CF-4 (f) API CF-4 with CB N330

(g) API CH-4 (h) API CH-4 with CB N330

(i) API CI-4 (j) API CI-4 with CB N330
Figure 4.11 SEM Micrographs of wear scar at 120 magnification
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(a) API CD (b) API CD with CB N330

(c) API CF (d) API CF with CB N330

() API CF-4 (f) API CF-4 with CB N330

(g) API CH-4 (h) API CH-4 with CB N330

(i) API CI-4 (j) API CI-4 with CB N330
Figure 4.12 SEM micrograph of wear scar at 500 magnification
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(a) API CD (b) API CD with CB N330

__Grooves
Grooves

Groves

Groves

(i) API CI-4 (i) API CI-4 with CB N330

Figure 4.13 SEM micrograph of wear scar at 500 magnification with wear description

59



(a) API CD

(¢) API CF (d) API CF with CB N330

(e) API CF-4 (f) API CF-4 with CB N330

(g) API CH-4 (h) API CH-4 with CB N330

(i) API CI-4 (i) API CI-4 with CB N330

Figure 4.14 SEM micrographs of wear scar with colored wear analysis
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4.3.4 Ball surface element analysis

The oil additive that remain on the ball surface were observed by EDX
analysis. As mention before, the base of additive element in API CD, API CF and API
CF-4 was magnesium and calcium in API CH-4 and API CI-4. Table 4.3 and 4.4
showed elemental analysis of ball surface of low-grade and high-grade engine oil
respectively. Figure 4.15 and 4.16 showed percentage of element of ball surface and
EDX spectrum respectively. The results showed that the additive element still
remained on the ball surface. Therefore, it was proved that engine oil additive had
spread all over the area, including between the contact surfaces, which means that it
performed its role on soot particles on ball surfaces. The additive that contained in the
engine oil improves the dispersing of contaminated carbon black. When the carbon
black is dispersed, it will serve to polish the ball's surface. This behavior of additive
would be a main impact on metal wear mechanism. From Table 4.4, the result showed
that there wear Zn remaining on the surfaces in high-grade engine oil, while in low-
grade engine oil, there were no remain of Zn on the surface. So, it can be concluded
that, anti-wear additive that build oil film layers on metal surfaces has an important
role on preventing metallic wear, both in the case of with and without carbon black

contamination.

Table 4.3 Element analysis of ball surface (Low grade engine oil)

Ball CD CD+CB CF CF+CB CF4 CF4+CB
Fe 91.8 86.8 93.7 87.7 94.7 88.3 90.9
C 6.8 3.4 23 3.3 2.6 4.3 3.8
0.0 4.6 1.7 3.7 0.0 3.1 2.2
Mg 0.0 0.7 0.0 1.5 0.0 0.4 0.3
Si 0.0 0.0 0.3 0.3 0.3 0.3 0.3
S 0.0 2.0 0.5 1.0 0.4 1.2 0.7
Cr 1.4 1.3 1.5 1.4 1.6 1.6 1.5
Zn 0.0 1.2 0.0 0.0 0.0 0.0 0.0
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Table 4.4 Element analysis of ball surface (High grade engine oil)

Ball CH4 CH4+CB CI4 CI4+CB
Fe 91.8 80.9 76.7 87.3 85.4
C 6.8 6.7 7.6 48 42
o 0.0 5.6 6.9 32 4.1
Ca 0.0 0.8 0.7 0.4 0.6
Si 0.0 0.0 0.0 0.0 0.0
S 0.0 1.9 1.9 1.1 1.5
Cr 14 1.5 1.4 1.4 1.4
Zn 0.0 2.3 2.1 13 23
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Figure 4.15 Elemental analysis of ball surface.
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Figure 4.16 SEM micrograph with EDX analysis.
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CHAPTER 5
CONCLUSIONS

This research used different standards of engine oil which depended on the
amount of additive. Engine oils were divided into 2 groups according to their amount
of additive: low-grade with lower additives from 4.8 to 7.5 percent and high-grade
from 12.7 to 14 percent. Carbon black N330 was mixed with formulated engine oil at
1% by weight. The primary particle size was about 31 nanometers.

After four-ball wear tests, the results showed that wear scar diameter in the
group of low-grade engine oil were clearly larger. The main reason of this was their
lower amount of anti-ware additive, that prevent the additive from generating enough
oil film layer to protect the surface, results in more wears than in high-grade engine
oil.

When the engine oil was contaminated with carbon black N330, the results
showed that wear scar diameter in API CD and API CF engine oil accelerated the
most clearly. On the other hand, there was almost no change in the high-grade engine
oils. Soot was the reason of the increase of metallic wear, and the amount of anti-wear
additives had an important role in preventing them.

The roughness value of metal ball will decrease when engine oil was
contaminated with carbon black because carbon black particles entered into the
contact area and polish the ball surfaces. In the case of API CD engine oil that the
roughness value increased because its amount of additive was too low, that it could
not prevent carbon black particles from further damaging the surfaces.

Abrasive wear clearly increased in any case when engine oil was contaminated
with carbon black, because the carbon black was the cause of three body abrasive
wear. When they enter into contact area, they would scratch and damage the ball’s
surfaces into metal particles that mixed within engine oil. So, it could be concluded
that carbon black was the reason of evidently increasing of abrasive wear.

The additive element still remained on the worn surface. So, it was proved that
engine oil additive had spread all over the area, including between the contact
surfaces. Anti-wear additive that build oil film layers on metal surfaces has an
important role on preventing metallic wear, both in the case of with and without CB

contamination.
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APPENDIX A

FOUR BALL REPORTS
InS Thai Ltd.
Thai-French innovation Institute {&% Floor],
S Thn'i' King Mongkut's University of Technology North Banghok,
LR i = 1518 Pracharat 1 Rd., Wongsawang, Bangsue, Bangkok 10800, Thailand.
" — Groupe Sofiplast Tel: +66 {0)2 585 9945, +66 (0}2 S5 9964, +66 (D)2 585 0982, Fax: +66 (0]2 585 9951
weww.ins-thai com

ANATYSIS REPORT:

King Mongkut’s Institute of Technology Ladkrabang
Four ball — Wear resistance-according to ASTM D4172

Sample description Iubricants

Customer Sample Reference | See table 1

Internal Sample Refevence | See table 1

Date of Receipt 08/08/2018

Date of Analysis 09/08/2018 —05/09/2018
Analysiz Report Reference | F1808105KMIL-01

TESTS & SAMFPLES

A CUSTOMER INTERNAL
TEST STANDARD CONDITIONS SAMPLE REF. | SAMPLE REF.

—  Rotational speed: 120010 rpm

4 Ball Load: 3922 N (4022 kef)

Method ASIMD4IT2 Dyrittion pehJond: 0S8R See Table 1 See Table 1
—  Temperature: 7i£2 °C
Table I: List of samples reference
Custemner Reference InS Thai Reference
1. APICD +BCPF 3047 4.85% (418487) S1808105KML-01
2. APICD+BCP 3047 4.83% S1808105KML-02
3. APICF-4+BCP 3047 7.5% (412489) S1808105KML-03
4. APICF4+BCP30477.5% S1808105KML-04
5. APICH-4 +BCP 1039 12.7% (418450) S1808105KML-035
6. APICH4+BCP 1059 12.7% S1808105KEML-06
7. APICI4 +BCP 1059 14% (418491) S1808105KEML-07
8. APICI4 +BCP 1059 14% S1808105KEML-08
M 05404 o 00 EE dins 310172007 Page 1 of 6
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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.

Normal Load

}

- -

3 wear scars
between balls -

LR - 4-ball
ML
Figure 1: Four balls testing machine and direction of applied load

After the test the diameter of wear scar is measured by optical mucroscope at =100

magnifications. The wear scar diameters of the three lower balls are measured and the average values
are calenlated.

M 03404 Rov.00 B dwe 3140172017 Page 2 of 6
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RESULTS

Table 2 presents the wear scars diameter measured on the three lower balls. The variation of
wear scar diameter is small indicating a good sample installation. Figure 2 shows the comparison of
wear scar size between different samples.

Table 2: Wear scars diameter measured by microscope

Sample no. Ball 1 (pm) Ball 2 (pmm) | Ball 3 (pm) | Awverage (um) | Ball 4 (um)

1 643,41 639.07 633.45 638.64 652.15
2 691.76 688.26 682.69
3 631.96 617.35 626:20
4 620.58 620.58 62035
) 592.00 39139 57860 58733 633.24
& 60054 603.60 602.34 602.16 64329
£y 58513 607.85 606.96 603.31 690.45
g 61126 612.13 605.73 609.71 67418

* Red-filled cell represent the highest value.

Diameter of wear scars (um)

GBI.57

63864
60216 60231 60971
I i I I I
1 2 3 4 5 [} g B

sample Number

Figure 2: Average wear scar size of three lower balls after testing

M 031404 Rov.00 B das 3140172017 Page Jof 6
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Table 3: Roughness Measurement by opfical microscape.

Table 3 presents the result of ronghness measured on the 4 balls after Four ball test on engine
oil sample. Figure 3 shows the companson of roughness result between different samples,

Sample no. Ball 1 (pum) Ball 2 (pm) | Ball 3 (um) | Average (um) | Ball 4 (um)

1 0.110 0.097 0.103 0.103 0.113
2 0.137 0.157 0.190 0.161 0177
3 0.103 0.143 0.117 0.121 0.103
4 0.120 0.067 0.090 0092 0.077
3 0203 0293 0.260

6 0.183 0.277 0.203 0.204 0227
7 237 0.287 £.213 0246 0213
8 0.153 0.187 0.193 0178 0.207

* Red-filled cell represent the highest value.

Roughness Measurement (Ra, jtm)

0.252

0.245

Sample Mumber

Figure 3: Average roughness of thres lawer balls after festing
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Table 4 showed the mass loss of each ball after testing of all Inbricant samples.
Table 4: Mass loss measured by high precision balance (4 digit)
. Weight (z)
i bt Before After Weight loss (g)
Ball 1 3515 835135 =0.0001
1 Ball 2 £ 3523 83521 0.0002
Ball 3 8.3306 8.3306 =0.0001
Ball 4 83550 83548 0.0002
Ball 1 23539 83536 0.0003
1 Ball 2 §.3538 3537 0.0001
- 3 $.3339 83334 0.00035
Ball 4 83530 8.3346 0.0004
Ball 1 83534 353 =0.0001
3 Ball 2 23529 83529 =0.0001
) 3 §.35331 8352 0.0002
Ball 4 83512 83512 =0.0001
Ball 1 8.3537 83337 =0:0001
1 Ball 2 83341 8.3540 0.0001
Ball 3 §.3538 8.3538 =0.0001
Ball4 83514 83512 0.0002
Ball 1 83514 83522 0.0002
- Ball 2 8.3518 23518 =0.0001
= Ball 3 23342 83542 =0.0001
Ball 4 83530 83550 =0.0001
Ball 1 81537 83537 =(L0001
5 Ball 2 23341 83540 0.0001
Ball 3 8.3538 23532 =0.0001
Ball 4 33514 83312 0.0002
Ball 1 83327 83524 0.0003
5 Ball 2 23521 83520 0.0001
Ball 3 83536 83530 0.0006
Ball 4 83513 83512 0.0001
Ball 1 83508 83307 0.0001
g Ball 2 83528 83527 0.0001
Ball 3 83538 8.3537 0.0001
Ball 4 £.3508 83506 0.0002
M 050404 R 00 EF dacs 31012007 Page 5 of 6
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LIS T

General conclusion:

* The lowest and highest wear scar diameters of three lower balls were found on Sample 3; AFL
CH-4 +BCP 1059 12.7% (412490) and Sample 2; APICD + BCP3047 4.85%. respectively.

+ The lowest and highest ronghness of three lower balls were found on Sample 4; API CF-4 + BCP
3047 7.5% and Sample 5; API CH-4 + BCP 1039 12.7% (418490), respectively.

Suggestion:

The mixture sample should be performed 4-Ball test repetition for obtaining high precision and
reliability becanse the dispersion between carbon and Ilube lguid part is not entirely homogenecus.

Prepared by: Approved by:
Mr Pamumas Songvut Dy Pomnsit Lorkit
R&D Scientist

Laboratory Manager

Punumasy gﬂ“@‘“i T%a'hs'u*f L

2018-09-05 2018-09-05
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ANALYSIS REPORT:
King Mongkut’s Institute of Technology Ladkrabang
Four ball — Wear resistance according to ASTM D4172

Sample description Lubricants

Customer Sample Reference | See table 1

Internal Sample Reference See table 1

Date of Receipt 31/05/2019

Date of Analysis 31/05/2019 — 7/06/2019
Analysis Report Reference | B1905114EMIT

TESTS & SAMPLES

oy y g CUSTOMER INTERNAL
TEST STANDARD CONDITIONS SAMPLE REF. | SAMPLE REF.

— Rotational speed: 12000 rpm
4Ball P A Load: 392+ N (40=2 kef)
Method 3 by Pl Duration per load: 60=1 min

—  Temperature: 7352 °C

See Table 1 See Table 1

Table I: List-af samples reference

Customer Reference InS Thai Reference

APT CE BCP 3047 6.8% (New Oal) S19051 14KMT-01
API CF BCP 3047 6.8% S1G05114KNT-02

=)
U

I 050404 Rov: 00 Eff das 31012017 Pagelo
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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 minntes.

Normal Load

}

3 wear scars

between balls L = i
. - i
WO
N [
4-ball

Figure 1: Four balls testing machine and direction of applied load

After the test, the diameter of wear scar is measmred by optical microscope at =100
magnifications. The wear scar diameters of the three lower balls are measured and the average values
are calculated.

FAM 050404 Rar. 00 B dvs 31012017 Page 2 of 5
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Table 2 and 3 presents the wear scars diameter measured on the three lower balls. The variation
of wear scar diameter is small indicating a good sample installation. Figure 3 shows the comparison of
wear scar size bebween different samples.

Table 2: Wear scars by microscope
Ball S1905114EMT 01 SI905114KMI 02
1
X
3
#
FM 051404 R 00 EF d 310L20IT Page 3 of 5
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Diameter of wear scars (pum)
676.879

654.003

51905114KML-01 51905114KML-02

Figure 3: Average wear scar size af three lower balls after festing

Table 3 showed the mass loss of each ball after testing of all lnbricant samples.

Table 3: Diameter of wear scars measured

Samples ‘Ball1 (um) | Ball 2 (um) | Ball3 (um) | Average (nm) | Ball 4 (um)
S18051 14EML01 633.931 652178 535.000 554003 553180
S15051 14RML-02

Ball 1 35 =0.0001
Ball 2 83510 83500 <0.0001
519051 14KML-01 B T35 53573 0,001
Balid | B.3545 83544 =00001
Ball 1 83540 83539 =0.0001
Ball? 8.3530 8.3529 ) 0001
5 )
SN0 — s | 8952 | A0 00001
Ball 4 83539 83538 =0.0001
EMLO%-0404 R0 Ef dss 31012017 Page 4 of 5
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General conclusion:

» The diameter of sample API CF BCP 3047 6.2 has higher than API CF BCF 3047 6.8% (New oil}
* The mass loss of each ball for all samples were less than or equal to 0.0001 g.

Suggestion:

The mixture sample should be performed 4-Ball test repeatedly for obtaining high precision and
reliability because the dispersion between carbon and tube liquid part is not entirely homogeneouns.

Prepared by: Approved by:
MrPanumas Songwut Dy Natapat Ampan
R&D Scientist Laboratory Manager
7 A
Pl-lﬂ!.lﬂﬁu'} soﬁquui ,fIL"T"*’-" ,;',:J: f’ ﬁ;}.-_.-
2019-06-07 2019-06-07
P 05-0404 Ron: 0 B dors 31112017 Page 5 of 5
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APPENDIX B

X-RAY FLUORESCENCE SPECTRA

Eval2 V2.5.500 Admin 6/24/2018 2:48:30 PM
Sample: 612206-8700-CD

Measured on 6/22/2018 1:34:08 PM

Sample measured by Admin

Measurement methed: Best Detection-He34mm

Sum S Mg Zn P
0.70 % 0411 % 0.119 % 893 PPM 795 PPM
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612206-8700-CD
Eval2 V25,500 Admin 6/24/2018 2:48.05 PM
Eval2 V/2.5.500 Admin 6/24/2018 2:50:54 PM
Sample: 612206-8700-CF
Measured on £/22/2018 1:52:54 PM
Sample measured by Admin
Measurement method: Best Detection-He34mm
Sum S Mg Zn P Si Ca
091 % 0.496 % 0171 % 0.128 % 0.111% 27.2 PPM 18.0 PPM
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Eval2 V2.5 500 Admin 6:24/2018 2:52:20 PM
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Eval2 V2.5.500 Admin 6/24/2018 2:54:28 PM
Sample: 612206-8700-CF4
Measured on 6/22/2018 2:12:58 PM
Sample measured by Admin
Measurement method: Best Detection-He34mm

Sum S Mg Zn P Si
0.83 % 0.426 % 0.160 % 0.128 % 0.111 % 29.7 PPM

& &
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& 5
&
. |
&
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Les: | -
s 3 7 " i T

612206-8700-CF4

Eval2 v2.5.500 Admin 6/24/2018 2:55:26 PM

Eval2 V2.5.500 Admin 6/24/2018 2:57:40 PM
Sample: 612206-8700-CH4
Measured on 6/22/2018 2:31:19 PM
Sample measured by Admin

Measurement method: Best Detection-He34mm

Sum S Ca Zn B Cl Si
1.1% 0.519 % 0.318 % 0.126 % 0.117 % 100 PPM 39.9 PPM
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Eval2 V2.5 500 Admin 6/24/2018 3:00:02 PM
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Eval2 V2.5.500 Admin 6/24/2018 3:01:23 PM
Sample: 612206-8700-Cl4

Measured on 6/22/2018 2:49:50 PM

Sample measured by Admin
Measurement method: Best Detection-He34mm

Sum S Ca Zn P Cl Si
1.1% 0511 % 0.327 % 0.135 % 0.120 % 110 PPM 48.1 PPM
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Eval2 w2 5 500 Admin 6724/2018 3'02:22 PM
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APPENDIX C

Laser particle size distribution spectrum

Scientific and Technological Research Equipment
Centre (STREC), Chulalongkorn University

Sample Name AF ¥ BCF 3047 4.85%
| Batch/Lot No.fSample detall

File Name 620103-2372
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Scattering Model 3
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Scientific and Technological Research Equipment
Centre (STREC), Chulalongkorn University

Sample Name AF| CFd BCP 3047 75% Instrument Type Mastersizer3000
Batch/Lat No./Sample detail Instrumaent Senal No, MaL 10868267
| File Mame 620103-9372 Accessory Mame Hydm BV
TN R | M St e e e
Particls Mame Carbon Result Units ol |
Particle Refractive Index 1671 Concentration 0.0002 %
Particls Absorption Index 3 [0 Unilarmity 11536
Dispersant Name Span 44 930
Dispersant Refractive index Specific Surface Area 1 ¥
Analysis Model Walghted Rtesidual 1
Scattering Model Dw (10)
Laser Obscuration Dw {50)
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Scientific and Technological Research Equipment
Centre (STREC), Chulalongkorn University

Sample Name A7 CH4 BCP 10559
Ratch/Lot No./Sample detail

5%

Dispessant Refractive Index
Analysis Model Gerersl Pur
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Scientific and Technological Research Equipment
Centre (STREC), Chulalongkorn University

e

Sample Name A7) Ci<4 BOP 1059 14% Instrument Type fasterseer 3000
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Partiche Refractive Index 15
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APPENDIX D

Fourier Transform Infrared Spectroscopy
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Abstract. Soot particles are produced dunng combustion process m the diesel engme. These
particles will later exhaust mto the thermosphere and part of them will contaminate the engine oil.
When the lubricant 15 contaminated with soot. diesel engine abrasion or in a wWorst-case scenario
lobrcant starvation occurs. This situation will eventually lead mto engine wear. High volume of
so0t also raises acid level of the area. If this state co-occurs with high temperature of the engine and
volatile gases during operation, engine corrosion may also be produced. This research study the
effect of additive volume on the dispersion of soot in engine oil and effect of additive on size and
volume of seot which affect to mechanism of wear in metal by tribology four-ball tester. imape
analysis by scanning electron microscope and particle size analysis by laser diffraction technicque.

1. Imtroduction

Diesel engine is widely wsed nowadays becanse it i3 more efficient and foel-saver than
gasoline engine. EGR. system 15 psed to confrol emission by efficiently reducing Nitrogen oxide
(NOx). Unfortunately. the EGE. system causes more wear in diesel engine, as it let Iubricant oil be
contaminated by soot, especially in wvalve train Therefore. many researchers studied the soot’s
effects in lubricant: Hiromitsu Sato nsed TEM to test the size of soot fiom many engine samples. He
found out that the average diameters of those primary soot particles were between 20 to 40
nanometers. and that their sizes were not influenced by their combustion methods. Also. those wear
sizes increased directly to the amount of soot in lubricants tested [1].

P. Karin tested lubricant in 2000 cc.. 2.500 cc. and 7,684 ce used diesel engines. He found
out that thew contaminated soot was from 0 to 1% by weight respectively. And with four-ball
tnbology test. he fonnd cut that soot in lubncant mught help reduce friction between metal surfaces
with its larger lubricant film However, 20 — 300 nanometers soot would canse wear becanse of ifs
better chance of friction [2].

David B. Kittelson grouped their sizes into larpe particle (0.1 — 0.3 micrometers), emitted
directly from combustions in diesel engine and mauly consisted of carbon. and nuclei-mode small
particle (5 — 50 nanometers). oecurred on the cocling process of exhanst system. mainly consisted of
hydrocarbon and sulfate. 90% of the particles emitted by diesel engines were the amclei-mode type

EJ8

Enzhu Hu found out that wear sizes grew bigger when there was more carbon black. because
the carbon black waited. EDS test showed that they also adsorbed additives. as there were additive
components in the carbon black extracted from lubricant. The average of friction coefficient tended
to respectively increase when carbon black increased. Enzine wear sizes and fnction cosfficient in
lubricant are larger than those in engine oil, because there was higher kinematic viscosity in engine
oil [4].

Al rights reserved. Mo part of contents of this may be or fransmiti=d In any form or Dy any means without the wiitlen pamission of Trane
Tech Publcations Lid, waw.scenificnet {ﬁmﬂd- 9, 12:.0501)
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1. Experimental
2.1 Materials and samples preparation

Different kinds of engine oil used in this research are sponsored by Bangchak Corporation
Public Company Limited. They are common cil. based on the API standard, used for diesel engines
in the market. The additive amount in each one 15 different. but their base oil 15 the same: Group IIL
They also have the same viscosity at 15 W 40. In order to study on the effect of soot particles in
additives. they are tested according to ASTM standard (Table 1) and the amount of additive is
measured by x-ray flucrescence.

Carbon black is a synthetic scot, which has the same size and physical characteristics as soot
from the actual engine. Becanse there are other compounds in the soot caused by actual engine, such
as unbum hydrocarbon or metal ash therefore, carbon black is nsed instead of real engine soot in
thiz research to reduce the impact of those components. There are many kinds of carbon black.
Carbon black N330 is chosen for this research becanse ite physical properties are close to soot from
biodiesel engine (Table 2). Its Average Primary Particle size is around 31 nanometers, which is also
similar with biodiesel engine soot particles.

Table 1. Engine oil properties

Base oil Group IIT 15W-40

API Standard D Cl-4

Additive package 4.54% 14%
Magnesium (Mg) Yot ASTM D6451 0.1256 .
Calcinm (Ca) Bowt ASTM D6481 - 0.3205
Zine (Zn) Yowt ASTM D6481 0.0984 0.1349
Phosphoms (P) Sowt ASTM D6481 0.0868 0.1254
Total Base Number mgKOH'z ASTM D2826(B)-11 65 10.5
Viscosity @40°C cSt ASTM D445-15a 1125 112.6
Viscasity @100°C cSt ASTM D445-15a 1495 15.18
Viscosity Index - ASTM D2270 138 141
CCs@-20°C cPs ASTMD35203-15 5336 4000

920




Key Engineering Materials Vol. 798 115

S S, v i o
(a) Magnification 30.000x (b) Magmfication 100,000=
Figure 1. TEM mmage of the carbon black N330

Table 2. Comparisen of atom and soot density of CB N330, Diesel and B100 3]

Fiag
200 B 50000 1

Ttems CBN330 Diesel Biodiesel
Total Fringe length om 20391 22745 20838
Total C atoms 19879 890 17639583 14700.46
Control volume om’ 200,92 171.61 162.27
Density glem’ 1.89 20 1.82

Table 3, Engine oils mixed with carbon black
Carbon Average Primary Particle size % CB

g M Hht’ Sointe t abuidared ) Aol )
APICD 4 : :
APICD N330 31 1%
APICIA L Z -
APICIA 14330 31 1%

In order to simulate the contamunation of soot in the engine oil vsed, Carbon black N330 is
added into the engine odl &t 1% by weight The purpose of this fest i1s to defermine the additive
influence to the contaminating soot in both types of engine oil. The experiments are done according
to ASTM4172 standard (Table 3) and to study the effects from soot contaminating, engine oils are
divided into two groups: contaminated with soot and not contaminated.

1.2 Experimental method
Four ball test

Four ball wear test is a tribological testing method that shows relation between properties to
prevent wear of liquids and the sample s shiding contact. The experuments are done according to
ASTM4172 standard (table 4). Equipment vsed in this experiment are: Four alloy balls with
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diamieter of 12.7 mm (0.5 in ) Grade 25 EP (Extra Polish) 12.7 mm. Three of the balls are fixed at
the base while the other cne is on them pressed by 392 newton force, and rotated with speed at
12000 FPMiround. All four balls are placed inside a container with the engine o1l sample. The test
is done at 75°C temperatre. At the end, this test will canse horizontal circular wear scars to the
three balls at the base and will canse vertical straight-line wear scars to the upper ball.

Table 4. Four ball testing condition

Test conditions Ball material
Parameter Specification Parameter Specification
Rotational speed 1200 rpm Ball material grade ANSIB3.12
Load 392N Surface ronghness 0.005 microns
Druration per load 60 min Ball hardness (Rock well) 64 — 66 (HEC)
Temperature 75°C

Confocal

Confocal Microscopy is a kind of microseopy that uses focal point technigue to increase
resolution and comtrast of the image. It uses a spatial pinhole to block out nnnecessary lights out of
the focus. This imaging technigue can create three-dimensional structure by wsing nmltiple two-
dimensional ones captured at different depths. In this research confocal microscopy will be nsed to
measue surface roughness of the three balls at the base of four ball test. Each cne will be measured
five imes. one after ancther at about 80 pm (Fig. 2} and the average measurement will be nsed. The
puspose of this process is to see mote details of wear scar.

Figure 1. Roughness measurement by confocal microscope
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3. Results and Discussion

i
Figure 3. Wear scar dismeter are measured by optical microscope
Table 5. Wear scar diameter (um)

Wear scar diameter Arithmetical mean roughness (Ra)
New o1l With CB N330 New-oil With CB N330
APICD 638.64 =1% 687.57=1% 138 £5% 2.54 5%
APICTA 603.31=1% 60971 £1% 3.98 £5% 3.30+53%

After the measnrement. it is found that wear scar dimmeters increase when the engine o1l is
contapinated with soot at 1% by weight. Test of API CD engine oil that is contaminated with CB is
where the largest increase rate of scar is found, which is approximately at 7.7%. In the meantime,
wear scar diameters found in the test.of API CL4 engine oil. that is contaminated with CB, also
increase approximately at 1.1%. Therefore, it is noticeable that wear scar diameters ierease in both
types of engine oil becanse of their CB (scot) contaminating.

For roughness vale, the result from APL CD testing shows that the Ra value increased
significantly about 84% when the oil was contaminated with CD. But when the oil was
contaminated with CB like the case of API CT4 engine oil, the result shows that the Ra value
reduced by approximately 17.1%. This indicates that when the oil is contaminated with soof,
differentiation of additive will play an important role in reducing surface roughness.
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(a) APICD (b} API CD + N330

{c) APICL4 (d) API CI-4 - N33

Figure 4. Overview of black and white 3D image

(Y APTCI-4 (d) APICI-4 = N33

Figure 5. Overview of depth profile color 3D image
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From figure 4.5 the result shows that the ball surfaces m API CD o1l that 15 contanunated with
soot 1s more rough Especially in depth profile color picture (Fig. 5b). When the oil is contaminated
with soot, the wear surface 15 very deep. As the blue space in the image can be seen increased. This
shows the role of scot when contanunated in engine o1l. While the API CI4 o1l Fig. 5c and 3d. was
contaminated with scot in the same amount as the API CD. but there is not much difference in the
depth of the wear surface. This demonstrates the ability of the additive to reduce wear when the oil
is contaminated with soot.

(a) APTCD (b) APTCD +N330
(c) APTCT4 (d) API CI4 + N330

Figure 6. High magnification of depth profile black and white 3D image
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(<) APICT4 (d) API CI-4 + N330
Figure 7. High magnification of depth profile color 3D image
In Figure Ga. 6b. Ta and Th. it is noticeable that the roughness of ball surface increases when
the oil is contaminated with soot, a large proove with adhesive wear is found. On the other hand.
figure c. 6d. Te and 7d show that the APT CT-4 oil made smaller and smoother tear marks_ which
most of them are abrasive wear.

4. Conclusion

This paper describes the impact of ol additive to zoof by simmlating engine oil that 15
contaminated with carbon black The results showed that. when the engine oil is contaminated with
carbon black, as shown in the results of the four ball test, the wear scar diameters sipnificantly
increased. This was caused when carbon black entered into the contact surface between the balls.
There is carbon black in the oil film when the balls contact each other. and consequently increased
wear. In the roughness. the oil comtaining additives API CI-4 has a lower roughness value than the
API CD, because the additive that contamned in the engine oil improve the dispersing of
contaminated carben black. When the carbon black is dispersed. it will serve to pelish the ball's

96



Key Engineering Materials Vol. 798 121

surface. resulting in a lower ronghness valpe in the CB contanmnated APT CI-4 engine oil. than the
APICD engine oil that has soot contaminating.
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