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One of the most important processes in hard disk drive fabrication is the
lapping process. As two bodies are in contact, the friction occurs, and the softer material
can be worn out by the harder. By using lubricant in the lapping process, it does not
only reduce the friction, but it also transfers heat and captures debris away from the
surface contacts. This thesis work focused on the effects of tribological parameters
toward the characteristics of lubricants, using ball-on-disk tribometer. The tribological
behaviors between using different base lubricants were investigated. At the same
condition as final lapping process, EG-based and oil-based lubricants exhibited the
average coefficient of friction (after 100 contact cycles) at about 0.089+ 0.115 and
0.023£0.012, respectively. These values were much lower than without lubricants.
Scanning electron microscopy results confirmed deeper and wilder wear tracks on dry
lubricant than those with lubricants. Dry surface exhibited the boundary regime, which
the normal load and sliding speed has no influence on its friction regime. By using oil-
based lubricant, the friction regime transited from mixed to boundary regime, as the
normal load increased. Applying EG-based lubricant, the friction regime transited from
mixed for lower sliding speed to hydrodynamic regime for higher sliding speed at 0.1N
but transited from mixed regime to boundary regime at 0.5N instead. Moreover, the
effects of adding additives in EG based lubricant were also studied. It was found that
by added surfactant on EG-based lubricant its friction belongs to boundary regime.

While added corrosion inhibitors its friction belongs to mixed regimes.
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CHAPTER I

INTRODUCTION

1.1 Hard Disk Drive Technology

Hard disk drive (HDD) is another important part of computer for data and operating
system storage by using writing and reading magnetic bits of the binary information.
Normally, HDD consists of slider/head, media platter and actuator arm, motor and
circuits, as shown in Fig.1.1. During HDD operation, the media disk is rotated at a very
high speed and the reader/writer head which it stitched on suspension at actuator arm
will be loaded on the disk. If the HDD does not in use, the slider on suspension is pulled
back from the disk to the load/unload.

Suspension

Actuator Arm

Load/Unload Ramp
Voice Coil Motor
(VCM)

Pivot

Fig. 1.1 A schematic drawing of hard disk drive [1]

Fig.1.2 shows a schematic of head gamble assembly (HGA). One of the important
parts is a slider. Slider/head is a small important part moving above the media platter
and transform the platter’s magnetic field into an electrical current (during the disk
reading) or transform an electrical current into a magnetic field (in the process of disk
writing) during data access operation. The slider consists of many layers of thin film
materials which were grown in a well-designed layer on an Aluminum titanium carbide
(Al203-TiC) substrate. These layers create the magnetic signal during read/write data
on the disk. As the slider flies over the media disk during the operation, the gap between
them is extremely small, at only 7-9 nanometers, in order to receive and transfer
magnetic signal. The air bearing surface (ABS) underneath the slider with its specific
design etched surface helps to provide the pressure contribution to keep a constant space
between the slider and the disk during the HDD operation [1].
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Fig. 1.2 A schematic drawing of head gamble assembly [1]

For many years, the data reading was completed through an inductive sensing of
the magnetic fields associated with the magnetic transition in the medium. In 1990,
IBM introduced a magnetoresistive sensor [2]. Since the amplitude of the read back
signal is proportional to the width of the recording track, introducing the more sensitive
magnetoresistive transducer means reducing the track width and thereby, increasing the
track density. The initial magnetoresistive sensors employed perm alloy, an alloy of Ni
and Fe, which has a magnetoresistance of 2% ; there is a 2% change in the resistance
when the magnetization changes from being aligned with the current to being
perpendicular to it. This is referred to as the anisotropic magnetoresistive effect [3].

In the near future, the data capacity of 1 TBit/in2 areal densities will be the next
goal of achievement. The electrical, mechanical and magnetic properties and the
performance of the slider head have a significant role for the HDD system performance
in term of speed and reliability. Those kinds of performance depend strongly on the
quality of each stacked layer of materials in the slider structure and the finishing surface
of the slider before assembly into HDD [4].

1.2 Motivation

For HDD slider fabrication process, the smoothness surface without any defect is
the 1 priority requirement, in order to achieve the higher recording densities and small
flying height. Therefore, surface finishing quality of the recording head or slider is one
of the important keys for improving performance of HDD [4]. To get a smooth surface,
lapping processes in the slider fabrication process line is important. Lapping process is
a process in which two surfaces are rubbed in order to remove thin film layers material
on slider and get rid of surface roughness [5]. There are many factors to be considered
in the lapping process such as lapping plate, the size of diamond particles and the



properties of lubricants. During the contact of two surfaces, a friction force is generated,
and the material removal mechanism starts. Adding lubricant into the system is not only
reducing the unnecessary friction force but can also help transferring heat and debris
away. This prevents the surface defect formation, such as smear to occur. Some
modified lubricants can also function as a corrosion protection. It can be said that
lubricant is one of the important parameters in the lapping process. Fundamental
knowledge of Tribology, which is the study that focuses on friction, wear and
lubrication, can be described as the relationship between parameters in lapping process.

Tribological parameters in the lapping process include the normal force exerted on
the slider, sliding speed of lapping plate and type of the lubricant. If the physical
properties of lubricant changes, it can affect other parameters. There is also a time-cost-
performance effectiveness bonus to select a suitable lubricant, based on their
tribological characteristics before applying in the actual fabrication.

1.3 Objectives

The objectives of this thesis are

1.To understand the effects of physical parameters including sliding speed,
lubricant viscosity and loaded pressure on friction force exerted on the AITIiC
disk during the contact between the AITIC disk, the lubricant and the SUS304
stainless steel ball by using a ball-on-disk tribometer.

2. To investigate the effect of additive additions in lubricants on these tribological
parameters.

1.4 Literature reviews and Scopes of this thesis

The study in this field has been done for decades. Example of previous experimental
works that employed the ball-on-disk tribometer in the determination of tribological
parameters include the work of Lui and Deng [6] where the friction originated from
having a silicon carbide ball (with coating of TiN, TiAIN and CrAIN) sliding on a
tungsten carbide disk in absence of the lubricant was investigated with an aim of
studying the wear resistance. Their results showed that the coefficient of friction (COF)
was smaller if the ball was TiN and TiAIN than that obtained from the ball coated with
CrAlIN. Fei and Yuan [7]studied the effect of different types of lubricant on the friction
originated from having an Al.O3 coated surface sliding against a silicon nitride ball
(SisN4). The lubricants were water, oil and dry and the obtained friction coefficient was
compared. They found that with increasing applied normal load and speed, the
coefficient of friction decreased in oil and water whereas dropped in dry. The friction
regime on oil seemed to be hydrodynamic which it can carry load and absorb the friction
force. Moreover, the mechanisms of wear were found to be different if different
lubricants were employed. For dry friction, the observed wear on the disk surface was



the abrasive wear, whereas micro-ploughing wear was found on the disk surface when
the lubricant was oil. When water was employed as a lubricant, both types of wear were
observed. Moreover, there is a study that has been done on another type of tribometer.
Ding and Dai [8] studied the friction and wear during the sliding contact of titanium
disk and carbon ball in water and artificial sea lubricant. It was found that COF
decreases with increasing normal load and frequency. More numbers of wear were
observed when the experiment was conducted in the artificial sea than that observed
when it was conducted in water.

In this thesis, the ball-on-disk tribometer was employed in order to investigate the
effects of Ethylene Glycol (EG) based lubricant and the oil-based lubricant on COF
during the lapping process.



CHAPTER II

TRIBOLOGICAL OF LAPPING PROCESS AND POWER LAW

2.1 Lapping Process

Lapping process is alike polishing process that a high quality, fine surface finishing
with high dimensional accuracy are needed, especially in microelectronic
manufacturing. The mechanism of lapping process is carried to flat surface. Generally,
there are three components involved in the lapping process. The first component is the
lap plate which is embedded or charged with diamond or hard particles in order to
remove another material in the sliding contact motion. During operation, the lap plate
is rotated with adjustable rotational speed. The second component is called a work
piece; the material of the work piece will be polished during the process. The last
component is the lapping fluid, a lubricant that is added during the lapping process and
flows between the lapping plate and the work piece in order to reduce friction and
transfer heat away from their interface [4]. Moreover, some modified lubricant has a
special function to capture the wear debris or prevent the corrosion on any specific
material surface. The schematic of lapping process is shown in Fig. 2.1.

Lap plate :

Fig. 2.1 A schematic drawing of lapping process where @ - @are diamond
particles [4].

There are many important factors influencing the lapping process. The main factors
are the tribological factors, such as normal force applied on the work piece (Fn),
rotational velocity of the lap plate, the grain size of diamond particle and the viscosity
of the lubricant. These tribological factors play a very significant role in the real
processes.



2.2 Tribology

Tribology is defined as the science of interacting surface in relative motion [9],
[10]. The word “tribos” comes from Greek which means rubbing [11]. As mentioning
earlier in the previous chapter, tribology focuses on the study of friction, wear and
lubrication. Amontons first proposed the equation of friction force in 1699. He
explained that friction force, (Fx) between two bodies in sliding contact is a
proportional of normal load force, (Fn) and coefficient of friction, (u)[12].

Fx=pHFn (2.1)

Friction is a main cause of wear and material loss. Wear affects the lifetime of
machine parts. To reduce friction and wear, lubricant is applied. In modern industry,
tribology has a significant role because there are many processes that uses relative
surface motion including the lapping process. The roles of those 3 components in
tribology will be descripted in the next part.

2.2.1 Friction

Friction is defined as the resistance to motion during sliding of two surfaces in
contact. It can be observed as friction heat generation, noise or vibration [11]. There
are two types of friction which can be referred to dry friction and friction with
lubrication. Dry friction is a resistance to motion of two dry surfaces while lubricated
friction is influenced by the fluid viscosity and solid- liquid interaction. Normally,
friction occurred during surface contact can be considered both in macroscopic and
microscopic views as shown in Fig. 2.2 (a) and 2.2 (b).

(a) Macroscopic View (b) Microscopic View

Body 1

3ody 2

Fig. 2.2 The diagram of contacting interface (a) macroscopic view and (b)
microscopic view [1]

The contact area in macroscopic view is called apparent contact areas.
Microscopically, however, only some asperities are touching and overlaps of asperities
can generate either elastic or plastic deformation, contributing to the occurrence of



friction force [1]. When hard asperities slide against soft asperities, the material of soft
asperities can be worn out, increasing the friction force.

Although, theoretically, Coulomb’s law proposed that the friction force and COF
are independent of the sliding velocity, many research groups found that the friction
force will not remain stable when there is a change in the sliding velocity [7], [11]. On
the other hand, the friction force can be generated in a form of oscillation referred to a
stick-slip phenomenon. The friction force is quite complicated. It depends on both the
materials that are in contact as well as the operating conditions such as sliding velocity
and exerted normal force [13].

2.2.2 Wear

The definition of wear is the material loss due to contacting surface being in a
relative motion [14]. There are several types of wear as follows:

 Abrasive wear occurs when two surfaces with different hardness are in contact.
The hard asperities penetrate the soften asperities and causes material removal. In this
case, the lubricant can be helped washing the wear particles out of the interface.

« Adhesive wear is generated by adhesive force between two contacting surfaces
when there is a bond between two contacting surfaces. If the bond is broken, then the
material on the surface with low cohesive energy will be removed.

 Fatigue wear is caused by a damage of material as a result of repeatedly exerted
force. Crack or holes are often found on the surface.

» Corrosive wear is a material removal due to chemical reaction. In this case,
lubricant can help in two ways by being surface coating to prevent oxidation and
capturing the wear debris away from contacting surfaces.

2.2.3 Lubricant

Many fluids are commonly employed as lubricants with an aim of reducing friction
and wear on surfaces of the polished materials. The lubricant can be liquid, solid or gas
[14]. A change in lubricant thickness relative to surface roughness, h/Ra, during the
sliding contact is found to cause a change in relationships between the friction force
exerted on the surfaces and physical parameters of the systems. These different
dependences are often categorized as different "friction regimes". Shown below in Fig.
2.3 is the Stribeck curve, where three different friction regimes are introduced:
boundary friction, mixed friction and hydrodynamic friction [15]. Boundary friction
describes the sliding contact of two surfaces (with lubricant in between) in the limit of
h/Ra — 0, where the friction coefficient u is found to be independent of nw/P where n



is the lubricant viscosity, o is the plate angular speed and P is the applied loaded
pressure. In contrast, hydrodynamic friction occurs when the lubricant thickness is
larger than the surface roughness (h/Ra > > 1). An increase in the shear stress between
surfaces leads to a higher friction coefficient; p is found to increase as a function of
nw/P. The mixed regime is characterized as the transition state between the boundary
and hydrodynamic friction regimes where h/ Ra ~ 1 (the lubricant thickness is
comparable to the surface roughness). In this regime, pu is found to decrease as a
function of nw/P.

- 'R; —

Hydrodynamic
h>>R,

Boundary  Mixed
h~0 h~R,

(noyP

Fig. 2.3 A plot of Stribeck curve of journal bearings where [ is the coefficient of
friction, n is dynamic viscosity, o is angular speed and P is the average pressure
carrying load per unit area [15]

2.3 Physical Properties of liquid lubricant

In fact, the main function of lubricant is to reduce wear and friction. It is necessary
to verify its properties. In many industry, oil lubricant is commonly used while some
process is required another type of liquid lubricant, e.g. water-based lubricant. To select
suitable lubricant to the application, the better understand of lubricant physical
properties is very important.



2.3.1 Viscosity

The parameter that plays significant role is viscosity. It can be defined as the
resistance by shear stress. In simple term, viscosity means friction between the
molecules of fluid [16]. Viscosity is sensitive and is affected by the change of
temperature and heat dissipation of lubricated contact. It can be measured by
viscometer. There are 3 types of viscometer; falling viscometer, capillary viscometer
and rotational viscometer [13].

2.3.2 Surface Tension

Surface tension is the cohesive force between liquid molecular. Various lubricants
show differences of degree of wetting and spreading. Moreover, some additives can be
added to reduce surface tension of lubricant [10].

2.4 Power law of model of ice friction

There have been several theoretical attempts to investigate the relationship between
the frictional force exerted on the surfaces and the physical properties of the slider, the
plane and the lubricant in the context of ice friction, which the frictional force is viewed
as heat generated per unit displacement [17]. According to the further elaborated model
of Oksanen and Keinonen [18], the frictional heat, Qs can be generated during a time

interval b/ v (where v is the sliding speed and b is the dimension of the slider in the
same direction as the sliding velocity) As two surfaces (Sp and Ss) are in sliding contact
with liquid lubricant contained between surfaces, the Qr can be written as equation
shown below.

0.l

Fn is the loaded normal force. The amount of heat conducted into the surface Sp during

(2.2)

the time interval b/v is

Q, = A5 AAT, (9)
P

2N 2.3)
where Qp is the conducted heat during this time interval. Ap and ATp are the thermal

conductivity of the surface Sp and the temperature difference between the contact
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surface and the bulk solid, respectively. A is the contact area, whereas ¢ is the thickness
of the solid slab into which the heat is conducted. Qp is equal to the energy required in
raising the temperature in the heat layer, which can be estimated as follows.

AT,
Qp = ppASC, ——
2 (2.4)

where pp is the density of the solid, and cp is its specific heat capacity. Equating Egs.
(2.3) and (2.4), the unknown parameter ¢ can be eliminated. Then, Qp can be expressed
as

b}’ )
Qs = AAT, 2_ (ﬂ“PCPpP)

Y (2.5)
Using the same expression for the heat conducted into the surface Ss (Qs), the total heat
conducted into the two surfaces can be found as follows.

b 12 b} 2
Qo +Q =AAT,| — | (ACopp) +AATg| — | (AC.p,)

2V 2V (26)
The heat required in raising the temperature of the lubricating layer during the contact

in the time interval b/v is as shown below.
Q. = Ahp C AT, (2.7)

where h is the lubricating layer thickness. p. and c is the density and the specific
heat capacity of the lubricant, whereas ATy is the lubricant temperature increase

during the time interval b/v.
Under the assumption that the friction heat generated (Qr) equals to the heat
conducted into the two surfaces and the heat required in raising the temperature of the

lubricating layer (Qp + Qs + Q.) during the same time interval, we can obtains:

b b\ 12 b }° 12
F.v| — |= AAT, | — AC + AAT. | — AC
HEy (V) P(ZV) ( P PpP) SEZV) ( 5 sps)
+ Ahp, c AT,

(2.8)

From Eq. (2.8), it can be deducted that the lubricant layer thickness (h) is as follows.
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Fb b " V2
lu—N_ATP (_j (ﬂ’PCPpP)

B 1 A 2V
C PO AT, b\ 1/2
—AT. | — AcC
(2] (hen)

(2.9)
Based on the assumption that the lubricating layer is the main source of frictional
resistance, the frictional force can be expressed as the product of the shear stress exerted
onto the surface and the contact area as follows.

HFy = U(X) A
h (2.10)

Substituting the expression for h from Eq. (2.9) into Eq. (2.10), a quadratic equation is
obtained as shown below.

Feb b )" v2
/UZ[ . J_( ] |:ATP (ipcppp) +ATg (j'scsps )1/2}/1':1\1 —1VAp C AT =0

A ) (v
A solution of Eq. (2.11) is simply. (2.11)
H= % F?b (%Jm {ATP (ACo op )1/2 + AT (AsCs Ps )1/2} +
{%GJ{ATP (A6Copp ) + AT, (AsCs s )1/2}2 .\ WACL?%TZ
(2.12)

From Eq. (2.12) for small lubricant thickness, it relates to surface roughness and
corresponds to the mixed friction regime, where W declines as a function of sliding
speed poc VY2, For large lubricant thickness, it relates to surface roughtnees and p
increases as a function of sliding speed poc v**2. This dependency is observed in the
occurrence of the hydrodynamic friction, where the small roughnees of surface leads to
a higher shear stress between the two surfaces.

In this study, we have investigated the relationship between p and sliding speed, in
order to determine the friction regime. The effects of the lubricant viscosity and the
applied normal force Fz on the coefficient of friction were also be examined [18].
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CHAPTER Il

THE EXPERIMENTAL DETAILS

This chapter contains three main parts which are Tools, Materials and
Methodology, that have been used in this thesis.

3.1 Tools

The characterization equipment that have been used in thesis for
surface/lubricants analysis are descripted in this section.

3.1.1 Tribometer

The BRUKER CETR UMT-2 micro-tribometer with a ball-on-disk configuration
was used as the main tools to characterize the tribological property of the lubricants.
There are 2 main hardware parts for this tribometer; upper specimen and lower
specimen. At the upper specimen, the ball shape probe which is held up by ball holder
is slide against the rotational disk. There are two-dimensional (2D) force sensors that
use for measuring the sliding friction force between the upper and lower specimen and
the loaded force controlling. In order to remains constant loading force, suspension has
been used with the system. Suspension is a spring device used for compensating for
variation in the distance between the force sensors and the surface of disk during
motion. Moreover, there are the vertical carriage stage and lateral positioning stage.
The vertical carriage stage is a driven motor for encoding position feedback. It provides
the upper loading force pressing on lower disk specimen and the lateral positioning
stage is used to offset the upper specimen from center axis. It can be set the radius at
which ball touches disk [19]. For lower specimen hardware part, it consists of a disk
holder and rotational motor drive. The speed of rotational motor can be programed. The
configuration of CETR UMT-2 microtribometer in ball-on-disk is shown in Fig. 3.1
[19].



Fig. 3.1 A schematic of ball-on-disk tribometer [19]
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There are several tribometer test modes such as pin-on-disk, ball-on-disk or block-
on-ring tribometer as shown in Table 3.1 [20].

Table 3.1: Tribology test modes

Typical tribology test Model Description
modes
Sliding wear and friction
ball/pin-on-disk behavior between a static
pin or ball and a rotating
O surface

Sliding wear and friction
behavior between a static

ball/pin-on-plate pin or ball and a linear

e > displacing surface

4-pall

High pressure
lubricant/grease
characterization test
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Sliding wear and friction
behavior between a block
) and a radial ring
block-on-ring
¢
Slinging and/or rolling wear
disk/ring-on-disk apd fI’ICt!OI’I behavior two_
disk or ring surfaces sharing
O the same axes

In this thesis, the initial contact was a point contact sliding against the rotational
motion disk. The disk was mounted on a lower rotational drive and the ball was
mounted on upper specimen. During, the measurement, the force load is applied
vertically downward with a motor driven carriage that uses the force/load sensor for
feedback to remain a constant load. The coefficient of friction (COF) is then calculated
by the software program using the load force and friction force values.

The model of 2D force sensors is called DMF-0.5 which it provides the range of
0.05to 5 N and it can be measured precisely with the resolution of 0.00003% of full
scale. The model of rotational motor drive is the S25UE-0195A. It can be adjusted the
speed from the range of 0.001 to 5000 RPM and accepted the load maximum of 5N. In
addition, the choices of suspension and size of ball holder should match the sensitivity
of force sensor. In this tribometer, the ball holder size is 3.302 shaft. These components
are shown in the Fig 3.2.

Fig. 3.2 The pictures of components in tribometer: (A) is a DFM-0.5 2D sensor,
(B) is a S25UE rotational motor drive, (C) is a suspension and (D) is a ball holder
held by suspension
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3.1.2 Scanning electron microscope (SEM)

Scanning electron microscope (SEM) is a useful technique to observe and inspect
the surface morphology or microstructure of samples. JEOL JSM-6480LV scanning
electron microscope was used in this thesis. The components of SEM consist of electron
gun, vacuum chamber, condenser lens, deflection coil, camera and detectors. Electrons
are produced at electron gun and travel through the vacuum chamber to prevent
collision of electron in air. The electromagnetic condenser lens condenses electrons into
a beam and focuses the beam on the sample surface. The electron beam can be adjusted
to the whole surface. The interaction of the electrons in SEM results in different
phenomena, as shown in Fig. 3.3. As the electron beam incident on the surface, different
types of electrons are reflected and detected by the detectors such as secondary electron
(SE), back-scattered electron (BSE), Auger electron and photons [21].

Electron beam

Secondary electron
Auger electron

Backscattered electron
X-ray

Samples
> \ surface

Volume of
primary
excitation

Fig 3.3 The diagram of electrons generated from a sample when an electron beam
interacts with a sample surface

SEM provides white and back contrast due to the amount of secondary or back
scatted electrons detected. If incident electrons are directed into valley area, the
numbers of detected secondary electron will be small then the dark area will appear. In
the other hands, if incident electrons are directed into peak area, enormous number of
secondary electrons will be detected and bright area occurs [21].
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3.1 Materials

3.2.1 Solid Materials

For trio- pair testing via ball-on-disk tribometer, the SUS304 stainless steel balls
with a diameter of 6.35mm were used as ball probe. Aluminum titanium carbide (Al.Os-
TiC as known as AITIC) disk with a diameter of 76.23mm was used for disk
counterpart. This AITIC surface hardness was about 2000 HV and had the surface
roughness at 0.0104 pum, as shown in Fig 3.4.

(a)

AITiC disk
@ =76.23 mm

gl " (il
S 9! 11{011!1'
’ HIUHH.AMW'\M\\} l“““ | (A QORI

: | ‘. gl 9 10
,Al'||.|4.! X

Fig. 3.4 Pictures of materials that were used in the tribological test: (a) the SUS304
stainless steel ball and (b) the Al,O3-TiC disk

3.2.2 Lubricants

Generally, ethylene glycol (EG) based lubricant is used in final lapping process of
HDD read-write head (slider) production. Due to the changes of some thin film layers
in the slider, the oxidation and corrosion were occurred and caused failure in the
production. The modified-EG lubricant, with functional additives and the oil-based
lubricant are now in focus. In this thesis, we have investigated on the fundamental
effects of different lubricant on their tribological parameters. The experimental results
were compared between dry (no lubricant), EG-based and oil-based lubricants, to
understand the common behaviors of each type of lubricant during the sliding/lapping
motion. Later, the effects from the additional additives in EG were also measured. Table
3.2 shows the basic properties of all lubricants that were used in this thesis.



Table 3.2: Physical properties of all lubricants
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Properties

Lubricants

EG

EG + surfactants

EG
+corrosion
inhibitors

EG + combination of
surfactant and corrosion
inhibitor

PO QA | PEAL

PP | PO

PP+EAO | PO+EAO

Oil

Ethylene
glycol (%owt.)

93.12

92.12 92.12 92.126

93.05 | 93.05
8 8

93.058 93.058

TEA
(%wt.)

BTA
(%wt.)

0.011

0.011 | 0.011 | 0.011

0.011 | 0.011

0.011 0.011

Inhibitor A
(%owt.)

0.075

0.075 | 0.075 | 0.075

0.2

Inhibitor B
(%owt.)

05

05 05 0.5

0.15 0.15

0.15 0.15

Corrosion
Inhibitor PP
(Yowt.)

0.06 -

0.06

Surfactant
/Corrosion
Inhibitor PO
(Yowt.)

0.2 - -

- 0.06

0.06

Surfactant
EAO
(Yowt.)

0.08 0.08

Surfactant QA
(Yowt.)

Surfactant
PEAL
(Yowt.)

Petroleum
Hydrocarbon
(Yowt.)

61.75

Conductivity
(nS/m)

126.4

113.7 105.7 187.4

1172 | 136.0

225

Viscosity at 25°
C (cP)

20

19.0 194 19.6

19.05 | -

1.88

pH

8.4

8.5 8.5 8.2

8.55 8.52

5.39




18

The chemical names are as followed:

1. Ethylene glycol (Innovative Organics Company)

2. Triethanolamine, TEA (Merck)

3. Benzotriazole, BTA (Innovative Organics Company)

4. Potassium nitrite, Inhibiter A (Innovative Organics Company)

5. 6,6,6-(1,3,5-Triazine-2,4,6-triyltriimino) trihexanoic, Inhibiter B (CHEMOS,
99%)

6. Ethoxylated amine oxide, EAO (Saint Gobain Ceramic Materials)

7. Decaethylene glycol monododecyl, PEAL (Sigma Aldrich)

8. Alkylated amineoxide, AAO, Tomamine AO-14-2 (Air Product industry co. Itd)

9. Quaternary amines, Tomamine, QA, Q-14-2 (Air Product industry co. Itd)

10. Polyoxyethylene- (20) - sorbitanmonostearate, Tween 20, PO (Chemipan

Corporation Co., Ltd., Thailand)

3.3 Methodology

A ball-on-disk tribometer was used for tribo-test. The contact load was determined
by applying weight on ball directly and the friction force was measured by using sensor.
The signal from load cell with a sample rate of 10Hz was stored in the computer. The
COF values of each measured condition were calculated, compared and analyzed with
the power law. The SEM was used to observe the surface of the AITIC disk after tribo-
test for the surface scratching.

3.3.1 Tribological measurement conditions

To understand the tribological characteristics of different contact system (dry
surface, surface with EG-based and oil-based lubricants) at different applied loaded
force, the applied loaded force of 0.1 and 0.5 N were set. Note that, the pressure with
0.1N is as similar as the pressures in the actual final lapping process. The sliding speed
was varied from 300 to 3600mm/min. This condition was as similar as sliding speed in
final lapping process. The contact number of cycle was set for 150 rounds and each test
was repeated 3 times. Thus, the changes of applied load and sliding speed that can affect
on characteristic of surface with different lubricants, were carefully investigated.

Moreover, the functional additives in lubricant such as PO, QA and PEAL were
mixed with EG- based lubricant and their COF of each case were extracted and
analyzed.

The procedure steps of tribo-test are done as follow:

1. The script-program was inputted into controlling software to set the applied
load, sliding speed and radius of contact.

2. 15 ml of lubricant was filled on the AITiC disk surface.
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3. The measurement was done under the configuration that SUS304 ball was fixed
and AITiC disk was rotated in clockwise.

4. Flush out the tested lubricant and refill another 15 ml of lubricant into the
system and repeat the measurement for 3 times of each lubricant

5. Clean the ball holder and the disk holder with SC19 and Isopropanol alcohol
and blow dry.

6. Change the new pair of AITiC disk and ball for each new lubricant, then repeat
the measurement.

3.3.2 Data calculation and Analysis

The power law of model of ice friction was used for the tribology results analysis
to investigate the lubricant regime of each lubes. The behaviors of each lubricant under
motion contact can be analyzed and explained, related to their physical and chemical
properties.
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CHAPTER IV

RESULTS AND DISCUSSIONS

4.1 Effects of dry surface, EG-based and oil-based lubricants on the friction force

To investigate the effects of lubricants on the friction force occurred during the final
lapping process, the experiment was completely done by employing a tribometer,
consisting of an SUS304 ball sliding on an AITiC disk. The friction coefficient (COF)
values were measured on the lubricated contact between the ball surface and the AITiIC
disk, compared to the dry condition. The utilized lubricants were included ethylene-
glycol-based (EG-based) lubricant and a petroleum (oil-based) lubricant. Effects of
the normal force exerted on the sliding ball and the sliding speed are discussed further
below.

4.1.1 Influences of the normal force exerted on the sliding ball

To mimic the first stage of the HDD slider final lapping process, the sliding ball

speed was set at 3600 mm/min and the normal force exerted on the sliding ball was set
at 0.1 N (corresponding to the same amount of pressure exerted on the sliding bars). To
investigate the effects of the normal force on COF value, the normal force was increased
to 0.5 N. The change of COF values was measured and presented in Fig. 4.1. Fig 4.1(a),
under a dry condition with the normal force at 0.1 N, the measured COF fluctuated
during the first 50 cycles and then, became stable at about 1.276+0.085. As the normal
force increased to 0.5 N, the obtained COF was found at about 0.540+0.052 during the
first 50 cycles, before sharply increased and remained at 1.128+0.052. For dry surface
sliding, an increasing of the normal force led to a decreasing of the averaged COF at a

constant sliding speed of 3600 mm/min. The similar effect was also observed when the
EG-based lubricant was employed. As the EG-based lubricant was added onto the

surface of AITiC wafer, at 0.1N load, it is not possible to measure COF during the first
100 contact cycles because of lack of resolution and COF is very small, then COF raised
up to an average of 0.089+0.115. However, The COF fluctuated after 100 cycles. It
might be because of wear track thus led to non-uniform surface roughness in each
contact cycle. The experiment for investigation occurrence of wear within 100 cycles
is needed to confirm this hypothesis. At the normal force of 0.5 N, an average COF for
the whole test (150 contact cycles) was found stably at about 0.065+0.014.
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Fig. 4.1 Graphs plot of friction characteristics of SUS304 ball sliding against
AITIC disk with (a) dry surface, (b) EG-based and (c) oil-based lubricants,
respectively
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Unlike the behaviors of COF values, obtained from a dry surface condition and a
condition that EG-based lubricant covered the surface, an increasing of normal load
when using oil-based lubricant, caused an increasing in COF values, as seen in Fig.
4.1(c). The COF of an oil-based lubricant is similar to EG based lubricant during the
first 100 contact cycles for force load of 0.1N then it was found an average COF after
100 cycles as 0.033+0.012. For force load 0.5 N, COF remained stable and the average
COF was found at about 0.158+0.007. Despite the increase in the COF due to the
increase of the normal force, the averaged COF obtained from utilizing the oil-based
lubricant was still smaller than those values, obtained from the EG-based lubricant and
dry surface cases. To investigate the different effects of the normal force on the friction
coefficient when different lubricants are employed and to identify the friction regime,
COF was measured as a function of sliding speed as discussed in the next section.

4.1.2 Influences of the sliding speed

In order to investigate the influences of sliding speed on the friction force, the speed
of the sliding ball was varied from 3600 mm/min (corresponding to the sliding speed
of the sliding bar during the first stage of the final lapping process) to 300 mm/min (the
sliding speed in the final stage of the final lapping process) in the measurement. As
shown in Fig. 4.2, the effect of the normal force on COF is intertwined with the effect
of the sliding speed. For instance, as the EG-based lubricant was placed on the AITiC
surfaces, the COF was decreased as a function of the normal force at the sliding speed
of 3600 mm/min but at sliding speed 300 mm/min, the COF increased as the normal
forces increased.

—a— Dry surface 0.1 N —4—EG-based lube 0.1 N —&— Qil-based lube 0.1 N

-0 Dry surface 0.5 N ~&--EG-based lube 0.5N = Qil-based lube 0.5N
1.6

1.4
1.2

1
0.8
0.6
0.4
0.2

0

Average coefficient of friction

0 1000 2000 3000 4000
Sliding speed (mm/min)

Fig. 4.2 A graph plot of friction behavior of SUS304ball sliding against AITiC
disk at various sliding speed in dry, EG- and oil-based lubricants
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To identify the friction regime, the results in Fig. 4.2 were repotted in a logarithmic-
scale, as shown in Fig. 4.3. According to the Stribeck curve, described in chapter 2,
the boundary friction regime, where the lubricant is absent or is present but the lubricant
thickness is much less than the surface roughness, can be referred by the fact that the
COF is independent from the sliding speed. The mixed regime, where the lubricant
thickness is comparable to the surface roughness, is in the case of COF decreases as a
function of sliding speed. Whereas, the hydrodynamic regime, where the lubricant
thickness is much larger than the surface roughness, corresponds to the regime where
COF increases as a function of sliding speed due to an increasing of shear stress
between the surfaces [13].

As seen in Fig.4.3(a), the COF obtained from a dry condition was found to be in
the boundary friction regime as expected; the friction coefficient did not change as a
function of the sliding speed, at both values of the exerted normal force. From Figs.
4.3(b) and (c), a utilization of a lubricant led to a one-order-of-magnitude reduction of
COF value. In addition, as EG-based lubricant was used, the COF became dependent
on the sliding speed, implying that the occurred friction belonged to different regimes
(see Fig. 4.3(b)). Atthe normal load force of 0.1 N, the COF decreased as a function
of the sliding speed in the beginning and then, increased as a function of the sliding
speed (v), indicating a possible regime change from the mixed regime to the
hydrodynamic regime. A curve-fit of the results on a log-scale indicated that COF
decreased as a function of v--518 in the beginning and then increased as a function of
V05655 The power of 0.5655 was close to the variation as v*'2 of the friction coefficient
predicted by Eq. (2.12) as the friction can be referred to the hydrodynamic regime. The
increasing speed corresponds to an increase in the shear stress. The initial decline of
COF was a function of v, However, it was not predicted by the same equation or any
other model and further investigation is required [16].

After the normal force exerted on the ball increased to 0.5 N, the COF started to
decrease as a function of the increasing sliding speed. COF was varied with v%476 The
power of -0.476 was also close to the variation as v-¥'2 of the friction coefficient
predicted. The friction regime belonged to the mixed friction regime where the lubricant
thickness is comparable to the surface roughness. As the sliding speed increased, the
measured COF became constant and independent of the sliding speed, indicating a
possible transition from the mixed friction regime to the boundary friction regime. This
might be due to the decreasing of the lubricant thickness at higher sliding speed,
resulting in the lubricant thickness change from being comparable to the surface
roughness (the mixed friction regime) to being smaller than the surface roughness (the
boundary friction regime) [16].

Fig. 4.3(c) showed the COF values obtained when the oil-based lubricant was
employed. With the normal force of 0.1 N, COF monotonically decreased as a function
of v this power relationship is close to the case where COF decreases as v in the
mixed friction regime. As the normal force was increased to 0.5 N, COF became
independent of the sliding speed, indicating that the occurred friction might belong to
the boundary friction regime. This might be due to a deeper wear on the AITiC surface
brought about by an increase in the exerted normal force. The observation of the AITIC
surface by scanning electron microscopy (SEM) was performed and discussed in the
next section.
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Fig. 4.3 Graphs log-scale plot between averaged COF and sliding speed of

experiments (a) under a dry condition, (b) using an EG-based lubricant and (c)
using oil-based lubricant
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4.1.3 Characterization on the tested AITiC surfaces using SEM

Scanning electron micrographs of tested AITIC surfaces, after the ball-on-disk
measurements by tribometer with sliding speed at 3600 mm/ min, were presented in
Fig. 4.4.

X48 SB8B8xm

48 S88mm

X*48 SOB8Mm

K48 SE8Mm

Fig. 4.4 Electron micrographs of AITiC surface after tribological measurements
under surface condition and force of (a) dry surface at 0.1 N, (b) dry surface at

0.5 N, (c) lubricated with EG-based lube at 0.1 N, (d) lubricated with EG-based
lube at 0.5 N, (e) lubricated with oil-based lube at 0.1 N, and (f) lubricated with
oil-based lube at 0.5 N. Note that all the samples were from the sliding speed of

3600 mm/min.
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For the dry surface condition, the deep wear tracts were observed on the surface as
the normal force was used at 0.1 N. The wear tracts became wider but seemingly less
deep as the normal force was increased to 0.5 N. Much shallower wear tracts can be
observed as the EG-based lubricant was used, leading to an order of magnitude
reduction of COF values, as seen in Fig. 4.2. It can be explained as the friction during
the measurement belonged to the mixed friction regime and the hydrodynamic regime,
as seen before in Fig. 4.3 (b). Larger and deeper wears (although not as deep as those
obtained from the dry surface condition) were also been observed as the oil-based
lubricant was used. This may be due to the fact that the friction regime in the oil-based
lubricant case belonged to the mixed friction regime at the exerted normal force of 0.1
N and transferred to the boundary friction regime, as the normal force was increased
for 5 times (up to 0.5 N).

4.2 Effects of additives in an EG-based lubricant on the friction regime

The major benefit of adding additives into the base lubricant is to achieve
additional functions for a better performances lubricant. For example, corrosion
inhibitors can help to prevent the corrosion of metals or materials during lapping
process. The surfactant additive helps not only reduce the viscosity but also capture the
debris during lapping process. Apart from the chemical effects on the final lapping
process, the effects on the friction regime during the process of both corrosion inhibitor
and the surfactant were investigated using the tribometer with the additive modified
EG- based lubricants. Different types of additives were mixed into the EG- based
lubricant and then lubricated on the AITIC wafer. Then, the friction force was
measured, and the COF valued were calculated. All the modified lubricants contained
92-93 %wt. of ethylene glycol. As discussed earlier in section 4.1, the normal force
used in this experiment was set at 0.5 N. The calculated COF values as a function of
sliding speed are presented in Fig. 4.5 for further discussion.

4,2.1 Effects of surfactants in the EG-based lubricants on the friction force

The COF values as a function of sliding speed obtained from experiment where
utilized different surfactants-modified EG-based lubricants, were displayed in Fig. 4.5.
The notation, chemical names, as well as the weight percentage compositions of the
surfactants were presented in Table 3.2.

The present of the surfactants can slightly increase the values of COF. As seen
from Fig. 4.5, the calculated COF were independent from an increasing of sliding
speed. This implied that the friction regime was in the boundary friction regime.
Scanning electron micrographs of the AITIC surfaces after measurement were
presented in Fig. 4.6. A comparison of wear tracts between the use of EG-based
lubricant and modified EG-based lubricants indicated that the presence of the
surfactants can slightly induce wears. This could be due to the friction was belonged to
the boundary friction regime for all employed sliding speed. Another possible cause
was the decreasing of the surface tension in liquid phase, caused by the surfactant and



27

decreasing the lubricant thickness. Further experiment to determine the contact angle
and, hence, the change in the surface tension, is required and suggested.

EG+Surfactant on 0.5N
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Fig. 4.5 Graph log-scale plot of EG- and surfactant-modified lubricants on AITiC
disk sliding against SUS304 ball at 0.5N with various sliding speed

Fig. 4.6 Electron micrographs of wears on AITiC surfaces after tribology
measurement with surfactant (a) PO, (b) QA and (c) PEAL modified lubricants
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4.2.2 Effects of corrosion inhibitor in the EG-based lubricants on the friction
force.

The COF values obtained from the measurement using EG-based lubricants mixed
with corrosion inhibitor as a function of sliding speed were shown in Fig. 4.7. The
notation, chemical names and composition of the lubricants with corrosion inhibitors
were presented in Table 3.2.

In contrast with the effects from the presence of additional surfactant, the presence
of the corrosion inhibitor seems to decrease the value of COF. The COF obtained from
the measurement, using corrosion inhibitors mixed EG-based lubricant declined as a
function of sliding speed. The COF dropped as a function of sliding speed with COF«
v952and oc v-%4 as the inhibitor corrosion was PG and PO, respectively. The calculated
power law relationship is close to that predicted, as the COF « v in the mixed friction
regime. However, there is a concern on the results with PO additive. Thus, PO can act
both a corrosion inhibitor and a surfactant. With a small amount of 0.06 %wt., it played
as corrosion inhibitor whereas 0.2%wt. was founded as surfactant role.

EG with corrosion inhibitor on 0.5N
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Fig. 4.7 Graph log-scale plot between sliding speed and average COF of EG-based
lubricant mixed with corrosion inhibitor

4,2.3 Effect of a combination of surfactants and corrosion inhibitors in an

EG-based lubricant on the occurred friction.

The COF values as a function of sliding speed from the measurement, using EG-
based lubricants modified with both surfactants and corrosion inhibitors were shown in
Fig. 4.8. The measured results, using lubricants containing both surfactant and
corrosion inhibitor were quite similar to the case that using the lubricant containing
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only corrosion inhibitor. This result points out that the corrosion inhibitor dominated

the friction process, in spite of a very small amount of it being added into the base
lubricant. The obtained COF from an experiment with EG-based lubricant contained
both surfactant and corrosion inhibitor, decreased as a function of sliding speed. The
COF changed as a function of sliding speed with COF o« v-%42 and v %4, as the

corrosion inhibitor was PG and PO, respectively. The calculated power relationship
was close to the mixed friction regime.
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Fig. 4.8 Graph log-scale plot between sliding speed and average COF of EG
based lubricant with both corrosion inhibitor and surfactant

The COF of EG-based lubricant with only surfactant at load of 0.5N and sliding
speed of 3600 mm/min was approximate 0.70-0.90. It was too large to compare with
those corrosion- inhibitor-modified lubricants and both surfactant-corrosion-inhibitor-

modified lubricants, which were in the range of 0.014-0.150, and 0.008-0.015,
respectively.
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CHAPTER V

CONCLUSONS AND SUGGESTIONS

The friction characteristics and regimes of lubricated AITIC surfaces were
investigated, using AUS304 steel ball sliding against the AITiC wafer at various load
forces, sliding speeds and different types of lubricant. All the tribological studies were
done by using ball-on-disk tribometer which the COF values were extracted from the
measurements. For the dry surface (no lubricant), the COF value was increased as the
normal load force increased, but independently from the sliding speed. For dry surface,
the lubricant behavior was founded in boundary regime, which the lubricant thickness
is much less than the surface roughness at the sliding contact point. This dry surface
case gave the highest COF values. For EG-based lubricated AITiC surface, the COF
values depended on the sliding speed. That implied the EG-based lubricant behavior
can be in different friction regimes, compared to dry surface. At small load force of 0.1
N, an average COF (after 100 contact clyes) implied that the EG-lubricant behavior
belonged to the mixed regime at small sliding speed and then transformed to the
hydrodynamic regime at higher sliding speed. The COF before 100 contact cycles
cannot measured due to the measured values were very small. Since the COF values
were very small, we cannot comfirm the lubricant regime. It is possible that it will
belong to hydrodynamic regime. However, the ball-on-disk tribometer experiment,
investigate the wear occurrence during the first 100 contact cycles using SEM in order
to confirm the accuracy of COF measurement, is suggested in the future study. For at
higher load 0.5 N, the EG-based lubricant behavior changed from a mixed regime to
boundary regime. In contrast with the oil- based lubricants, their COF decreased as the
sliding speed increased at the load force of 0.1 N. However, at 0.5 N, the COF is
independent on the sliding speed. The different normal load forces leaded to different
friction regimes. SEM investigation showed the wears have occurred by oil-based
lubricant more than EG-based lubricant. It also found that the mechanism of wear was
an abrasive wear.

Although the EG-based and oil-based lubricants were both in the liquid phase, the
friction characteristics and friction regimes once the lubricants were employed were
found to differ. In addition, the viscosity of EG-based lubricant (at 20 cP) was almost
10 times higher than the viscosity of the oil-based lubricant (at 1.68 cP). Nevertheless,
this did not lead to significant difference of the COF values.

Moreover, the study of effects of added functional additives into EG-based
lubricant was performed. There were 2 types of functional additives used in this study;
the surfactants and the corrosion inhibitors. (Some of the additives can be classified as
both.) The addition of surfactant led to the COF values being independent of the ball
sliding speed, implying that the occurred friction belongs to the boundary regime. On
the other hands, adding corrosion inhibitors leads to the friction being in the mixed
regimes; a similar effect was observed when both surfactant and corrosion inhibitor
were added into the base lubricant. However, the explanation regarding the effect of the
PO additive remains unclear; at a small concentration of 0.06%wt, the observed
behavior of the friction at the lubricated surface is the same as the other corrosion
inhibitor which is that of the friction in the mixed regime. However, when it was added
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into the lubricant at larger weight percentage (0.2%wt), the friction characteristic was
found to be similar to that of friction between surfaces covered with EG-based
lubricants implemented with surfactants; the friction belonged to a boundary regime.

Further investigations regarding the effects of the concentration of additives in
lubricants on the friction force are still required. Moreover, an investigation the effect
of additive concentrations on the friction characteristic by focusing on the impacts of
wettability on the COF is suggested for fully understanding. Finally, studying on the
gap between load force that exerted on the surface as 0.1-0.5 N is recommended on
both EG-based and oil-based lubricants.
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