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Introduction

Concerns regarding undesirable factors such as lkimgt, environmental
compatibility, safety issues and disposal problevitt mineral-based lubricants have
led to the necessity for progressive studies ondabon [1]. Therefore, the notion of
promoting the utilization of water-based lubricantechanical systems and machining
has been discussed [2—-4]. Although this concepesemts an important breakthrough,
water poses a number of drawbacks, such as highaiomn effect on metal and low
viscosity, which cause corrosion and poor reactohydrodynamic lubricant [4]. In
order to transform the disadvantages of water-bdglkedcation to enhance friction
reduction, the ability of dispersions containingdiéites will be the main object of
investigation in this study. The additives engagezildiamond nanoparticles (DNP) and
graphene oxide (GO), both of which were highly dised in water.

Inorganic material DNPs are known as a nontoxicstuize. These inorganic
nanoparticles are recognized for facilitating statlspersion formation in liquid by
surface modification [5]. The stable dispersionnfed by hydrogen content at the
surface of patrticles is thus uniformly distributedwater-based lubrication. Therefore,
not only will the viscosity of water-based lubritasignificantly improve, but the
potential of DNP will also be simultaneously fubytained in the lubricating system.
Furthermore, other studies have already demondtthédé DNPs provide good results in
terms of tribological properties, such as theireefffon friction reduction and oll
lubricant anti-wear, composite fibre fillers andatings [6—11]. What is more important
is the lesser concern with DNP resources due tprib@uction capacity on an industrial
scale by chemical vapour deposition or by detogatighly explosive material [12,13].

Meanwhile, graphene oxide (GO) in the form of antbharbon layer and with
two-dimensional structure was selected as an &dditi be studied due to its novelty.
Originating from graphene, GO is a single, tiglthcked layer of carbon atoms that are

bonded together in a hexagonal honeycomb latticapligne is widely used for its



unique properties including lubricating potentid8[19]. In addition, graphene has been
extensively studied since its discovery in 2004 isrichown to exhibit excellent thermal
conductivity, good mechanical properties and extl@mary electronic transport
properties [14-17]. On a macro-scale, tribologstatlies indicate that mixing graphene
with polymers provides excellent wear resistanceht® resultant composite material
[20]. In another study, graphene platelets wered s an oil additive for improved
lubricity and wear resistance [21]. One of the lmeperties of graphene is that it acts
as an excellent corrosion protection layer on ezfimetals [22]. The most important is
an advantage gained by the dispersion ability aplgene after being derived into GO.
The dispersion ability is achievable due to théoaroxygen functionalities in GO.

This thesis is divided into 5 chapters. The fireamter presents a literature
review on the mechanism of lubricant functionalife chapter includes an explanation
of the lubricant’s working capability in reduciniget friction coefficient that governs the
contact area, protecting it from severe contactemddt wear. The discussion also
focuses on the general study of the lubricant reginvolved in various conditions.
Then the significance of oil and water lubricandliscussed. Here, the structures of both
liquid lubricant types that support the lubricatialyility are briefly explained. This is
followed by presenting materials that are generalbed as additives to improve
lubricity and add value to the lubricants. Lastlg nanomaterials used as additives in
water lubrication are introduced, namely DNP and.d®e review includes the
applications of DNP and GO dispersion in variougeotypes of lubricant.

The second chapter describes the methodology wsedcomplish this study.
The research methodology concerns the method eeglty obtain and analyse the
tribological data. The experimental equipment eregag this study is introduced along
with its functionalities. Tribological data are &wsed by two methods in order to justify
the mechanism involved in friction reduction andaweontrol. The first method entails
obtaining the friction coefficient and the seconéthod is observation of the wear
occurring due to friction.

In chapter 3, the effectiveness of DNP dispersedater as a lubricant additive
is studied along with its friction reduction meclsan. The results obtained for several
parameters show the significant potential of DN&pdrsion through the combination of
an SUS304 plate and WC ball. It is likely that DNlWere embedded mainly in the



stainless steel plates, thus protecting the pkatelswearing the balls in the steady-state
period.

In chapter 4, the effectiveness of GO dispersiod ds friction reduction
mechanism are studied. Similar to the previous tra@n initial study is done on
several types of materials. The results also shuwat &ll friction coefficients were
reduced to as low as 0.05 (WC ball), 0.1 (SUJ2)lmid 0.2 (SUS304 ball) on the
SUS304 flat plate. It was found that GO adsorptoours on the lubricated surfaces of
both the ball and flat plate, suggesting that th@ sheets may behave as protective
coatings.

Chapter 5 describes an extended study of sing-Iap. The extended study is
done in consequence to the good friction and wesults obtained in Chapter 4, which
show the greater potential of GO to be used as dafitige in water lubrication
compared to DNP dispersion. In addition, a dynafaator offered by GO structure
requires further investigation for better underdtag. Therefore, the tribological
properties of different sizes of GO basal flaked #re effect of pH level modification
on each dispersion sample are studied in this ehapthere the clear formation of
tribofilm is observed. In addition, pH level reguida also results in the presence of ions
in the dispersion. The ions can be reduced by ifeg#étion. Reducing the ions
consequently reduces the friction coefficient adoag to the results presented in the
last section of this chapter.

In conclusion, DNP and GO dispersions are ablentprave the tribological
effect between two sliding surfaces of several maltéypes. The dependence of the
dispersions applied in this study on several patarses also identified. The study
additionally reveals the differences between twdb@a nanomaterials in terms of
friction reduction and the wear improvement mectianiThe GO reduction through the
formation of tribofilm still requires further invegation. This can be done by studying
tribofilm formed in terms of thickness and duratyili Further research on other
parameters is also important to obtain better hisigto tribofilm formation from GO

dispersion.
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Chapter 1

Literature Review

1.1 Lubricant

Lubricant is an important element in any systent thaolves relative motion
between two surfaces. The rapid progress in mechlsystems engaged in industries
requires extensive studies and developments to upeod sustainable and
environmentally friendly lubricant. This requiremes due to the large-scale industries’
significant effects on environmental sustainabifty2]. Environmental sustainability is
highly related to efficiency as well as waste mamagnt of the lubricant used.
Therefore, studying lubricant is vital, becauseitdnt is directly related to this matter.
This study presents alternatives to current lulntieand also additive development.

The function of lubricant is evident in its abilitpy withstand the pressure
generated between surfaces and holding the loadrinclose proximity. Load between
two contacting surfaces occurs when the surfacesemperiencing resistance due to
surface asperities. The force required to overcaueh resistance is generally
determined using the friction coefficient. Lowercfion coefficient values obtained in
the system indicate the smoothness of the surfatidgig motion. Therefore, applying
lubrication in a system is crucial, especiallyéduce wear of the materials employed in
the system.

The lubricant involved in a lubrication system dsnin different forms, such as
solid, gas and liquid [3,4]. However, the most coomntype used in various applications
is the fluid lubricant type. Fluid lubricant can st@asily carry the applied load and is
easy to manage. In fluid lubricant, the appliedlisupheld by the pressure within the
fluid. The pressure is generated by frictional gise resistance to the lubricating fluid’s
motion between the surfaces. Apart of being a fdreesmitter, the fluid type of
lubrication is also able to transport foreign pdes and control the temperature of the
material surfaces owing to the presence of longhshaf molecules in fluid lubricant.
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Fig. 1.1 Stribeck curve and lubrication modes

However, when these chains break down, the fluldisricating ability degrades,
consequently exposing the material components mada and leading to mechanical
system failure. In other words, the optimal opersi range of a fluid lubricant is
highly dependent on these molecule chains.

In lubrication systems, the lubricant’s condition the contacting surfaces can
be differentiated by the distinction ituid dynamic viscosity, applied load and the
velocity of the motion. All of these attributes pdllistinguish the lubrication mode
applied in the system. The mode of lubricationl$® aalled the regime of lubrication,
which can be expressed by the Stribeck curve (E. The figure illustrates how the
characteristics of the lubrication regimes, such flagd film lubrication, elasto-
hydrodynamic lubrication (EHL), mixed lubricatioond boundary lubrication are

determined.



The first regime is called fluid film lubricationyhere the applied load is
supported by the fluid film pressure from the lghnt’'s viscous forces. This condition
allows for a gap between the parts in motion, cetety isolating the asperities contact
for both surfaces. A stable mode of fluid film lidation can be provided by hydrostatic
and hydrodynamic lubrication. Hydrostatic lubricatiis the condition when external
pressure is supplied to the lubricant in order tortain a lubricant film. Therefore, the
dependence on relative motion can be avoided amblobtatic lubrication may be
enabled to accommodate heavy loads at low speedgeVér, hydrostatic lubrication is
complex and requires high system cost while hydnadyic lubrication is dependent on
component design besides the lubricant’s abilityraintain separation between the
asperities. In addition, hydrodynamic lubricationll venly occur at sufficiently high
velocity that generates pressure for the compleparation of the surfaces and at the
same time to support the applied load.

The second regime, elastohydrodynamic lubricatisrthe condition in which
the load is sufficiently high for the surfaces taséically deform during hydrodynamic
lubrication in the contact region. The strain cesaa load-bearing area that provides a
gap for the fluid to flow through the asperitieshefefore, similar to hydrodynamic
lubrication, the motion of the contacting surfaceii generate a flow that induces
pressure. The pressure will bear the load applesr the contact areas. The fluid
viscosity may significantly increase at high pressun contrast, when separation
between the contact surfaces decreases, the @&peotme into contact, hence leading
to mixed-lubrication hydrodynamic and boundary lgation regimes.

Lastly, boundary lubrication mode is when the palalurfaces get closer and
the friction surface asperities come in conta¢hatmicro level. In this mode, the stick-
slip asperities break off owing to the heat gemserdby the localized pressure. In
addition, for boundary lubrication, the lubricantlsydrodynamic effects do not
significantly influence the tribological characsics of the system since the load is
carried by the surface asperities rather than dbedant. Here, the interactions in the
contact between friction surfaces, and betweertidricsurfaces and the lubricant
dominate the tribological characteristics.



1.1.1 Oil-Based Lubricant

In general, nearly all lubricants used in industaipplications are based on oil.
The oil bases can be divided into mineral and stithoil. Mineral oil is derived from
the refining process of crude oil, which separdied and non-fuel products and
therefore defines the quality and grade of theidant [5]. Refined mineral oil comes in
distinctive grades and quality, rendering it aniaptfor industrial applications. The
quality of mineral oil is determined by the cheniicamposition and physical
properties of the hydrocarbon-based substancespidperties are viscosity, viscosity
index, low temperature properties, high temperguoperties, density, demulsification,
foam characteristics, pressure/viscosity charattesi thermal conductivity, electrical
properties and surface tension. These propertiesrdime whether the oil is from the
aromatic, naphthenic or paraffin base groups [4].

The common, mineral-based paraffinic oil has a J@tigaight-chained structure
of alkane hydrocarbons. The hydrocarbon chainst éxidoth straight and branched
molecular chains. Paraffin-based products posseasslent oxidation stability and are
relatively non-reactive. The high wax content anghhviscosity make them mainly
useful as lubricant in engine oils, industrial iehnts and processing oils. On the other
hand, there are also artificial, man-man fluid$echbynthetic oils, which have a straight
chain structure identical to paraffin. Syntheti¢sdhave constant molecular size and
weight unlike mineral oil, and these propertiesepfthe advantage of non-fluctuation
and ease of prediction. However, the high costicityx environmental incompatibility
and hazardous disposal require other lubricantredtves.

By contrast, naphthenic oils have a saturated singcture and are most common in
moderate-temperature applications due to the highgstion of cycloalkane structure
with very few or no alkanes. Finally, aromatic p#dso known as polycyclic aromatic
hydrocarbons (PAHSs), have a benzene ring-type dwnstructure. The chemical
behaviour of benzene, such as higher reactivity lagter solvency than naphthenic
and paraffinic products. For this reason, aromatls are useful as petrochemical
building blocks. They can be used to produce symttikiids and other petrochemical

compounds such as seal compounds and adhesives.
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1.1.2 Water Lubrication

Oil-based lubricants pose a concern with undesrédottors such as high cost,
environmental compatibility, safety issues and olsspp problems, which has led to the
necessity for progressive investigations into aléive lubricants [1]. Therefore, some
discussions have addressed the idea of increasiagutilization of water-based
lubricants in mechanical systems and machining]J[6H8is is due to the advantage of
water availability that would make low-cost lubmtaln addition, water also possesses
high cooling capacity, enabling the transfer oftfeam contact surfaces and also easy
disposal. Although the idea of water is an impurtareakthrough, water has some
drawbacks, such as high oxidation effect on metal Bbbw viscosity that lead to
corrosion and poor reaction in hydrodynamic lubrtcf8]. Therefore, water in its
original condition is not suitable for lubricatiaf metal or steel-based materials, which
are often used in mechanical systems.

Fig. 1.3 shows the chemical structure of water.aNet a polar molecule, where
the sharing of electrons between Oxygen and Hydragenot equal. As a result,
hydrogen bonding can easily occur with other polacharged particles. In order to
mitigate the disadvantages of water-based lubanand attain better friction reduction,
the ability of additive that can bond to water nooiles is the main topic of investigation
in this study. The capability of dispersions isrtlleeasured by tribological observations
of the friction coefficient, friction reduction mieanism and wear. In addition, higher
efficiency, longer life, better reliability and Esmaintenance are also important

objectives of water-based lubrication as a lubticdiernative.

N\,

Fig. 1.3 Chemical structure of water
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1.2 Additives

Lubricants are generally exposed to extreme enmsoris during machining
processes, machine operation or when used in danecdanical systems. Exposure to
high operating temperatures, extreme pressure amiamination mostly lead to
chemical breakdown, and hence the reduced abiliybwicant to sustain viscosity and
lubricity. Therefore, the presence of additivesxpected to provide proper lubrication,
increase lubricant longevity and at the same ptatentact surfaces from wear. The
additive properties required for both oil and wadiased lubricants are different due to
the various lubricant chemical structures and hapdiNevertheless, the purpose,
objectives and mechanism of lubricant additivessarelar.

Several attributes of additives offer a distinctiwarpose for lubricant. If the
lubricant is highly dependent on the long chemidadins in lubricating the contact
surfaces, it is important to control the lubricanthemical breakdown. Chemical
breakdown can usually be controlled with detergelditives. Detergents work to clean
oil impurities that cause deposits on the contadiases and neutralize acids in oil [9].
Furthermore, metal-to-metal contact surfaces aposed to corrosion if the original
protective layer on the contact surfaces gets wlomto surfaces asperities. Therefore,
anti-wear additives that are able to react withdbetact surfaces can be engaged. Anti-
wear additives form a thin protective layer to mnetvcontact between metal asperities
[2,10,11]. Other than that, rust inhibitors areoable to protect surfaces against rust by
forming a thin water repellent film on the contaatfaces [12,13].

In addition, one of the most important attributels aglditives is viscosity
modification or sustainability. Lubricant viscosity vital, especially for water-based
lubricant, which possesses very low viscosity. Usty has the capacity to enhance
lubricant performance by affording resistance teastand flow. The viscosity attribute
maintains the lubricant between contact surfaceparating the asperities of both
contact surfaces. The difference in viscosity cardétermined by the viscosity index.
The higher the viscosity index, the less the vidgds affected by temperature. It is
known that most applications in mechanical systamshighly dependent on viscosity
in order to function at their optimum levels. THere, considering the function and
ability of an additive and also its effect on othgpes of additives is important for

12



lubricants [14]. This matter calls for attentionchase some lubricants require more
than one additive to achieve the application objest Furthermore, certain
combinations of additives might degrade the exmegterformance of individual

additives.

1.3 Nanomaterials

Nanomaterials are defined by size rather than eé#sis of chemistry like other
bulk materials. However, nanomaterial is still asfethe most rudimentary types of
material in metals, ceramics, polymers and comessithe size of a single unit size of
material to distinguish it as a nanomaterial isMeetn 1 and 100 nm, in at least one
direction. This extremely small particle size paes special physicochemical
properties that are significantly different fromnwmon bulk materials. Therefore,
nanomaterials are expected to be able to chemicabygt with water lubricant to
effectively handle contact surface asperities. @&sithe manipulation of nanomaterials
also represents potential in industrial, biomedérad electronic applications.

Carbon is a common element that resembles nanaaiatend is also the most
widely studied element in nanomaterials. Carborstexn various polymorphic forms
and does not actually fall within the groups ofitti@nal metals, ceramics or polymers.
The polymorphic form of carbon is due to a broadgeaof metastable phases. The
common allotropes of carbon are spd sp3 and these can occur in different
crystallographic forms of graphite-like and diamdik@ phases. Therefore, the
characteristics of carbon structure will deterntime potential uses of the material. The
structure of selected carbon allotropes is obseirvédg. 1.4.

Among the nanocarbon materials, the decision wadenta study diamond
nanoparticles (DNP) with sp3 carbon allotropes @ndphene Oxide (GO) dispersion
with sp2 carbon allotropes. An investigation of tbaypes of allotropes reveals the
functionality of different structures of carbon miadals. In addition, both materials have
been studied for a long time and have attracteat afl attention recently in terms of

their applications.
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fullerene nanotube graphene

Fig.1.4 Structures of carbon allotropes [32]

1.3.1 Diamond Nanoparticles

The prominent inorganic diamond nanoparticles (DM@je chosen as the water-
based additive for this study. Known as nontoxioprganic nanoparticles are
recognized for facilitating stable dispersion fotima in liquid by surface modification
[9]. Stable dispersion is formed by hydrogen contdrthe surface of particles that are
uniformly distributed in water-based lubricant. Téfere not only does the viscosity of
water-based lubricant significantly improve, bue thotential of DNP is also fully
utilized in lubricating systems at the same timehed studies have also already
indicated that DNPs have good tribological progsstisuch as their effect on friction
reduction and anti-wear in oil lubricant, compoditee fillers and coatings [15-20]. In
addition, the source of DNPs is of very little cent due to their production capacity on
an industrial scale using chemical vapour depasitto detonating highly explosive
material [21,22].
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As stated previously, the presence of DNPs inceeadarication viscosity, which
consequently helps the water lubrication layer ansbn the sliding surfaces and
promotes hydrodynamic lubrication. However, othdrant lubricant viscosity,
lubricating ability is supposed to be dominated dmundary lubrication of particles
during sliding of metal-based materials. The additof DNPs in a lubricating system
facilitates enhancement in two ways: the surfadeaeoement effect and direct effect
[20]. Abrasive polishing is expected to have a atefenhancement effect in friction
reduction by decreasing sliding surface asperi#éé¢shis stage, small size DNPs also
embed in surface cavities, hence increasing tfachardness [10,23]. Therefore, the
wear resistance of the surface can be increasadtamsously. With the direct effect, it
is believed that agglomerates and graphitized DaIBs play a role in increasing the
lubricant’s tribological ability [18]. DNP agglometes afford a rolling effect for sliding
materials, whereas graphitization offers thin filrorication. However, excessively high
concentrations of agglomeration may, in contrassult in the deterioration of the

lubricant’s tribological properties [19].
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Fig.1.5 Possible DNP structure model [33]



1.3.2 Graphene Oxide

Graphene is a thin layer of carbon with two-dimenal structure. In basic terms,
graphene is described as a single, one-atom thyek lof the commonly found mineral
graphite. Graphite is essentially made up of hugl@ thousands of graphene layers,
made it as a 3-dimensional carbon based mateniapiBe oxidation can be done using
strong oxidizing agents. The oxygenated functidgiegliare introduced in the graphite
structure, which not only expand the layer sepamathut also makes the material
hydrophilic at the basal edges. This property ezmtile exfoliation of graphite oxide in
water using sonication techniques, ultimately poddg single or a few layers of
graphene known as graphene oxide (GO) [24]. Théndi®on in the structures of
graphene and graphite is shown in Fig. 1.4.

GO is in the form of molecular sheets or flakesthwbulk graphite material
dispersed in basic solution. Interest in GO hasegmed dramatically in the search for a
cheaper, simpler, more efficient and better metbiodroducing graphene. GO can be
scaled up massively compared to conventional metlaod is financially suitable for
industrial or commercial applications. Furthermasmith strong layer composition, GO
is expected to have high lubrication ability. Theusture and properties of GO depend
on the particular synthesis method and degree iofatign. GO flakes are about 1.1 +
0.2 nm thick [25,26]. The edges of each layer erith @arboxyl and carbonyl groups
[26] that considerably affect the GO functionaliaat as GO flakes can be easily
dispersed in water.

Actually, an abundance of studies have been coaducin graphene as
lubricating coating from ultra-thin solid film siaat was initially discovered [8,27-29].
However, graphene as an additive to lubricant dtl capture interest at the very
beginning due to the poor dispensability of graghenlubricant. Only in recent years
have the vast studies on the development of GOrbeca game changing factor.
Numerous applications of GO in a range of researels have been explored [30,31].
Furthermore, in contrast to graphene, GO possessetlent dispersion ability in water.
These reasons have encouraged the pursuit to $h@yas an additive to water

lubrication in the current study as well as to caneqts ability to the well-known DNP.
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Chapter 2

Research Methodology

This chapter describes the methodology of thisarese The main focus of this
thesis is mainly on the coefficient of friction abted using different types of additives
in water lubrication. The effect of the additivesimvestigated by observing the worn
areas after testing. The friction coefficient résubbtained are analysed in order to
justify the effectiveness of water as a lubricanthwadded diamond nanoparticles
(DNP) and Graphene Oxide (GO). The friction reduttimechanisms are studied
through micrograph observations and material comipasanalysis of the worn contact
surface areas. Therefore, this chapter presengésaigtion of the equipment employed

and some basic information.

2.1 Methodology

The methodology of this study is depicted in a tiafFig. 2.1. The study was
conducted by preparing the lubricants with didiill@ater as the main solution in the
initial step. Then, the prepared DNP and GO dispesswere diluted in distilled water
to different concentrations. The concentrationsensat to 0.01, 0.1 and 1 wt.% additive
in order to obtain optimum results with minimum amts of additive. Both prepared
DNP and GO dispersions used in the study are piesem chapters 3 and 4
respectively. For an extended study of GO dispessim chapter 5, 0.1 wt.% GO
dispersion was used. This concentration was seldxsed on the results obtained and
presented in chapter 4, where the optimum frictieduction was achieved with that
particular GO dispersion concentration. The 0.2amaf GO was modified to 3 different
sizes, namely GO1, GO2 and GO3. However, the saifroation was not executed at
our facility. Furthermore, the pH levels of thes® Glispersions were regulated to
investigate the effect of pH level on the tribolcagiproperties of the dispersions.

The ability of each prepared lubricant was theal@ted with a tribological
sliding test. This test can promptly show whetlner tendency of the friction coefficient
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Tribological Sliding Test
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Friction Coefficient Component Analysis
Material Characterization

v

Tribological Properties
and Mechanism
Evaluation

Fig. 2.1 Study methodology

is to increase, decrease or stabilize. The spesimased in this test were combinations
of various types of materials. The materials weapared with two parts: a ball used as
the stationed pin and a flat plate substrate asnglimaterial. After testing, the wear
occurring on both contact surfaces was evaluateddsgrving micrographs captured
mostly by optical microscope. However, if the weauld not be evaluated with optical
microscopy, further observation was carried outhvétscanning electron microscope
(SEM). SEM observation can also be extended to ahalysis of the chemical

composition in the wear areas using Energy-DisperXtray Spectroscopy (EDS). The
analysis can help determine the composition of sutystances adhering to the worn

region. It also differentiates wear debris from thieofilm formed. In addition, the
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surface profiler was also important in evaluating tvear width and depth profiles to
show the wear level in each test. The surface lpratsts additionally served to verify
the micrograph wear observations.

Finally, Raman spectroscopy and XPS analysis wamnged out, particularly on
the wear developed during DNP dispersion testingg tb difficulty detecting and
evaluating the DNP substance from micrograph olagiemns. Moreover, Raman

spectroscopy and XPS characterized the materia¢éshal bonding properties.

2.2 Friction Coefficient

The friction coefficient analysis is a general noethof obtaining initial insight
into the tribological properties of the lubricatiemployed in the system related to the
contact between two sliding surfaces. The obtafrietlon coefficient can translate the
ability of any configuration and modification ingHubrication parameters involved in
the system to overcome the resisting force of dtative sliding motion. The friction
coefficient displays the characteristics of fricticeduction and the stability of the value
obtained. Therefore, analysing the friction coeéint is vital for this study.

Descriptive analysis was used to describe theidniatoefficient and number of
cycles in the experiments. In this study, a genegaiation was used to determine the
resistive force of friction when two solid objecse sliding against each other. The
resistive force of friction equals the coefficieot friction times the normal force

pushing the two objects together. This equatiomrigen as:
Fr = pFn Q)
where:

e F; is the resistive force of friction
e pis the coefficient of friction for the two surfacéGreek letter "mu”)
e Fyis the normal or perpendicular force pushing the objects together

e pnFy isptimesky
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Frand N are measured in units of force, or newtdvisen an object is under the force
applied to move it along the contact surface, thjea will experience resistive force of
friction. This resistive force of friction is patal to the contact surfaces and acts in the
opposite direction of the force applied. The résisforce is obtained from the strain
gages attached. On the other hand, normal fortleeigorce pushing the two objects
together, perpendicular to their surfaces. In paigicular experiment, the normal force

was determined by the load of the dead weight.

2.2.1 Tribometer

Fig. 2.2 shows the actual tribometer used in thisysand Fig. 2.3 illustrates a
side diagram of the tribometer. This tribometeraidaboratory setup which can be
operated specifically for the reciprocating pinqdate sliding test in lubrication
condition. The reciprocating motion of the triboeretis supplied by a speed-
controllable motor. The motor used was a BLFM23M®Aishless DC motor from
Oriental Motor, and it provides a wide speed rangf@ flat torque. The motor speed
can be easily controlled with a digital operatortapt000 rpm. The maximum speed
ability of this motor is very high compared to thigeed used in this study, which is in
the range of 150 to 600 rpm. The motor’s rotatiamation was converted into linear
motion by the crank arm attached to the motor &edbearing stationed on the sliding
track. The sliding distance displacement was sdiyupffsetting the centre of the motor
and the crank arm stopper position. The slidingldsement for this tribometer can be
set to 1 mm, 2 mm, 6 mm and 8 mm. However, the ultefdisplacement in this
particular study was set to 2 mm due to the sulesti@e, acrylic box and preliminary

test done.

24



2N\

7 NS
Q VV(//
I \\\‘\\\
\|/””
l \\\E\\\
\I””

VSN

p § 4\ 4
b > e 4
-l Nl

1

\\\w////

NS

Fig. 2.2 Reciprocating sliding test tribometer

Iil—l Applied Load

. -
Motor

Strain gage

Stationed

9 ball

SUS304 flat plate

— GO dispersions

Fig.2.3 Side profile of the tribometer

The 10 mmsize substrate sample was positioned in the adogliclocated on
the sliding track. The acrylic box served as amase for the testing lubricant made

from the DNP and GO dispersions. The amount ofi¢at used in each experiment

25



was about 2 ml, which is ample to cover the substduring the sliding test. The
lubricant is enough to entirely cover the substsatdace and contact surfaces without
any solution spill-out. In addition, during the st test carried out on DNP dispersion,
no significant evaporation of the lubricant was eleed. The longest test was
performed for approximately 6 hours and 240,000ningp cycles. This condition was
achievable due to the tape that covered the acbgic A bearing ball with 2 mm
diameter was used as a stationary counter-matgnalThe ball was attached to the
vertical cantilever that was designed to hold adjie dead weight on top. The bearing
ball materials can be replaced depending on theystbjective. The materials
employed will be further explained in each respecthapter.

The dead weight load used for this study rangednfth8 N to 10.59 N.
However, most of the tests were done using a mteléyad of 3 N. The location of the
contact area of the pin on the flat plate substatebe manually adjusted using the XY
stage. The XY stage holds the cantilever whereb#tleis stationed. The cantilever was
also designed with a hollow area, sufficient tovie a sensitive space for the strain
gages to collect the bending stress. As illustratea strain gages were bonded
symmetrically on both the right and left sideslod tantilever hollow area. This type of
bending stress measurement is similar to an adjao#®, active, half-bridge system for

more accurate data.

2.2.2 Data Acquisition and Analysis

The strains produced by the force required to aeee the resistance during
back and forth sliding were collected by two strgeges adhered on the vertically
stationed cantilever. As described in the previeastion, the strain gages provided
bending stress measurement data through an adjsidentactive, half-bridge system.
The strain gages were connected to a sensor iogerfaCD-300A by KYOWA
Electronic Instruments Co., Ltd. PCD-300A consigtiof a bridge circuit to enable
direct connection to the strain gages. The straiplifier used throughout the sensor
interface was the AC type, to ensure high resigtaiocexternal noise and improve

reliability. The collected strain data was thenedied to dynamic data acquisition
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software, DSC-100A, also by KYOWA Electronic Instrents Co., Ltd. DSC-100A to
provide various graphs and value windows for maimtppurposes.

The interface of the DSC-100A data acquisitionwafe is displayed in Fig. 2.4.
This software provided real-time monitoring of tfréction coefficient during the
tribological sliding test. Therefore, the ability each lubricant to reduce the friction
coefficient was easily monitored. The data werelectéd for 100 to 200 cycles
depending on the number of cycles to be investidter the current thesis research,
20,000, 60,000 and 240,000 cycles were carriedfauthe different objectives and
experiments in the respective chapters. The 20090 test was done especially for
GO dispersion where the friction coefficient wasvland stable from the initial test.
Meanwhile 60,000 and 240,000 cycles were for DNBpelision and some GO
dispersions, where the effects on material weaestrdied.

The sampling frequency was 1000 kHz and 1000 datie wecorded for one
second. These data were saved as raw datviormat and then further analysed using
self-developed friction analysis software in ortteobtain the friction coefficient values.
This friction analysis software is compatible witte csvformat data collected by DSC-
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Fig. 2.5 Friction analysis interface

100A for displaying the reciprocating force. Thetion forces were displayed on the
interface of this software (Fig. 2.5).

The data were analysed by selecting the highestl@amest data points. The
highest value represents the attribute of forceired to move to one side in the sliding
direction, while the lowest value is the attribofeforce required from the other side of
the sliding direction to return to the starting ifios in the reciprocating movement.
The collected data known ag fér high peak and FHor the lowest peak were finally
analysed in Microsoft Excel software to interptet system friction coefficient with the
following equation:

Friction coefficient, u = (F=F) / 2R.cooov i (2)
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2.3 Wear Observation

Analysing the data from the friction coefficientlpmelped identify the ability
of each lubricant in reducing the friction forcetween two sliding surfaces. In other
words, it was only possible to differentiate thbrinant’s performance in lubricating the
contact surfaces. Therefore, friction coefficiematadonly is insufficient to justify the
mechanism of friction reduction in the system. Thabservations of the material
surfaces before the test as well as the wear tankition following the test are very
important in this study. The wear track conditioascibes the structures of any
substances formed with the developed wear. Apam fhe size and formation of wear
scaring, observations of the tribofilm on the waacks also indicate the mechanism
and type of wear that occurred during sliding intewdubrication with and without
additive in the lubricant. Table 2.1 lists the mstents appropriate for different
tribofilm characterizations. However, the main ingtents used in this study are optical

microscopy and surface profiler.

Table 2.1 Classification of material characterization

Instruments Tribofilm Characteristics
Optical Microscopy Microstructure
Surface Profiler Surface morphology
Raman Spectroscopy Chemical bonding property
Scanning Electron Microscopy (SEM) Surface morpbglo

Microstructure

X-ray Photoelectron spectroscopy (XPS) Chemicalpmsition

Chemical bonding property

Energy dispersive X-ray spectroscopy (EDS) Chendoaiposition
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2.3.1 Optical Microscopy

Optical microscopy is the main equipment used ia turrent study as it
facilitates easy observation of the wear on boghpim (ball) and flat plate surface. The
magnified images of the specimen microstructure dasacribe the mechanism of
friction reduction in the system. In this study, @oright type microscope was used,
DSX500 Opto-digital Microscope by Olymptis This type of microscope enables
observations of the specimens from the upsidehdéuamiore expanding the ability to
observe the concave surface of the ball used smgtudy. An optical microscope has
two major, fundamental functions: creating maguifianages of specimens and
illuminating the specimens. These major functioasdj in turn, three basic functions:
to magnify the specimen, obtain clear and shargésaand change the magnification
and focusing ability. The latter is to supply, ecli and change the light intensity.

The DSX500 used to observe the worn areas in theerdustudy is a high-
resolution, upright, motorized microscope. This nmscope has magnifying ability of
up to 13 times zoom optics and digital zoom of ap30 times. Therefore, a single
optical lens is able to cover the typical magniima range of conventional optical
microscopes. In addition, two lenses can be mouatt@hce for a greater magnification
range. The best function of this microscope is tieservation can be done directly on a
computer screen complete with a touch screen pameljoystick and mouse control.
The simplicity of the microscope operation ensuihesreliability of the images captured
along with the best results, even for newbies &rthcroscope system. The short and
simple steps with several auxiliary options alstpshorten the observation time and
provide quick study results.

The surface image enhancement option available thvishparticular microscope
is also helpful in this study. The software inded used by this microscope can be set
at HDR for high definition visualization, WIDER faasy inspection of samples with
high reflectance difference and also MIX observatioethod for easy detection of any

defects and imperfections of the observed samples.
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2.3.2 Surface Profiler

A surface profiler was used to evaluate the surfaogphology of the samples,
particularly the surface prior to testing and theawprofile following the tribological
testing in water lubrication. It is common practiceemploy a surface profiler in the
study of tribological properties related to tribgical effects on sliding surfaces [1-4] .
In this particular study, a portable surface rowggmtester by Mitutoyo, SURFTEST
SJ-210 series, was deployed. This equipment isl sigaktweight and extremely easy to
use. The surface roughness can be directly obsenvéldde LCD screen on the profiler.
The collected data can be directly transferred toraputer and analysed with general
graph-related programs. The data obtained fronsthace profiler are displayed as a
wear profile that is reflected in the optical mcopy observations of each wear area
occurring on the contact surfaces. However, théase profiler can only be used on
flat surfaces and not curved surfaces like balleré&fore, wear on the ball was only

observed by microscope and estimations.

Fig. 2.6 SURFTEST SJ-210 surface profiler
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2.4 Other Material Characterization Techniques

Besides the wear condition, observations of tribofire also important in order
to determine the friction reduction mechanism.sltdue to the diversity of tribofilm
formed and also to compare the main areas invéstigAn abundance of literature has
addressed the material characterization and asalysitribofilm surfaces [1,5,6].
However, in the present study, only few technigwese used due to equipment
limitations at the facility. Nonetheless, the teciues employed were sufficient to
verify the characteristics of tribofilm formed dmetcontact surfaces.

2.4.1 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was used to nlesand characterize the
microstructural features and composition at thefaser of the tested materials. In
addition, the distribution condition of GO was atdaserved by SEM. Nanometre-scale
observation of the images was possible by usingapasolution in low-KV secondary
electron imaging mode available in SEM. Furthermaone topography and chemical
composition were analysed with SEM owing to the i@oithl function, Energy
Dispersive X-ray Spectroscopy, also known as EDEDIX or EXDS. This is a
qualitative and quantitative X-ray micro-analyticechnique capable of providing
chemical composition information of the investightaaterials’ surfaces. EDS is also a
non-destructive analytical technique for samples. siich, the same sample can be
analysed several times. However, EDS in SEM hasdonitations in detection ability,
depending on the composition amount in the samplegbanalysed. Therefore, this

analysis is only effective for major and minor esrhanalysis but is not very sensitive

for less than average élemental concentrations. fipes of analysis were conducted
with EDS as shown in Fig. 2.7 and Fig. 2.8. Botlag®s are real observations of the
wear materials in the present study. Fig. 2.7 ssrts the carbon element mapping of

the (b) WC ball and (c) stainless steel flat plakég. 2.8 indicates the line mapping of
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(a) Much dark -

Fig. 2.7 Example SEM images of carbon elemental mapping of WC ball and staiedét $kaist
plate lubricated with GO dispersion after friction testing for 60,000 cyaSEM image and
(b) carbon elemental mapping by EDS of WC ball surfaces [11]

Fig. 2.8 Example of carbon elemental mapping by EDS on SUS304 flat plate substrate

the wear tracks. This type of mapping offers theaathge of differentiating the carbon
element inside and outside the wear tracks. Thexefib is easier to determine the
formation of tribofilm from carbon element on tlested materials.
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2.4.2 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) was usedudy the worn area of the
wear track after the tribological test. In XPS, &§s are directed to the sample surface,
causing the emission of core electrons from thenaton the studied surface. Electron
emission produces kinetic energy that represerdgsdifference in electron binding
energy. The binding energy can provide the atormioposition, as the electron orbitals
in the atoms are known [5,7,8]. Therefore, the peaditions in the spectrum from the
energy binding assist with identifying the chemicsthte of the sample under
investigation. Unfortunately, in this study, XPSsa@nly executed to observe the wear
track of the reciprocating sliding of the test un@NP dispersion (chapter 3) due to
accessibility to equipment. Nevertheless, otherenelt component analyses, such as
optical microscope observation, SEM and EDS analys®e adequate to determine the
wear track condition in the studies on GO dispergifect in chapters 4 and 5.

2.4.3 Raman Spectroscopy

Lastly, characterization of materials on the wounface was conducted with
Raman spectroscopy. In Raman spectroscopy, thatwabal modes of the material
being observed are analysed. The differences iratimal modes that reflect in the
amount of shift of the laser line correspond to difeerent orientations of the material
atoms as well as their bonding characteristics. aheunt of laser shifting is therefore
represented on a Raman spectrum. Since each differaterial possesses unique and
specific vibration mode frequencies, the Raman tspec clearly shows the material
components in the observed area [9,10].

This observation was only carried out for the testONP dispersion, similar to
the XPS employed in this study. This is due tolihmtation in determining the DNP
embedded on the material surfaces’ wear tracks rdicgp to the micrograph
observations. In addition, several SEM observataae made it difficult to determine

the DNP structure after the sliding test.
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Chapter 3

Diamond Nano Particles as an Additive in Water Lubrcation

Abstract

In this chapter, we studied the effectiveness ahuind nanoparticles (DNPs)
dispersed in water as a lubricant additive and finetion reduction mechanism. Firstly,
the study has been carried out to investigatertheldgical properties offered by DNP
dispersion between sintered carbide (WC) ball omnkss steel (SUS304) and
aluminium (A5052P) flat plate substrates. The otadi results shown significant
potential of DNP dispersions by the combinatiorstfS304 plate and WC ball, lead the
extensive study for this combination. In furthardst, DNP dispersions with densities of
0.01, 0.1 and 1 wt.% were prepared and used asdmts under a load of 1.88 N, for
240,000 friction cycles. High-friction coefficients more than 0.3 were observed in an
initial period. Then friction coefficients decline@nd stabilised at values of
approximately 0.1. The steady-state friction ca#tfits were independent of the DNP
density and lower than that for distilled water.the initial period, wear of both the
plates and ball was obvious. In the steady-stategheadditional wear on the plates was
a little; however, ball wear scars were clearlyestied. The size of the ball wear scars
decreased with decreasing the DNP density. Whelulineation was carried out by the
0.01 wt.% DNP dispersion, the ball wear scar sias smaller than that under distilled
water lubrication. It is likely that DNPs were erdided mainly in the stainless steel
plates, and the embedded DNPs protected the @atésvore the balls in the steady-
state period. Compared with the lubrication undstilttd water, the friction coefficient
and wear of the plate under the lubrication byGid wt.% DNP dispersion were lower,
and the wear of the ball by this lubrication coiwitwas not high.
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3.1 Introduction

Recently carbon nanomaterials such as fullerenebona nanotubes, and
graphene (oxide) have been studied as the addaivester lubrications for their good
tribological properties [1-3]. These carbon nanmmals above mentioned have
graphite structures composed of §mnding. In carbon nanomaterials, only diamond
nanoparticles (DNPs) have single crystal diamonacsire composed of ¥fponding,
with a size of less than 10 nm.

Diamond-structured materials such as diamond-l&dan (DLC) coatings are
hard and their friction and wear are very low inteveenvironment [4]. DNPs are also
expected to have good tribological properties unaater lubrications. In addition,
DNPs can be obtained with the production capacityndustrial scales by chemical
vapor deposition or by detonating high explosiveanal [5,6]. DNPs have showed
good tribological properties as additives in oifs3]. A tribological property of DNPs
as additives in water is only studied under theitabion between SiC and silicon [12].
It is necessary to study tribological propertie®dfP additives under water lubrications
between materials used in mechanical systems.

In this study, tribological properties of DNP disgens in water were
investigated using steel plates and tungsten caBitC) balls which are widely used in
metal working, and the influence of DNP densitythe dispersion was discussed. The
lubricated surfaces on plates and balls were aedlyy optical microscopy, contact
surface profilometry and Raman spectroscopy.

3.2 Experiments

Commercial DNPs (Carbodeon uDiam@dMolto, Carbodeon NanoMaterial)
were used in this study. This product is a DNP pawdth crystal sizes of 4-6 nm that
has a DNP content of more than 97%. Lubricant dgpes were prepared by adding
DNP powder to distiled water and mixing for 5 mby ultrasonication. DNP
dispersions with densities of 0.01 wt.%, 0.1 wt.ba d& wt.% were prepared. Fig.3.1

shows the as-prepared DNP dispersions. The testrialat used in this study were
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Fig.3.1 As-prepared DNP dispersions with concentrations of 0.01, 0.1 and 1 wt.%

in comparison to distilled water.

lapped stainless steel (JIS-SUS304) plates and sintered tungsten carbide (WC) balls
with a diameter of 2 mm. The surface roughness of the lapped plate surfaces was
approximately 33 nm, and that of the ball surfaces was approximately 2 nm.

A tribometer with a reciprocating sliding configuration was used for the friction
tests in this study. Friction tests were performed with a sliding distance of
approximately 2 mm, a sliding frequency of 600 rpm, duration of 240,000 cycles, under
an applied normal load of 1.88 N. The average sliding speed was 40 mm/s, which
implies that the sliding condition of lubrication regime is the boundary lubrication. Both
the SUS304 plates and WC balls were pre-cleaned in ethanol, and then water for 5 min
each using an ultrasonicator. The cleaned samples were placed in an acrylic box
positioned on the sliding track of the tribometer. A sufficient amount of lubricant to
cover the sliding area was added (approximately 2 ml). The acrylic box was covered
and no water condensation observed inside the box’s wall during the 6-h friction
experiment, which indicates no significant evaporation of the water. The lubricated
surfaces of the plates and balls were investigated by optical microscopy, contact surface
profilometry, and Raman spectroscopy. All of the plates and balls were carefully washed
by ultrasonicating in ethanol before analyses. Widths of plate wear tracks were
determined by 3 times measurement average on each two different points. Widths of

ball wear scars did by 3 times measurement average on one point.
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3.3 Results and discussion

The results and discussion are describe about aleparameters and factors
which were affect the ability of DNP dispersionsoiifering good tribological properties
on the metal. It was separated into 3 sections. flisé section is the materials
dependence, the second section is sliding speezhdepce and the last section is DNP
concentration dependence. Each topic will show tlependence of tribological
properties to the prepared DNP dispersions and ihoglates to the friction reduction

and wear protection mechanism.

3.3.1 Materials dependence

The material dependent by the application of whtbricant is important. It is
because different materials will experience diffeéerenechanism of friction reduction.
The results obtained in this section discussestaheweffect by the addition of 1 wt.%
of DNP to the friction coefficient of distilled wett The study was carried out for two
types of mating materials. WC ball was decidedhasstationed pin for both tests. The
flat plates were SUS304 and A5052. Both of the madte were generally used in
mechanical systems and also in the machining. imeigé, the distinctions of the
parameters were the material hardness and sudagbamess of each material.

The analyzed results in Fig.3.2 and Fig.3.3 shdwstitibological properties by
the addition of 1wt.% of DNP powder in distilled t#afor WC ball and SUS304 flat
plate. It is clear that the friction coefficient svdigh for the test in distilled water
without any addition of the DNP, which was approatety around 0.5 in steady state.
On the other hand, DNP dispersion showed signifigdaw friction coefficient at the
steady state which was about 0.15. However, tloadn coefficient of 1 wt.% of DNP
dispersion is higher than distilled water at th#iahstage. The friction coefficient in
this period was slightly higher than distilled waterhich was approximately 0.6. The
reduction of DNP was observed with a sharp redoctitben the number of cycles was
approximately 10,000 cycles. It was reduced asdeW.1 before gradually increased to
around 0.15 at the steady state. During the ingtate, the abrasive effect of DNP

taking place in between the surfaces and redudpgrdies of the contact surfaces. This
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Fig.3.2 Friction coefficients of WC ball and SUS304 flat plate.
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Fig.3.3 Wear condition on the balls and substrates with the wear profiles of thetsgbstra

Images a),b) and c) are the test under 1 wt.% DNP and d),e) and f) are timel¢éestistilled water.

situation makes the friction coefficient prone te higher than distilled water as
distilled water was only experienced the directoing at boundary regime.
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The distinction of the worn developed from the t@stthe materials are shown
in Fig.3.3. It is obvious that DNP dispersion offérbetter lubricant ability to the
contact materials. Instead of higher friction cmadéht at the intial state, only small
wear can be seen on the tip of the ball and alsonbar track. The wear volume as
shown in the wear track profile also proving thdigbof DNP dispersions in reduces
the wear.

The similar improvement for the test of WC ball @rthe softer material,
A5052P flat plate as shown in Fig.3.4and Fig.3€b alan be observed. However, the
friction coefficient for both the distilled watemd DNP dispersion showed similar
tendencies of the reduction. The friction coefintief distilled water was as high as 1.0
at the initial state and gradually reduced to apionately 0.5. DNP dispersion on the
other hand showed same friction coefficient atithial state as Fig.3.2. This friction
coefficient was stable at 0.6 until 15,000 cyclkefier that, it was gradually reduced to
0.2, which is lower than the one in distilled watérom the results, similar mechanism
as WC ball against SUS304 can be predicted. Howéwerhigh friction coefficient was
caused by the adhesion of the materials which wtersan easier to be adhered to the
ball.

08 |
3
£
o 06
%]
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)]
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8
S
< 0.2
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Fig.3.4 Friction coefficient of WC ball and A5052P substrate
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Fig.3.5 Wear condition on the balls and substrates with the wear profiles of theteabbtrages
a),b) and c) are the test under 1 wt.% DNP and d),e) and f) are the test undet distéle

The wear on the ball as shown in Fig.3.5 clearlywsithat DNP dispersion also
able to govern the ball from the wear propagatidowever, the distinction of the worn
on the wear track was difficult to be differentihtiey the observation of wear volume.
Both distilled water and DNP dispersion show apprately similar wear volume and
width on the wear tracks. Nevertheless, the defoamastructures of the wear tracks
were different. The wear track of the sliding téstdistilled water shows extreme
scarring effect where the scar line along the isgjdiirection was clear. Meanwhile, the
similar scar was unable to be seen on the wedk ththe test in DNP dispersions. In
this condition, the DNP particles were embedded itite materials surfaces and
hardened the particular area. Perhaps, the distmof both wear tracks can be seen for
longer sliding test.

In addition, the differences of steel and aluminiumnfriction reduction by DNP
dispersions also due to the different mechanismhénstudy of DNP in oil, although
DNP able to improve tribological behaviour on bathterials, the improvement in the
steel was significantly by enhancement of contadiase’s toughness. Meanwhile, the

wear mechanism was nominated by viscosity in alwmiralloy [13].
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3.3.2 Speed Dependence

The study on the addition of DNP powder to theiltest water was also carried
out in order to undestand the dependence of frictexluction to sliding speed. The
sliding speeds were regulated at 150, 300, 450680drpm. The DNP dispersion was
prepared for 1 wt.% and the testing materials a Ml and SUS304 flat plate.

The result obtained in Fig.3.6 shows the distinciio the friction reduction by
each sliding speed. As expected from the resulioétl in previous section, all of the
friction coefficients were high at the initial statlt is noticeable that the friction
coefficients were stable at 0.4 to 0.5 during texiod. The slowest sliding speed, 150
rpom was able to reduce the friction coefficienttéaghan other sliding speed at 5,000
cycles. It was followed by 300 rpm at 10,000 cycésl 450 rpm at 15,000 cycles.
Lastly, the friction reduction was only seen at08®, for the speed of 600 rpm.

The results indicate that the slower of the speedHe sliding test, the easier
diamond particles to be embedded into the contataces. On the other hand, higher
speed increased the motion of the particles; heedece the ability to be embedded

into surface asperities.

0.8 |
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2
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S —=0—600rpm
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=
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Fig.3.6 Friction coefficient of WC ball against SUS304 flat plate in 1 wt.% DNP
dispersion for different sliding speed
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3.3.3 DNP’s Concentration Dependence

Fig. 3.7 shows the change in friction coefficiefdas the distilled water and the
DNP dispersions (densities 0.01, 0.1 and 1 wt.%) 240,000 cycles. The friction
coefficient measured under lubrication with distillwater was relatively constant at 0.4.
The friction coefficients measured under lubricatiby the DNP dispersions were
initially high, and decreased to steady-state \allibe lowest friction coefficient in the
initial period was measured for the 0.01 wt.% DNs$pdrsion, and was approximately
the same value as that of distilled water. Meamsytithe friction coefficients for both
the 0.1 wt.% and 1 wt.% DNP dispersions were iljtigreater than 0.5. The 1 wt.%
DNP dispersion showed a sharp decline in frictimmf 0.5 to 0.12 after around 25,000
cycles. The 0.1 wt.% DNP dispersion also decrets@dl2 after around 35,000 cycles.
The 0.01 wt.% DNP dispersion required the longest to reach a steady-state value of
0.12 after around 75,000 cycles.

Noticeable differences at the initial period candeen in Fig.3.8. Fig.3.8 is
depicted the same graph as in Fig.3.7. Howevemtingber of cycles was shortened up
to 60,000 cycles. This is because the steady efatiee entire results was able to be

observed within the period of 60,000 cycles. Itlsar that the amount of particles is
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Fig.3.7 Friction coefficient of WC ball against SUS304 plate unitledd water and th
DNP dispersions for different concentratic
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Fig.3.8 Friction coefficient of WC ball against SUS304 plate under distilled aatkthe
DNP dispersions for different concentrations.

important in shortened the time of friction to leeluced. A sharp declination of friction
coefficient to the steady state also indicates timte the contact surfaces have been
hardened, the lubrication effect will be attain@d1 wt.% of DNP however, not able to
provide quick lubrication effect as the particleshbedded progress was slower by the
small amount of particles in DNP dispersions. Eualty, it will reach the similar
tribological ability as the higher concentration$ articles at the steady state.
Apparently, the surface modifications by the redurcof asperities and the hardened of
surfaces by nano size diamond particles were siginif in increasing tribological
ability of water lubrication for steel.

Optical microscope images of wear on the plateskatid at 1,000, 10,000 and
100,000 cycles under lubrication by the 1 wt.% DdN$§persion are shown in Fig. 3.9.
The observation on each number of cycles purpasmtg to investigate the mechanism
of friction at high friction coefficient until it &ws reduced. From the Fig.3.9, Wear was
obvious on both the plate and ball surfaces. THesbafaces after 1,000 and 10,000
cycles (in the initial high-friction period) appedarone feature. These cycles were when
the friction coefficient is high. Therefore, highction coefficient might also due to the

high surface pressure form the ball onto the platethe other hand, a central striation
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parallel to the sliding direction was observed ba ball wear scar that experienced
100,000 cycles (in the steady-state low frictiorrigd. This central striation was
originated from initial high-friction period. Afteenough DNP embedded onto the flat
surface, the wear started to occurred on the bakrefore, the obvious wear on the
plate was actually developed only at the highifsitt

Furthermore, Fig. 3.10 shows optical microscope images of the wear tracks that
formed on the plates after 240,000 cycles under different lubrication conditions. The
observation until 240,000 with intent to observed the wear propagation on both plate
and ball under different concentrations of DNP dispersions. As expected from the result
of Fig.3.9, the wear tracks on all the plates appeared clear central striations parallel to
the direction of sliding in Fig.3.10 for DNP dispersions. The width of the central
striations was also approximately the same. On the other hand, the wear on the plate
under the sliding test in distilled water left severe wear. The wear condition of central
striation of the wear track by DNP dispersions was similar to the wear condition of full

width of distilled water.

(a)1,000 cycles (b) 10,000 cycles (c) 100,000 cycles

Fig.3.9 Optical microscope images of the wear tracks on plates and wear scais on ba
under lubrication by the 1 wt.% DNP dispersion.
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Fig. 3.10 Optical microscope images of the plate wear tracks under distilled avatter
the DNP dispersions with the different densities after 240,000 cycles of fricstomgte

In addition, for the DNP dispersion lubricated pitthe wear outside of the
central striations were not obvious. The wears idet®f the central striation were
noticeable in Fig.3.10 where the contrasts of thages were different. The surface
profiles of the same wear tracks shown in Fig. 3ai® presented in Fig. 3.11. The
surface profiles appeared only single-groove indgahe depth of central striations
were significant. Optical microscope images of badls after 240,000 cycles were
shown in Fig. 3.12. Central striations parallelth@ direction of sliding were also
observed on the all ball wear scars. In contrasthéo plates, the wear was obvious
outside of the central striations on the ball stefa Therefore, it is probably the
surfaces of the plates were hardened by embeddd? & tend to produce wear on
the ball surfaces. This condition was occurredi@ady-state period, where the friction

coefficient was extremely low.
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Fig.3.11 Surface profiles of the same plate wear tracks shown in Fig. 3.17
(a) Distilled water. (b) 0.01 wt.%, (c) 0.1 wt.%, and (d) 1 wt.% DNP dispersions.

Table 3.1 summarizes widths of the plate weak#and ball wear scars for the
1 wt. % DNP dispersion lubrications, which wereanéed from Figs. 3.9, 3.10(d), and
3.12(d). After 1,000 and 10,000 cycles (in theiahihigh friction period), full widths of
the plate wear tracks and ball wear scars, whidmdt have the central striations, show
similar values to each other. These full widthsevalso nearly close to the widths of
the central striations on the wear tracks and safes 100,000 and 240,000 cycles (in
the steady-state period). These similar widths wbmvn by grey background in Table
3.1. Table 3.2 shows widths of the plate wear saakd ball wear scars after 240,000

Table 3.1 Widths of the plate wear tracks and ball wear scars for the 1 wt. % §péPsatin
lubricated system until 100,000 cycles, which were obtained from Figs. 3, 4(d), and 6(d).

Plate wear track (um) Ball wear scar width (um)
Full width Central striation width Full width Central striation width
1,000 138 _— 127
10,000 141 _— 178
100,000 145 _— 370 119
240,000 478 142 485 180
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Fig. 3.12 Optical microscope images of the wear scars on WC balls aftert$ha tistillec

water and the DNP dispersions with the different densities after 240,000. cycles
(a) Distilled water. (b) 0.01 wt.%, (c) 0.1 wt.%, and (d) 1 wt.% DNP dispersions.

Table 3.2 Widths of the plate wear tracks and ball wear scars after 240,000n¢tftidiferent

lubrication conditions, which werebtained from Figs. 4, 5 and

Plate wear track (um)

Ball wear scar (um)

From photos in Fig.3.1(

From profiles in Fig.3.11

From photos in Fig.3.1Z

Full width Central striation width | Groove width Groove depth Full width Central striation width
Distilled water 280 120 284 8 300 11€
0.01wt.% DNP dispersion 250 145 130 1.2 270 177
0.1wt.% DNP dispersion 312 134 119 1.1 317 164
1wt.% DNP dispersion 478 142 139 1.3 485 180

cycles with different lubrication conditions, whietere summarized from Figs. 3.10,
3.11 and 3.12. Under distilled water lubricatiome width of the grooves of the plate

wear track corresponds to both the full widthshef plate wear track and the ball wear

scar. Thus, under distilled water lubrication, weas happened on areas of the full

widths of both the plate wear track and ball wears
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Fig. 3.13 Model of wear on plate and ball surfaces under DNP dispersion lubrications in the

initial and steady-state periods.

Under the lubrications by the DNP dispersions, dbetral striation widths of
the plate wear tracks and ball wear scars showadynsimilar values to each other
with the different DNP density. The widths and despbf the grooves for the DNP
dispersions were also nearly identical with théedént DNP density. The widths of the
grooves were nearly same to the widths of the akstriations, not the full widths, of
the plate wear tracks. These similar widths coringrabout the central striations were
shown by grey background in Table 3.2.

From these experimental results, we assumed a nobaetar on the plate and
ball surfaces in the initial and steady-state gesbown in Fig. 3.13. The full widths of
the plate wear tracks in the initial period wemnast same to the widths of the central
striations on the plate and ball surfaces in tleadg-state period (Table 3.1). These
results imply that the central striations wouldfbemed only in the initial period and
did not grow in the steady-state period (indicated line of the contact area between
the plate and ball in Fig. 3.13). From the surfacefiles in Figs. 3.11 (b)-(d), wear
outside of the grooves (the central striations) haslly recognized, which agree in that
the wear outside of the central striations showrFigs. 3.10 (b)-(d) was not clear
(indicated orange line of the contact area betwkerplate and ball in Fig. 7). The wear

of the ball surfaces was obviously appeared (RBgEs2 (b)-(d)). As mentioned above,
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the central striations grew mainly in the initiadrpd. Considering these facts, in the
steady-state period, wear on the plates was vty dind wear was occurred mainly on
the ball surfaces as shown in Fig 3.13. The assompt the model shown in Fig. 3.13
that the central striations would be formed onlythe initial period and wear would
occur mainly on the ball surface in the steadyespariod can explain the photos of the
plate wear tracks and ball wear scars, and thacirofiles of the plate wear tracks.

Raman spectra measured on the worn plate andédices are shown in Fig.
3.14. The Raman spectrum of the plate wear tragkschted by distilled water showed
no carbon composite peak spectra. In contrasRR#éman spectra measured on the plate
wear tracks under the lubrications by the DNP disipas showed peaks at 1332 ¢m
and around 1600 crh which correspond to first-order diamond Ramag tnd carbon
components including §fponds, respectively [14]. These peaks could aésmbasured
in the as-received DNPs. This suggests that thedDMfte deposited on the plate wear
tracks during the friction tests using the DNP disjons. A peak at 1070 chwas
measured for all conditions used, including distillwater. On the ball wear scars
lubricated by both distilled water and DNP dispensi, the Raman spectra showed no
peaks between 1200 and 2000 triThe peaks at 1070 cfrwere observed that can be
attributed to stretching and bending modes of azatein WC ball itself [15-17]. It is
summarized from the Raman spectra that DNPs existéue steel plate surfaces and
did not on the WC ball surfaces after the DNP disipa lubrication.

From Table 3.1, the full widths of the ball weaarscby the DNP dispersions
increased with the friction cycles. This means tihat wear of the ball continuously
occurred even in the steady-state period. In amdifrom Table 3.2, the full widths of
the ball wear scars under lubrication by the DN$peiisions increased with the DNP
density. These results indicate that DNPs wouldreaball surfaces. The wear on the
hard ball surfaces (Vickers hardness of WC is gredtan 1,000 HV) without DNPs
was larger than that of the soft steel plate sedd¥ickers hardness of SUS304 is 129
HV) with DNPs. It is reported that DNPs dispersedoil was tightly embedded to
contact steel surfaces and increase wear resistdrte steels [13,18]. Thus, also in
this study, it is expected that DNPs were embeduedhe plate surfaces due to the
lubrication and that the embedded DNPs protectedstbel surfaces. The low friction

coefficients that were achieved in the steady-sfaeod would arise from the
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Fig. 3.14 Raman spectra of the plate wear tracks and ball wear scars after

cycles of friction testing.

interaction between these hard surfaces of the embedded DNPs and the WC balls.

In addition, Fig. 3.15 shows XPS survey spectra in and out of the middle area on
the substrate wear track on the substrate surface for the 1 wt.% DNP dispersion. The
spectra were obtained after the Ar™ sputter cleaning for 30 sec to clean contaminations.
The spectrum in the middle worn area had a carbon component (C;5) peak, however,

there are no carbon peaks outside of the middle area. Since the carbon peak was
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Fig. 3.15 XPS spectra of the areas inside and outside the middle area on the wear
track for the 1 wt.% DNP dispersion after the friction test of 240,000 cycles,

obtained after the sputter cleaning

observed after the sputtering, DNPs were adsorbed on the middle area of the worn
substrate surface thickly and/or tightly. In contrast, outside of the middle area, there
were no adsorbed DNPs, or an only little adsorbed DNPs.

DNPs would provide not only protective effect but also abrasive wear. As shown
in Fig.3.7, with increasing the DNP density, the initial friction coefficients became
higher and the number of initial cycles having the high friction decreased. In the initial
period, the plate surface would not have enough amounts of the embedded DNPs to
protect itself, and DNPs would wear the plate surface. It is expected that the higher
density of DNP increased the rates of both abrasive wear and embedding. The higher
rate of the abrasive wear increased the friction coefficients, and the higher rate of the
embedding reduced the number of cycles to reach a steady-state friction.

The friction coefficients after reaching steadytesthictions and the depths of

wear tracks on the plates under the lubrication®byP dispersions were lower than
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that using distilled water. Additionally, the widthf the plate wear track and the
diameter of the ball wear scar when lubricatedh®y@.01 DNP wt.% dispersion were
lower than distilled water. We concluded that thatimum DNP density reduced

friction and wear around 0.01 wt.%.

3.4 Summary

In order to study the ability of DNP as an additiwewater lubrication, several
parameters has been considered. In this chapterdépendents of DNP dispersed
lubricant on different combination of materials, ethsliding speeds and the
concentrations of the particles were studied. Rpeemental results are summarized as

follows;

1) DNP is well dispersed in water with a special tmeat of supersonic method. The
dispersion was free from agglomerated of the gdadi@and DNP is physically
changed the properties of water. It can be seen the viscosity of the dispersion

which is expected to be increased by the additfahamond particles.

2) The investigation of different combination of maés was done on steel and
aluminum plate. DNP dispersion was able to redum ftiction coefficient in
comparison to distilled water for both materialowéver, the different results on
the wear showed different tribological effect orcleglate. In the steel, diamond
particles seem to reduce the asperities of thaseirpolished and be embedded into
the surface hence hardened the surface. On the lodhel, DNP dispersions effect
on the aluminum was limited to the viscosity of tHespersion. The friction

coefficient was slightly reduced but not as lovttes one for steel.

3) For the sliding speed dependence, the faster itiaglspeeds, the longer it takes to
achieve steady state. It is due to the instabditywthe nano particles dispersions
during fast reciprocating motion of tribometer. Jigondition therefore reduces the

rate speed of embedment effect of the particles timé contact surface. However,
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4)

5)

once the friction coefficients achieved the steathte, the values were the same

regardless of the setup of sliding speeds.

The tribological properties of the DNP dispersiamsvater with the different DNP
densities were investigated using the steel plated WC balls. Initially, the
lubricated systems showed high friction, which oesdd and stabilized after the
several numbers of cycles. In the initial perio@§E would wear both the plate and
ball surfaces, forming the central striations. Ae tsame time, DNPs were also
embedded on the stainless steel plate surface.staly-state period would be
reached when the amount of the embedded DNPs besaifi@ent to protect the

plate surfaces.

High density of DNPs resulted higher friction cag#nt and shorter cycles at the
initial period. Meanwhile at the steady-state perid can be consider that the
embedded DNPs is directly contacted the hard WCshialaces, which resulted in
the low friction and low plate wear, and high ba#tar. Under the 0.01 wt.% DNP
dispersion, the friction coefficient and wear otlbthe plate and the ball were better

than those under the distilled water.
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Chapter 4

Single Layered Graphene Oxide as an Additive in Watr Lubrication

Abstract

In this chapter, we studied the tribological prajesr of graphene oxide (GO)
monolayer sheets as additives in water lubricaht $tudy was divided into several
sections. The sections were discussed about thendepce of GO dispersion to
different parameters in order to understand thetidm reduction and wear governance
mechanism offered by GO dispersion. The first pataminvestigated was the effect of
GO dispersion on different mating materials. Thetemal of the ball were set as
variable with tungsten carbide (WC), carbon st&)J2) and stainless steel (SUS304)
against SUS304 flat plate. The study shows thatd@Persions able to reduce friction
coefficient of each mating materials. Then it wasnid GO adsorption occurred on the
lubricated surfaces of both the ball and flat plateggesting GO sheets may behave as
protective coatings. Other than that, the effedtsdifferent concentrations of GO
dispersions were also studied. Differ to DNP disjmars; the distinctions in the GO
dispersion’s concentrations were noticeable. Lastly applied load, sliding speed and
sliding distance were investigated for WC ball agaiSUS304 flat plate. The focus of
several parameters on WC ball and SUS304 flat plste due to the best friction
coefficient obtained in the test.

4.1 Introduction

Graphene is a single atom thick, with a two-dimenal structure derived from a
single layered sheet of graphite, and has recatttigcted much attention for its unique
properties, including lubricating potential [1-GO has been used as a precursor for
large-scale production of graphene. Therefore,ettege still a lot of abilities of GO
need to be discovered. In conjunction with the Bssitg to improve tribological

properties by water lubrication especially to steekerials, the application of GO as an
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additive is interesting to be studied.

Other type of carbon nanomaterials have been studse water lubricating
additives, and have shown good tribological pertomoe [5]. In this case, hydrophilic
treatments are vital for the application in watdsrlcating additives, because materials
without any surface treatment are innately hydrdgphd6]. However, hydrophilic
treatments to carbon nanomaterials will increasectyst of the additives. On the other
hand, GO has many carbon oxygen functional growmpszh allow for dissolution in
water. This means that no hydrophilic treatmenésregededThere was also a report
that GO sheets area actually amphiphilic. Amphiphi$ the condition where both
hydrophilic and hydrophobic occurred. In latestdgtuit was revealed that GO sheets

Fig.4.1 Graphene Oxide dispersions with different concentrations

Fig.4.2 Scanning Microscope Images show the Graphene Oxide flakes
after dried up on the substrates
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Fig.4.3 Atomic force microscope image shows the thickne
the Graphene Oxide flakes

was actually possess edge-to-center distributionhydrophilic and hydrophobic
domains [7].

In this study, the tribological properties of siadhyer GO dispersions between
pin (ball) and flat plate substrate were inves#datGO used in this study was
synthesized by modified Hummers’'method. To induceation, microwave irradiation
was used during the oxidation process. GO dispessiwere show in Fig.4.1 with
different concentrations. The highest concentrattdnGO prepared was 1 wt.% ,
followed by 0.1 wt.% and 0.01 wt.%. We can baretypw the GO appearance by the
smallest amount of GO in water as the dispersieemsso clear. Fig. 4.2 shows the GO

flakes after dried up on the Si substrate. The SiBBErvation revealed that the size of
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GO flakes in water were from 10 to fén. In addition, most of the flakes size are big
and skew to the size of 30n as shown in Fig.4.2.

Fig.4.3 shows an atomic force microscopy (AFM) imamd height profile of
the GO sheets. The sample was prepared by droppn@l wt.% GO dispersion onto a
freshly cleaved mica substrate followed by natdrging. The height of the GO sample
was measured at around 1 nm. The distance betlweegrapheme sheets in graphite is
around 0.335 nm. As the surface of GO is compoded large number of oxygen
functional groups, the heights of GO measured bilAsire likely to be more than 0.335
nm (typically around 1 nm) [8]. Therefore it wasnctuded that the GO flakes used in
this study had a single monolayer structure.

4.2 Experiments

The experiment carried out in this chapter is psghpto investigate tribological
properties of GO dispersions in different condiicemd parameters. The results and
discussion have been divided into 4 main sectidmswbased on the dependable of the
dispersions in diverse factors. The experimentasniy conducted with the tribometer
as described in chapter 2. Furthermore, the satdpparameter for the experiment in
this particular chapter is independent to otheptdra

In this particular chapter, the first experimensvearried out to study the ability
of GO dispersions in reducing the friction coe#iai in different material combinations.
The entire test was conducted by the same flae ptabstrate, which was lapped
stainless steel, SUS304 (JIS-SUS304). The surfacghness of this plate was
approximately 33nm. The differences were only aa ¢bunter materials. The counter
materials used was 2mm balls which were WC, SU#SiIsS304. The second section
was the concentrations dependence. In this secsiamlar materials as first section
have been used with the test in 0.01, 0.1 and % wt. GO dispersions. The prepared
dispersions were shown in Fig. 4.1.

Other two sections were dependent on the parametdise tribological test,
which were involved applied load, sliding speed alding distance. The applied loads
were configured for 1.00N, 1.88N and 3.00N. Witle tinain applied load of 1.88N,
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other loads were for investigate the effect of loaduction and increment. The default
sliding speed was 300 rpm and the sliding distamas 2 mm. Similar to the applied
loads, speed also regulated to lower the spee8Gagin and increase it to 450 rpm and
600 rpm. The sliding distance was also shortenglddrtom and increased to 6 mm and 8
mm in order to investigate the dependence of GQedssons to the friction coefficient.
Prior to the test, all of the materials were clehbg ultrasonication in acetone,
ethanol, and finally in water for 5 min each. Ttedwme of lubricant fluids used for the
friction experiment was approximately 2 ml whichsasgimilar to the DNP dispersions.
To prevent evaporations for lubricant fluids, ttedl land flat plate were covered with an
acrylic box. In this study, lubricating fluids didot be added during frictional
experiments. The lubricated surfaces of the ball plate were investigated by optical

microscope and scanning electron microscopy (SEM).

4.3 Results and Discussion

The results and discussions were divided into 4sparhe first part was
discussed about the dependence of the GO dispsra®ra lubricant on the mating
materials. In this chapter also, the mechanisnriofidn reduction will be explained.
Other 3 sections will be discussed regarding tlangh in the parameter of the lubricant
and the test condition. The parameter of the lalotiovas the concentration of GO
dispersions. Meanwhile the test conditions werdiegpoad, sliding speed and seliding
distance.

4.3.1 Material Dependence

The dependence of friction coefficient reductiorddferent mating materials is

summarized in Fig.4.4. The result is obviously shaive ability of 1 wt.% of GO

dispersions in reducing the friction coefficient distilled water regardless of the
combination of WC ball, SUJ2 ball and SUS304 bghkiast SUS304 flat plate. The
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Fig.4.4 Therelation of friction coefficient with the ball materials used against SU
substrates under distilled water with and without the addition of 1 wt.% of Graphene
Oxides

trend of friction reduction is noticeable for dllet materials as the similar percentage of
friction reduction obtained respectively withoutyaverlapping in the data.

Firstly we can see the different in friction coeféint of each mating materials
for the friction test in distilled water. The higitdriction coefficient obtained was for
the same combination of mating materials, SUS30# dra SUS304 flat plate. The
friction coefficient is as high as 0.6. This regalfollowed by the friction coefficient of
around 0.5 by the combination of SUJ2 ball and SMSBat plate. The lowest friction
coefficient for the test in distilled water was tasound 0.4 for the WC ball on the
SUS304 flat plate. From the results, it is cleat tthe friction ability on two contact
surface is dependable on type of materials used.réhult also indicates the lubrication
regime was boundary lubrication where the roughr#fsgontact surface and the
hardness of materials are highly reflected on ticéidn coefficient.

Also In Fig.4.4, the reduction of friction force aiifferent ball materials are
noticeable by the addition of 1 wt.% GO in distilllevater. The entire friction

coefficients obtained shown a stable results whiehe in steady-state condition. The
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correlation of the reduced frictions from the fiaet in solely distilled water were also
clear where the lowest friction coefficient was law as 0.05 for WC ball against
SUS304 flat plate. It is followed by SUJ2 ball winiwas 0.1 and SUS304 around 0.2.
The friction coefficients by GO dispersions wersoalstable without any obvious
variation of the data. This is supported by the parison to the data obtained for
distilled water. In distilled water, especially f8tUJ2, the value of friction coefficient
was jumped from 0.45 to 0.5 at 10000 cycles andamnesrhigher until the end of the test.
The friction coefficient of WC against SUS304 fastdled water was also not vertical.
The value is slightly increasing up to 0.45 at 8D@9cles. This is shown the ability of
GO to provide good and stable lubricity to the egst However, with diverse values
shown for GO dispersions, the dependent on thengnatiaterials for the system is still
occurred.

The mechanism of the friction reduction can befietiby microscope images
of the worn area in the wear tracks. The contastethces were washed by ultrasonic

WC ball distilled water

WC ball 1 wt.% GO SUS304 plate 1. wt.% GO

M

‘\\ ' fith t Lk
il | il iﬂ” ﬂ‘, i i

Fig.4.5 The scanning electron microscope images of WC balls and laser microscope

iImages of SUS304 substrates
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cleaning in ethanol after the friction tests ptioithe microscopic observations. Fig.4.5
shows the SEM images of the worn area on the WCshélaces after the test on the
left side. On the right side are the images ofviloen area on the SUS 304’s wear track
by the observation via laser microscope. The uppeages is the worn from distilled
water, meanwhile the lower images is the resulinfitbhe addition of GO in distilled
water. The size of the worn area on the ball serfec larger and seems to be
experienced severe damage with the dislocatiorh@fntaterials particles around the
worn area. On the other hand, the worn area ofesiein GO dispersions was smaller
and oval in shape. The wear on the ball is noemsing such as in the distilled water.
Meanwhile, the observation on the wear track isantyeshows a significant
different. The wear track of the test under distilwater was wider than the one in 1
wt.% GO. The severe grooves on the wear track aiseobservable. The condition of

the wear track is clearly shows that the recipiagatnovement of the ball was resisted

SUS304 ball distilled water

SUS304 ball 1 wt.% GO

images of SUS304 substrates
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at both end of wear track. This condition is ledhe unparalleled groove on the wear.
This condition is due to the inability of watergoovide lubricating film on the contact

surfaces. The continuous movement then resultdaetbigher wear on the ball. On the
other hand, there was noticeable slightly blackstarre along the wear track of
SUS304. This is probably tribofilm which was formeedm GO dispersions during the
sliding process of two contact surfaces. From #silt comparison in Fig.4.4, we can
determine that the formation of tribofilm by GO wable to reduce the friction

coefficient down to 0.05. The contact surfaces oeddy this tribofilm also respond to

the wear occurred on the ball, which was signifisesmaller than distilled water.

The Fig.4.6 indicates the wear condition on the 3WShall and plate after the
sliding friction test. Based on the result of Fi§,4it is cleared that the friction
coefficient for the combination of these mating emmls was reduced by GO
dispersions. However the friction coefficient fasth in distilled water and 1 wt.% GO
dispersions were higher compared to WC ball and2Saghinst SUS304 flat plate
substrate. The worn area on SUS304 ball in bdihdity conditions were almost the
same in the size and formation. The structure efvibrn area is differing to WC ball
because of the ball’'s original structure. In théS304 ball, the surfaces of the worn
area are resulted from the removal of the metailiterials. The same size and structure
of the wear is due to the same material, SUS30dimglon each other surfaces.

Further observation on the wear track shows intiexggsesult. First of all, severe
worn can be seen on both wear track for the tedflistiled water and also GO
dispersions. Similar to worn on the balls, both mteack width were also similar in the
size. However, the scratch on the SUS304 platehiertest in GO dispersions shows
parallel and straight grooves. The result by destilwater is similar to the images in
fig.4.5 where the reason of scratch formation esgsame. As previously described, the
friction coefficient of the result by SUS304 baldaplate combination is the higher
compared to others. It is confirmed by the imagesifi where no tribofilm as in fig.4.5
and 4.7 were observed.

Fig.4.7 is the images observed for the test by ShhlPagainst SUS304 flat
plate. The observation on the worn area on thesbalvs similar type of wear which is
flat circle. However in the size of the worn arealifferent. In the test under distilled

water, the size of worn area is almost the samhb thi¢ one in Fig.4.6. The surface
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features around the worn area were also similarth@mther hand, the size of the worn
area was significantly smaller in the test under @€persions. This result is highly
related to the friction coefficient obtained, whialas around 0.1, which is still as low
as the friction ability of water based oil lubri¢gn]. In the comparison of all of the

different type of balls used, the sizes of worneleped were also differ. The size of the
worn area is seemed to be correlated either tdhéndness of the ball surface or the
mating materials combination. As we know, the latgeear is from the same mating
materials, SUS304 ball against SUS304 flat plate.

Lastly is the laser microscopic observation onwloen area in the wear track of
SUS304 flat plate by the rubbing with SUJ2 balmiar to other two previous tests
under distilled water, the wear track width in Big.was also wide. However the severe
scars are not observable as there was deformafidheowear track with similar

movement formation to the result obtained for testiwater as in Fig.4.6. Meanwhile,

SUJ2 ball distilled water SUS304 plate d'”‘tilled Water

sul2ball lwt.%GO

Fig.4.7 The scanning electron microscope images of SUJ2 balls and laser microscope

iImages of SUS304 substrates

67



the width of the wear track on SUS304 flat platdemGO dispersions is very small. In
fact, the size is might be smaller than the on b Wall against SUS304 plate.
However, slightly dark areas is clearly observedidates the formation of similar
tribofilm as previously described. The formationtbis tribofilm is might be from the
reaction of the GO to the debris form the weartheswear in both SUJ2 and WC balls
are not embedded on the ball surface as they wiéeeetht materials. It is different with
SUS304, where the debris was tend to be embedd¢detdall surface rather than
reacted to the GO and form the film.

Further observation by SEM has been carried oun &8g.4.8 and Fig4.9. Fig.
4.8 shows SEM images of the WC ball surfaces labeit in distilled water and the GO
dispersion. The observation on these specimengcylarty by the best tribological
result compared to other mating materials. Theseispens were also from a different
test under the same condition as the result iMgThe wear on the WC ball surface

Fig.4.8 SEM images of the WC ball surfaces after a friction test of 60,006 cfe)d he
surface lubricated with distilled water and (b) a high magnification imap# gurface

with the GO dispersion and (d) a high magnification image.
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lubricated with purified water could be clearly see Fig. 4.8(a). The wear observed as
formation of a circular wear scar of diameter 300. The wear depth of the WC ball
was estimated to be approximately 6 um based onstiaring area. A high
magnification image of the wear surface is showrfig. 4.8(b) indicating a loss of
particles from the sintered WC surface and an aswen the surface roughness. The
surface lubricated with the GO dispersion is shawRig. 4.8(c) and did not show any
obvious signs of wear. However dark areas were rabdeon the surface (a high
magnification image and carbon elemental mappinthefdark area are shown in Fig.
4.9(a) and (c), respectively). A high magnificatiomage shown in Fig. 4.8(d) indicates
that no WC particles were displaced from the s@rfabricated with the GO dispersion.
It was also noted that some areas of the surfatleeirnigh magnification images Fig.
3(d) appeared slightly darker with no apparent rmolpgical changes.

Fig. 4.9(a) and (c) were the SEM images of the ball flat plate surfaces,
respectively, lubricated in the GO dispersion aéidriction test of 60,000 cycles. Fig.
4.9(b) and (d) show carbon element mappings meadweEDS on the areas in Fig.
4(a) and (c), respectively. The SEM image of the WAL surface lubricated with the
GO dispersion shown in Fig. 4.9(a) showed slightlgrk areas without any
morphological changes, and also some much darleasahat corresponded with the
adherence of thicker tribofilmAlthough the SEM images of the ball and flat sugfac
lubricated with the GO dispersion did not show asars, the wear ratios should be
confirmed by long-duration frictional experimentsdéor morphological measurements
using atomic force microscopy. The carbon elemeappings in Fig. 4.9b) and (d)
showed that the darker areas in the SEM imageshigdeer concentrations of carbon,
suggesting that tribofilm from GO sheet may be dolst in these dark areas of the ball
and flat plateA few GO sheets would adsorb on the slightly dadaa which formed
thin tribofilm. Therefore, the improvement of fimh observed seemly originated from
the formation of the adsorption of GO sheets ondbetact surfaces. However, the
delamination or damages of the adsorbed GO filmotsknown for the test up to 60000
cycles. Considering the very low and stable frictomefficients shown by the test under
GO dispersion, it is likely that non-damaged in B® tribofilm. Thus, it could be

presumed that the either there was no damagirrgwfitm.
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Fig.4.9 SEM images of carbon elemental mappings of the WC ball and stainleflatsteel
plate lubricated with the GO dispersion after the friction test of 60,000 cyQl&E k&
image and (b) carbon elemental mapping of the WC ball surfaces. (c)rB&dé¢ and (d)
carbon elemental mapping of the flat plate.

4.3.2 Concentration Dependence of Graphene Oxide

A diverse results obtained by the combination ffedent type of materials was
direct this study to the concentration controllmigthe GO dispersion. This method of
experiment was also carried out in previous chaptdr the DNP. However, data was
analysed for all combination of the materials iis gparticular chapter. For this purpose,
GO dispersion was diluted in distilled water wittetconcentration of 1, 0.1 and 0.01
wt.% of GO. The data was analysed by divided ttsailte of different materials for
better understanding of the friction reduction mgles. The minimum amount of GO
to be used for the optimum friction reduction cadetermined of in each specimen.

Fig.4.8 is the result by the best combination otingamaterials, WC ball and
SUS304 flat plate substrate. As shown in previaien, the friction coefficient of
solely distilled water shows as high as 0.6 oftivic coefficient. The addition of 1 wt.%

of GO to the distilled water as a GO dispersioredbl reduce the friction coefficient
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Fig.4.8 The friction coefficient results of WC ball and SUS304 substrate under various

concentration dependence of Graphene Oxides compared to distilled water

down to 0.05, which is extremely low. The frictiohtained was also stable without any
volatile values observed. The dilution of GO dispen to 0.1 and 0.01 wt.% shown the
decreasing of lubricant ability to lubricate thentaxt surfaces. The friction coefficient
by 0.1 wt% GO dispersion was stable at 0.1 witfitk volatile. Lastly, 0.01 wt.% of
GO addition to distilled water was only able torbduced down to 0.3.

Despite of giving the highest friction coefficiemt comparison to other
combination of the materials of ball and flat platee friction test of SUS304 ball and
SUS304 flat plate shows significant friction redaot This can be clearly seen from
Fig.4.9 by the reduction of an extremely high faot coefficient from 0.6 in distilled
water with the addition of different concentrati@nGO. The friction coefficient for the
test under 0.1 wt.% shows lower value comparedwd.% of GO dispersion. However
it was gradually increased and shows the same anaguhe one in 1 wt.% of GO. The
lower friction at the initial state might due toettadherence of GO sheets to the
contacting surfaces. The gradual increment mightuseto the incomplete formation of
GO tribofilm or the sheets are started to damagg, fdrther study is needed to confirm

this matter.
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On the other hand, the friction coefficient obtaifem the lubrication with the

lowest concentration of GO shows the similar terogess Fig.4.8. It can be concluded

0.7

0.6 MWM
=
£ 0.5
.g —eo—Distilled Water
£ 04 -
© —o—0.01 wt.% GO
O
= 0.3 + 0.1 wt.% GO
§ 0.2 —o—1 wt.% GO
L

0.1 [

0 1 1 1 1 1

0 10000 20000 30000 40000 50000 60000
Number of Cycles,N

Fig.4.9 The friction coefficient results of SUS304 ball and SUS304 substrate under

various concentration dependence of Graphene Oxides compared to distilled water
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Fig.4.10 The friction coefficient results of SUJ304 ball and SUS304 substrate under

various concentration dependence of Graphene Oxides compared to distilled water
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that the concentration of 0.01wt.% also reduceftiction coefficient. However, with
the small amount of GO sheets dispersed in didtiNater, the ability to develop high
performance tribofilm might be low. The similar teamcy of friction reductions were
also observed in Fig.4.10, which we believed tihat performance of 0.01 wt.% in
friction reduction is almost the same for all matkst combination. The mechanism of
the friction coefficient for 0.01 wt.% of GO disgeyn is likely not dependent to the
materials studied.

The last data in this section is shown in Fig.4T0e data is from the friction
test of SUJ2 ball against SUS304 flat plate. As dtner combination of mating
materials, the friction coefficient was able to teeluced in all concentration of GO
dispersions. The difference in friction reductioh lowt.% and 0.1 wt.% were not
significant at first when both values obtained stable at around 0.1. However, at the
end of the test at 60000 cycles the friction ceoefht lubricated by 0.1 wt.% of GO is
slightly higher at 1.5. As described for the resutt Fig.4.8, the ability of GO tribofilm
to maintain their optimum performance might be dased. This is due to the low
amount of GO sheets in the dispersions.

The formation of the tribofilm from GO sheets oktHdispersions is likely to
depend on the concentration of GO. This is reftedte the WC, SUS304 and SUJ2
balls against SUS304 flat plate. However, the dimaion forming high quality

tribofilm cannot be justified solely from this parilar experiment.

4.3.3 Load dependence with different speed

Fig.4.11 is the summarization of the friction cagént for two parameters, the
load and the sliding speed. The concentration ofd&persions used in obtaining the
data is 1 wt.% since it gave the best friction ettun result for our study. The materials
used were WC ball and SUS304 flat plate, as thé¢ tesults obtained in material
dependent in previous section. From4.11, the resadt able to verify the variation of
the obtained data with various loads and slidingesp This result also indicates the

condition of parameter where GO dispersions abhititproviding good lubrication to
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the system. The stable result can be seen whervdolation of the data is obtained.
The summarized result shows that the sliding tegt an applied load of 1N
shows varies result. It can be seen in the slidipged of 150 rpm where the highest
friction coefficient was 0.13 which is far from timeean, 0.05. The similar result also
noticeable for 600 rpm, where the highest fricttmefficient was 0.35 compared to the
0.1 of their mean. In addition, both of the resddtr 300 rpm and 450 rpm show higher
mean which were 0.1. The variation of the datals® as high as 0.03 to 0.05 in

differences. The applied load of 1.8N shows Eeliariation with less than 0.03 for the
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Fig.4.11 The distribution of friction coefficient of WC ball and SUS304 substrate tneleto
of GO dispersion for different loads and sliding speeds
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sliding speed of 150 rpm, 300 rpm and 450 rpm a@y Wigh for 600 rpm. Sliding
speed of 600 rpm for the applied load of 3N alseeghe similar result as the applied
load of 1.8N. High variation for the result obtadn®r 600 rpm of speed is due to the
ability of GO sheets to gradually form a tribofilmthat speed.

Studying the overall data in Fig.4.11, it is noéib&e that the mean for the entire
friction coefficient were less than 0.1. The low#sgttion coefficient was 0.05, can be
seen in the lowest speed, 150 rpm for all appleedi| The friction coefficient of 0.05
also can be observed for 300 rpm and 450 rpm. Hewydhe most stable friction
coefficient without any variation in the data wé®wn in the data of 300 rpm with the
applied load of 3N. Therefore we were decided totiooe our study in the sliding
speed of 300 rpm for further understanding aboet firmation mechanism of the
tribofilm.

Fig.4.12 is one of the friction coefficient datataibed for 300 rpm. The data

was taken for 20000 cycles with different appliedd. The data is corresponding to the
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Fig.4.12 The friction coefficient of WC ball and SUS304 substrate in 1 wt.% of GO d@spersi
for 300 rpm sliding speed and loads of 1.00N, 1.88N and «

75



micrograph images in Fig.4.13. Firstly, Fig.4.12swaescribed that GO dispersion
ability in reducing the friction coefficient forladf the condition from high friction with
only water. In the steady state, the entire fricwoefficient is below 0.1 and amount of
friction coefficient were about the same. In thevdst applied load, the friction
coefficient was high during the running in periedhere the friction was not promptly
reduced after the sliding test started. It wadestiaio enter steady state at 2500 cycles. It
was due to the applied load which was not enougbraduce wear debris for GO to
react and form a tribofilm. This similar conditievas also happened in other sliding
speed for 1N as described in the summarized dakago§.11.

On the other hand, friction coefficient for 1.8NdaBN were promptly reduced
after the sliding cycles was 1000. The frictionféiogent for both applied load were the
same, approximately 0.05. However the friction Goeit of 1.8N of applied load was
gradually increased and jumped after 15000 cyctesaround 0.1. Although the
increment of the friction coefficient was signifidan this figure, 0.1 is still far smaller
in comparison to the distilled water. Thereforeg thibofilm was not undergoes any
delamination or break apart. The increment is mightiue to the decreasing quality of
the tribofilm. The thickness of tribofilm was alsdecreased after certain cycles.
However, the tribofilm was still remained on theawdrack and govern the surfaces
from further wear. Meanwhile, the friction coefcit by the applied load of 3N shows a
good value until 20000 cycles. This result is tlestbamong others. 3N applied load
apparently produced enough wear debris to be gt GO sheets and formed the
thick tribofilm.

The comparison of the tribofilm formed in each wéack can be seen in
Fig.4.13. The lowest friction coefficient with thmean of 0.05 with insignificant
variation on the collected result samples in FghBws the thickest black compared to
others. The magnified image show the noticeablegenaf GO sheets which form as
tribofilm. Similar formation of thick sheet can albe observed in the images of the test
under 1.88N. On the other hand, the observatiotherweartrack of applied load of
1.88N shows light area of tribofilm. The light arean also be distinguished in other
wear track i.e. behind the thick tribofilm. Thernefat is verified that initially, the GO
sheets adsorbed to the asperities of the matentces. Further rubbing and sliding of

contact surfaces will produce wear debris. Enougbumt of wear debris then reacts to
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GO dispersion. This process is believed to formakii tribofilm which able to reduce
the friction coefficient down to 0.05. However, were unable to determine the enough
amount of wear debris to initiate the formatiortlo€k tribofilm.

IN 1.8N 3N

Fig.4.13 The micrographs images and wear profile of SUS304 substrate in 1 wt®%6 of G
dispersion for 300 rpm sliding speed and loads of 1.00N, 1.8N and
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Furthermore, the wear profiles analysed from tharweack on two different
areas show that the formation of thick tribofilm svaccurred. The thickness is
noticeable from the smaller depth at the area wihieh formation of tribofilm is

observed.

4.3.4 Speed dependence of varies wear length

The figure 4.13 shows a summarization for differ®itting distance. The sliding
distance was named as wear length for this seasahindicates the length of the wear
developed. The study on the different wear lengtbse decided based on the default
length used in our study for the entire thesis,clwhis 2 mm. This 2 mm wear length
was compared to the shorter wear length was 1 nurttenlonger wear length were 6
mm and 8 mm. the comparison of the wear length e@sed out for the different
sliding speed. The sliding speed is 150 rpm, 300, 460 rpm and 600 rpm. Similar to
the previous section, the entire data were sumedrizom friction coefficient vs
number of cycles’ graph. However, the example @f gnaph is not included in this
particular section. This is because our objectivthis section is to distinguish the effect
of the distinction in sliding distance by the reoigating tribological test.

Overall results imply that the friction coefficiembtained was very stable
without any fluctuation by the variation of data the wear length of 1mm, 2mm and
6mm. But, the data was not stable for the weartten§6 mm by the sliding speed of
600 rpm. Furthermore, the friction coefficient idremely low for the short wear length.
In Imm and 2mm of the wear length, the friction fioents were approximately
around 0.05 or little bit higher. On the other haindtead of varies in the data from the
mean, the friction coefficient of 6 mm and 8 mmoadgproximately higher than 0.05
but lower than 0.1.

The results suggest that the sliding speed and wersgth setup for this
tribological test is highly affect the stable frast coefficient. So, the formation of
tribofilm was also highly dependent to the slidispeed and distance. In the
longersliding distance and higher sliding speed, 6@ able to produce proper

lubrication to the contact surface. It is probaliye perfect formation of the thick
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tribofilm cannot be performed. However, with theandriction coefficient still under

0.1, it is possible that the thin tribofilm as dése in previous section has been formed.

The result also made us continue our other relatgueriments in regards to GO

dispersion for 300 rpm of speed and 2 mm of slidirsgance.
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4.4 Summary

The study of GO as an additive in water lubricatisnmportant. As a carbon

nanomaterials, GO is able to provide high functignability in improving tribological

properties by water for lubrication. Therefore,tims chapter, the study was highly

focus on the mechanism of the friction reductionG)®, and also the investigation on

several parameters for the application. The exparial results are summarized as

follows;

1)

2)

3)

4)

5)

GO flakes were well dispersed in water and can &slye diluted in order to
produce some different concentrations of GO dispess The dispersions were

able to be achieved by the presence of carbon oxfygestional group.

GO dispersions were able to reduce the frictioaffcment on several types of
materials such as WC, SUJ2 and SUS304 balls osahe flat plate, SUS304 in

comparison to the friction test in solely distillegter.

The observation on the contact surfaces showedhbvows wear after 60,000
friction cycles and the friction coefficient waslato be reduced down to 0.05 for
WC ball against SUS340 substrate. The GO flake®ealieved to be adsorbed onto

the lubricated ball and flat plate surfaces, heauteas protective coatings.

The concentrations of GO dispersions are importanproviding best friction
performance of the lubricant. From the results, 1%wof GO offered lowest
friction coefficient for each mating materials. Whilie amounts of GO flakes were

reduce, the friction coefficient of the dispersiovifi be increased.

The dependence of friction reduction is highly degent on the condition of GO
flakes in the distilled water. It was noticeablenr the load and sliding speed
dependence that the formation of GO occurred ia@tidition. However, in order
to obtain stable tribofilms, the finest parameteeed to be considered. Further

investigation on this matter need to be performed.
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Overall results obtained suggest good potentiatiferapplication of GO sheets

as water lubricating additive to reduce frictiordaurface wear on the steel materials.

The tribological performances were due to the GiRef$ adsorbed and adhered to the

contact surface, which led to the formation of Gibafilms.
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Chapter 5

Tribological Effect by the Modification of Graphene Oxide in Water
Lubrication

Abstract

In this chapter, an extended study on single-laly&ephene Oxides (GO) has
been carried out. The continuity of the study was tb an extremely good friction
coefficient and wear results obtained in Chaptevlich discussed the ability of GO to
be used as an additive in water lubrication. Thel\sin this chapter is focusing on the
tribological effect by the modification of GO disp®ns in their size and pH levels. GO
was divided into 3 categories; GO1, GO2 and GO31Gw@s the original GO as
investigated in chapter 4. It has the largest 8af@lowed by GO3 and the smallest,
GO2. All of the dispersions’ samples then reguldatedH5, pH7, pH9 and pH10, from
their original pH3. The results obtained shows rctistinction where the GO1 not able
to maintain their lubricant ability as the frictimoefficient increased and the severe
wear occurred on the contact surfaces after thevglde exceed pH7. On the other
hand, GO2 and GO3 were able to retain their trigpokd ability except for pH10. The
properties deteriorated might be from the incregasihiion content in the dispersion.
Therefore, the experiment to reduce ion contenphilO was carried out for the last
section of this chapter. It was able to reducdfiilsgon coefficient even though not able

to reach the lowest friction coefficient by pH3.
5.1 Introduction

As described in previous chapter, GO received aflattention because of their
unique properties especially with lubricating pdi@n[1-4]. GO has many carbon

oxygen functional groups, which allow for dissotutiin water. However, dynamic

features of GO offered by their carbon oxygen fiomal groups is also important to be
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considered. It stems from the fact that the sizlkasfl plane of GO itself will affect the

dispersion level of GO in the water [5,6]. GO haanm carbon oxygen functional

groups, which allow for dissolution in water. A siaf GO will also affect a dispersion

level in the water [5]. In addition, a pH level GO dispersion in water will affect the

dissolution in water. A pH level of GO dispersioggnthesized by the exfoliating

process becomes acidity [7]. High acidity is nositkble for the application in metal

parts because of corrosion of metal surfaces. Toreréhe main focus on this chapter is
to study the controllable attributes of GO dispamnsias shown in Fig.5.1.

In this study, several modifications on the attrdsuof GO has been carried out
prior to the tribology sliding test. The modifiaai in our study was focusing on the
physical and chemical reaction of the GO. The mealiion effect has been evaluated
by the investigation on the distinction in frictiazoefficient and the wear of each
modification. Therefore, the improvement of eachdified GO were able to be
determined and the ability of GO as an additivevater based lubricant is clearer. In
this particular study, tribological properties o1 @vt.% different size of GO dispersions
in water were investigated using steel plates (24%3and tungsten carbide (WC) balls
which are widely used in metal working. Both of tlmaterials were also used in the

related studies for this thesis. The modificatidnttee GO flakes sizes and pH level
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Fig.5.1 The effect of several parameters in GO which directly affeetitiey of

dispersions as an lubricant additive [5]
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were explained in the experimental procedure. Ijréhe influence of the pH level
regulation and GO flakes size of the dispersiothéofriction coefficient and wear were
discussed. Then the contact surfaces especiallywiirea areas were observed and
analysed by optical microscopy and SEM. In the past, the effect of centrifugation on
the GO dispersion on the friction coefficient waswsn.

5.2 Experimental

The experiments conducted in this chapter werelairto the previous chapter.
The same tribometer and methodology in conductiegeixperiment and data analysis
were carried out. Friction tests were performedhwa sliding displacement of
approximately 2 mm, a sliding frequency of 300 r@and duration of 20,000 cycles,
under an applied normal load of 3 N. It was refélcto the best friction coefficient and
wear condition obtained based on the study of G@hénchapter 4. Prior to the test,
both the SUS304 flat plates and WC balls were @dan ethanol, and then water for 5
min each using an ultrasonicator. The cleaned ssnpkre placed in an acrylic box
positioned on the sliding track of the tribometarsufficient amount of lubricant to
cover the sliding area was added (approximatelyl)2 Time acrylic box was covered
and no water condensation observed inside the baxk during the experiment
indicating no significant evaporation of the watembricated surfaces of the plates and
balls were investigated by optical microscopy. dflthe plates and balls were carefully
washed by ultrasonicating in ethanol before theenlagion. Widths of plate wear tracks
were determined by 3 times measurement averagaamteo different points. Widths
of ball wear scars did by 3 times measurement geepa one point.

The lubricant used in this study was a dispersicd@raphene Oxide (GO) which
has been prepared in different sizes. For thisiqudat test, the acidity of lubricant
dispersions was regulated by adding strong alkadiokition, potassium carbonate
K2COs to the original pH3 of GO dispersions. The additwwas delicately conducted
and measured for pH5, pH7, pH9 and pH10. In additibe test materials used in this
study were lapped stainless steel (JIS-SUS304gsplanhd sintered tungsten carbide

(WC) balls with a diameter of 2 mm.
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5.2.1 Size Modification

One of the reason of friction reduction by GO whes inonolayer sheet structure
of the GO flakes. There was a study revelead tlatsBGeets area actually amphiphilic
with edge-to-center distribution of hydrophilic ahgdrophobic domains [5]. Therefore,
the lateral size of GO definitely give a signifitaffect in friction reduction where GO
can adhere to interfaces and lower interfacial gghesuch as surfactant. The
modification of molecules and size adjustment waué of our capability due to the
facilities and the main study in our laboratori€herefore, all of the modified size of
GO were supplied by Research Core for Interdigupli Sciences, Okayama
University. However, the processes of dispersionceatration and acidity regulation

Fig.5.2 The SEM images shows the different in flakes size «
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have been performed in our laboratory. The sizgraphene oxide sheet and acidity
study were influenced by the ability of GO to bellvwgspersed in distilled water. A
well dispersed lubricant is believed to increasd stabilize the tribological ability of
the lubricant.

Fig.5.2 shows the SEM observation of the prepaBfd dispersions. As
mentioned, it was divided into 3 main sizes and edas GO1, GO2 and GO3. The
distinction in the size of GO can be determinedh®ysize of their flakes as showed in
Fig.5.2. The largest flakes size observed was fooiginal GO1 with the sizes were
from 1Qum up to 50um in one direction. It was followed by GO3 whichspess smaller
size of flakes compared to GO1. The main size iIr8@@s fum, and the largest flakes
up to 20um can also be observed although it was signifigdotl in the amount. The
smallest size is provided by GO with the largegesivas around 5 to . The
observation on the largest scale (out zoomed) \eslg shown the distinction in GO
dispersions. The smallest size of GO flakes, GQnseto be well distributed to the

entire substrate suface.

5.2.2 pH level Regulation

The pH regulation was carried out in order to redtlee acidity level of GO
dispersions. This is because the original GO dgpes is possessing high level of acid
due to their producing process. Higher acid willega bad effect such as corrosion to
the metallic materials which is generally used iachanical systems. The chemical
reaction by acid on the metallic materials will alsvear them away. The pH
adjustments were done by the addition of Pottasitarbonate (KCOs), which is a
strong alkaline solution to GO dispersions. Thayioal pH levels of GO dispersions
were around pH3, which is acidic.

The acidity of GO dispersions was delicately ftatpd into pH5, pH7, pH9 and
pH10 from their original state, pH3. The acidityd¢ of the dispersions was measured 3
different days to investigate the stability of tlspersions prepared. The original

acidity level of the dispersions did not showed anyiceable difference for the entire
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Table 5.1 The Acidity level of Graphene Oxides after several days

Date | 2014.09.17 2014.09.26 2014.09.30
pH3 2.7 2.7 2.7
GO1 pHS5 5.3 4.8 4.7
pH7 7.0 7.0 7.0
pHO 9.1 7.5 7.6
pH10 10.0 9.5 9.4
Date | 2014.09.12 2014.09.16 2014.09.18
pH3 2.8 2.6 2.7
GO2 pHS5 5.3 4.8 4.8
pH7 7.2 6.7 6.8
pHO 9.0 7.7 7.7
pH10 9.9 9.4 9.2
Date | 2014.09.19 2014.09.22 2014.09.29
pH3 3.2 3.1 3.1
pH7 7.4 7.0 7.0
pH9 8.9 7.5 7.5
pH10 | 101 9.6 9.3

sizes of GO used for this study after leaved fores# days. It was due to the
concentration of H ions which were extremely high lbwer level of pH. On the other
hand, the pH values seem to be decreased for thiereday of monitoring for the
higher level of pH. The decreasing tendencies wekceable for the dispersions
regulated to pH9. This is because ion activityasily detected on the higher value of
pH which was depending on the decimal logarithnhe Tomplete measured pH values
were shown in the Table 5.1. The effect in theaasing of pH for each sizes of GO
were investigated by the observation of SEM imagem Fig.5.3, Fig.5.4 and Fig.55.
Fig.5.3, Fig.5.4 and Fig.5.5 show the SEM imagess&f dispersions before
(pH3) and after (pH10) the regulation of pH levedsaperformed. The images on the
right side are the magnified images of the lefts@king the comparison of pH3 and
pH10 for GO1 as can be seen in Fig.5.3, the sizth@fGO flakes were remained
unchanged after the acidity regulation process. él@n the image presented on the left,
show a distinction between both types of GO dispess The conglomerated of GO
flakes was observed in GO1 pH10. It is believed théigher pH, the zeta potential

will be reduced, and GO flakes will be easier tepérsed in distilled water. However,
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the bigger size of GO flakes leads to the aggltethaf the flakes between each other.
Meanwhile in Fig.5.4, it is hard to determine tB®2 flakes after the pH value
was increased to pH10. However, GO2 flakes mighadglutinated as in Fig.5.3 with

Fig.5.4 The SEM images comparison of pH3 and pH10 for GO2
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Fig.5.5 The SEM images comparison of pH3 and pH10 for

higher density due to the smaller size of the #akeastly, in Fig.5.5 the size of GO3
flakes was remained unchanged after the increasinige pH level compared to pH3.

However, the distinction in the distribution of t6€3 flakes is can only be determined
by the magnified images. The flakes in pH10 seemkedtacompared to pH3. This is

possible that the flakes also accumulated togetherin lower concentration.
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