5.4 Results and discussion

The results and discussion section has been dividedseveral section. The
first section will be discussing about the effettitee size of GO flakes’ size and pH
regulation for friction coefficient and wear. Thecsnd section was the further
observation on the addition of GO3 with the diffeargH level to different mating

materials.

5.4.1 Size and pH level

The summarized results based on the regulationfSpersions size and pH
level were dictated in Fig.5.6. These results warmmmarized from at least 3 data
collection and were averaged to generate the casgmagraph. From the results, the
pH3 of GO1, GO2 and GO3 were clearly showed extherwsv friction coefficient.
The friction coefficients obtained were from thenga of 0.05 for GO1 and GOZ2.
Meanwhile, the friction coefficient of GO3 was ktidw in comparison to the overall
GO dispersions’ data. The depth and width of thanieack for all GO dispersion were
almost the same in pH3. When dispersions were aggmilto pH5, the friction
coefficient increased slightly higher than 1. Fartincrement of pH values which were
higher than pH7, the distinction of the tribolodi@bility result was obvious. The
tribological properties by GO1 started to detetierrom pH7 where the friction
coefficient exceeded 0.2 for pH7 and pH9 followsdds high as 0.55 for pH10 (this
friction coefficient is similar to water lubricatiovithout any additive [4]). On the other
hand, the friction coefficients for GO2 and GO3whbe consistency until pH9. The
friction coefficients at pH10 for both dispersiomsre around 0.25, lower than the result
obtained by GO1. On the other hand, the correlatbrihe wear and the friction
coefficient can be seen by the increment of depthveidth of the wear tracks.

Fig.5.7, Fig.5.8 and Fig.5.9 were showing the ngcaph images of the wear
track of SUS304 flat plates and WC balls for all @@8persion respectively. Started
with Fig.5.7, as the results showed in Fig.5.6, @dd8 pH5 produced the lowest friction
coefficient and also low wear on the contact s@$adt was noticeable that both WC

balls in Fig.5.7 only experienced small wear s€ar.the other hand, pH 7 until pH 9
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Fig.5.6 The summarized data obtained from acidity adjustment of
different size of Graphene Oxic

showed larger wear scar. It was reflected to tharwmck of SUS304. We can clearly
see that the depth on wear tracks were obvioustgrednt for lower value of friction

coefficients and higher friction coefficients.
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Fig.5.7 The microscopic images and depth profile of SUS304 substrates after

the sliding test under GO1dispersions



Ball Wear Wear Track Wear Profile

Fig.5.8 The microscopic images and depth profile of SUS304 substrates after the

slidina test under GO2 disbersit
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Fig.5.9 The microscopic images and depth profile of SUS304substrates after the

slidina under GOS3 disnersic
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However, the most significant observation in theaw conditions was the
tribofilms formation on the SUS304 flat plate. Thear track mainly covered by
slightly dark tribofilm, and the friction coeffiant was 0.1. This friction coefficient is as
low as offered by conventional oil based lubricafike similar tribofiims were not
observed for higher friction coefficients, morenh@&2. The higher friction coefficient
will leaved severe wear along the sliding directmthe wear track. Therefore, the
tribofilms provided good tribological properties ¢ime contact surfaces of the sliding
materials. Moreover, it is clear that the formatadriribofilm is highly dependent on the
pH level of the GO dispersion. The low pH leveldl wnhance the ability of GO to
disperse in distilled water as shown in Fig.5.3,.%#4 and Fig.5.5. As a result, the low
pH levels will provide better GO dispersions by ueithg the friction coefficient.
However, instead of evenly dispersed in lower pkk SEM images showed the
accumulation of the GO flakes for pH10. This comgdoated of GO flakes inhibited the
formation of tribofilms between the contact surface

The observations on WC balls were also shown sydside of the wear tracks
and wear side profile. The differences of the wocourred on each ball surfaces were
very clear. The formations of tribofilms on the wé&@ack of GO dispersions obviously
protected the balls from larger wear. On the otierd, severely wear on the ball by
high friction coefficients of GO dispersion wereufa, which defined the poor
tribological properties offered by the dispersibttoreover,GO flakes substances seem
to be adhered around the worn area of the ball sHowarrow in the image of the WC
ball for pH10. The adherence of GO substances erbdtl surface probably from the
conglomerated GO flakes for higher friction coe#itts. The similar formations of the
substances were not observable around the wear anghe ball for pH3 and pH7. It is
because that there were only the evenly dispers2flakes for pH3 and pH?7.

The formation of tribofilms was believed to be iaiéd by the adsorption of GO
sheets to the flat plate substrates. This assumpto supported by the similar
observation which has been done in a previous studynonolayer graphene oxide
sheets [4]. This tribofilm was acting as a protextcoating for the wear track. Hence
reduce the friction coefficient at the same tim&ega the material from severe wear
during the sliding contact. Moreover, the similapafilm was unable to be observed in
the wear tracks of pH10 (GO1, GO2, GO3) and pH7 II;@here severely worn on

95



the wear track were developed. The formation of @lbfilm is highly dependent on
the flake size of GO and the pH value of the G(elision. This is because sizes and
pH values of GO are important in the ability of G®be dispersed in water. Both size
sand pH values are the main parameters in GO’s ipfiggty where the ratio of
hydrophilicity and hydrophobicity are important pmoviding dispersion ability of GO

in water [5].

5.4.2 Materials Dependent

The studies on the different size of GO flakesiffetent level of pH conducted
showed the best result in the original pH levelwdweer, the observation only limited to
the single type of mating materials, which were Wall and SUS304 substrates.
Therefore it is important to investigate the effeat other types of materials. For this
particular test, only GO3 with pH3, pH7 and pH1Oreveised and compared to the

result of distilled water.

5.4.2.1 Friction Coefficeints and Wear Condition

Similar to the previous section, the results atwotliis section also summarized
into friction coefficients and wear formed in thest of various dispersions. Fig.10
shows the results from the combination of the siminating materials, which is
SUS304. The friction coefficient results show thatl3 able to reduce friction
coefficient of distilled water from more than 0.6veh to as low as 0.25. However, this
is not the best friction coefficient if comparedth®e WC ball against SUS304 flat plate.
pH7 also shows a reduction in friction coefficient0.6. As expected, pH10 unable to
provide better friction coefficient, similar to thgrevious section. Surprisingly, the
wears of GO dispersions were worse than distillatew

The microscopic images of the balls after the sbstw a variety especially the
wear surface of ball under pH3. The condition & slurface around the wear was black

and the GO sheets might be adhered to that patieuéa. The size of the ball's wear
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Fig.5.10 SUS304 ball vs SUS304 flat plate substrate

was also small. This was reflected to the widtthenwear of pH3, as it was shown that
the width was narrow. However, the depth was detta the one by distilled water.
The observation on other wear tracks after theite&O also gave similar results for
the depth, which were deeper. Additionally, bothtlud wear tracks were also wider
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than pH3 and distilled water. The friction coeféint, width and depth of the wear tracks
were correlated with the increasing of pH leveleT®O dispersions however can only
provide better friction coefficient for SUS304 bahd flat plate. Then, the similar

tribofilm as explained previously cannot be obsdrve

The second types of materials combination wereesamthe previous section,
WC ball and SUS304 flat plate. The results were atpeatability of the test with the
addition of comparative result to distilled wat&o, the results were the same where
both pH3 and pH7 show very low friction coefficisnThe depth and width were also
small. The formations of tribofilms were detectable both wear tracks. The pH10 of
GO dispersion and distilled water show the sanaidn coefficient, which were near
0.5. However, similar to Fig.11 the wear depth andth of distilled water was better
than pH10. Observation on the wear of ball and vieank also clearly show that the
wear in pH10 GO dispersion was really poor. The gtmmerated of GO flakes
apparently gave poor tribological ability to watebrication even for WC ball against
SUS304 flat plate.

Lastly, Fig.5.12 shows the summarized results efSIC ball, which is ceramic
against SUS304 flat plate. SiC material alone kndenpossess high tribological
functioning. Therefore, the friction coefficient idistiled water was really low in
comparison to other mating materials. The frictmwefficient by GO dispersions of
pH3 and pH7 were higher than 0.1, which shown dite improvement. GO
dispersion with pH10 however show higher frictiarefficient than distilled water. The
reason was similar as explained for WC ball agest$$304. However, GO dispersions
show smaller effect on the wear effect. Althoughdfilms seem to be formed on the
wear track for the test in pH3 and pH7 of GO disjmars, pH10 of GO dispersion and
distilled water also show black formation of subston the wear track. However, the
different of tribofilms formation indicates thatetiformation of tribfilm in distilled

water and pH10 of GO dispersion might be dominatethe substance from SiC.
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Fig.5.11 WC ball against SUS304 flat plate substrate
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Fig.5.12 SiC ball against SUS304 flat plate substrate
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5.4.2.2 Scanning Electron Microscope (SEM) obseniah and Energy Dispersive

Spectroscopy (EDS) qualitative analysis

Further analysis on the formation of the wear tra@s carried out with the
observation under SEM and EDS. These observatiomsld be able to determine the

materials composition on the wear tracks. Fig.S5HA@ws the result obtained in distilled

Fig.5.13 EDS analysis on SUS304 flat plate substrate against
(8)SUS304, (b)WC and (c)SiC balls in distilled water
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water. EDS was setup to analyse carbon compostiointhe comparison showing that
black area contains carbon. However, the thick ateag the transverse area crossed
the wear track did not show any formation of thiedfilms.

An observation for the Fig.3.14 shows the appea@&aficarbon composition in
(b) and (d). These observations were significanlyermine the formation of GO
tribofilms and supported by the results of frictiomefficients obtained earlier.
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Fig.5.14 EDS analysis on SUS304 flat plate substrate against
(a)SUS304, (h)WC and (c)SiC balls in pH3 GO dispersion
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Fig.3.15 by pH7 of dispersions however show onhaléiinaction of the carbon
content. In (a), the carbon content seems highesid®ithe wear track rather than inside.
Similar to Fig.5.14, the friction coefficient in 8304 ball against SUS304 flat plate not
significantly low indicates no possibility of thegh functional GO tribofilms were
formed. Both of (b) and (c9 show small fractiorcafbon element in the wear tracks.
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Fig.5.15 EDS analysis on SUS304 flat plate substrate against
(a)SUS304, (h)WC and (c)SiC balls in pH7 GO dispersion
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Lastly, EDS analysis on the wear track for the testler pH10 of GO
dispersions. As predicted, no formation of GO ftfilots can be notice on both (a) and
(b) in Fig.5.16 as the friction coefficients forthare high. Then in (c), the composition

of carbon is clear. However, the formation of tfims might be from the SiC, not

from the GO dispersion.
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Fig.5.16 EDS analysis on SUS304 flat plate substrate against
(a)SUS304, (bh)WC and (c)SiC balls in pH10 GO dispersion
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5.4.3 Centrifugation effect

The high friction coefficient resulted from pH10 &O dispersions was
probably originated from the amount of ion contienthe dispersions after the pH level
regulation process. Centrifugation procedure wasceted in order to reduce the
amount of ions in the GO dispersion. During thetofmgation process, GO flakes will
be separated from the solution. The solution velichange to the new distilled water. It
was carried out for several times until GO flakeg able to be separated with the
solution.

Fig.5.17 shows the comparison of friction coeffitidor the prepared GO
dispersions for the test of WC ball against SUSB&#plate. It is clear that the GO
dispersion with pH10 produced high friction coeffiat, which was slightly poorer than
distilled water. Surprisingly, after the centriftigam process, the same dispersion was
reduced the friction coefficient to 0.3, which wae% from their original value.
Therefore, it is clear that one of the reasonsoafomerated of GO flakes in pH10 was
from the amount of ions in the dispersions. lonssjay pull the GO flakes together,

hence reduce the ability to provide frictional @pito the contact surfaces.

W(C ball vs SUS304 substrate

0.7

0.6 —o—(istilled water
‘:EL 0.5 —e—GO3 pH3
2
§ 0.4 —o—GO3 pH7
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o
§ 0.3 —e—GO03 pH10
202 —e—GO3 pH10 after
- centrifugation
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Fig.5.17 The summarized data obtained from acidity adjustment for WC
balls against SUS304
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5.5 Summary

The attributes of GO which is dynamic obviously eeff the tribological
properties of GO dispersions. The variation on #iwes and pH levels of GO
dispersions were investigated by the friction sligtest. The configuration of pH level
is important for the steel materials. In conjunetio the general study for this thesis,
the experiments were carried out mainly on the ViCdnd SUS340 flat plat. However,
the effects of GO dispersions modification werealon other materials and parameters.

The following are the summarize of this chapter;

1) The friction reductions and wear protection wemghly dependent on the tribofilms
formation on the contact surfaces. There were typed of tribofilms, dark black
tribofilms able to reduce the friction coefficiedbwn to 0.05. On the other hand,
slightly dark tribofilms were only able to redudeetfriction coefficients down
around 1. However, both tribofilms were formed frd@O absorbance on the

contact surfaces.

2) The size of the GO flakes, which was also knowmasal plane, is possible to be
altered. The results obtained show that GO dispessin different size able to
provided low friction coefficients to the contactatarials in their original state with
pH3.

3) The increasing of pH level shows diversity in tlesults where the tribological
properties of GO1 started to deteriorated at pHi& ificreasing of pH level actually
increases the amount of ion in the dispersion; éeaduce the tribofilm formation
ability. The tribology properties of the smallezeiof GO flakes, GO2 and GO3
were only deteriorated at pH10. It is because thaller size of flakes is difficult to
conglomerate between each other.

4) The formation of the GO tribofilms also dependgshe type mating materials. In
this study, WC ball against SUS304 flat plate eigrare the best tribological effect
on friction coefficient and also wear. The sameingamaterials, SUS304 ball and
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plate not able to get extremely low friction coediints. It is due to the adherence of
the material between the surfaces. On the othal, i€ ball does not reflected to

the ability of GO dispersions in tribological praopes.

Overall, further study need to be made in ordeunderstand and define the
quality of the tribofilms developed. The bettebalogical ability by GO also can be

obtained by introduced longer structure of the carbxygen functional group.
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Summary

This thesis describes the study on two types obcamon materials, diamond
nanoparticles (DNP) and Graphene Oxides (GO) dispes as additives in water
lubrications. The main objective of this investigatis to study the ability of both
materials in providing water good tribological pesfies as a lubricant. Therefore it will
increase several advantageous of water in replagingeral oil as a lubricant for
mechanical systems. It is important to have adeltibecause water alone not able to
deliver good lubrication ability to the contact fases. The results obtained in this

thesis are summarized as listed below

(1) Both of the DNP and GO dispersions were able tagedriction coefficients of
distilled water as shown by the data obtained frtv sliding friction test. In
general, the obtained friction coefficients werdaag as 0.1, which is similar to the
friction coefficient by commercial mineral oil. Isome conditions based on
parameters selected, GO dispersions able to reflecgiction coefficient down to
extremely low, 0.5. The friction coefficient obtath also highly dependent to the
type of mating materials tested; in this thesis, W&l and SUS304 flat plate
combination shows the best results on both frictoefficient and wear. [chapter 3

and chapter 4]

(2) The friction coefficients obtained by the test unB&IP dispersions can be divided
into two running period, initial stage and steathtes stage. During the initial stage,
the friction coefficient is high; the higher thenoentration of DNP in water, the
higher the value of friction force will be obtainddowever, at the steady-state, the
friction coefficient will be approximately the sami caused by the embedded
particles of nano diamond into the wear track @& tlat plate, hence reduce the
friction coefficient. Also in the steady-state staghe wear of the ball seems to be

increased. In addition, two type of wear on thélate and ball were observed. The
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central striation which is clearly noticeable onawt&ack and lightly seen on the ball
was formed during the high friction of initial seag-urthermore, the wear was not
really clear on the outer side of the central 8otaof the wear track. In contrast, the

wear was clear on the surface contact of the [clapter 3]

(3) The friction reduction by GO dispersions was prdgnmbtained after several
sliding cycles. It was due to the formation of tfilms on the contact surfaces. The
tribofilm was formed by the absorbance of GO flakeso the contact areas. This
tribofilms were not only able to reduce the frictitorce, but also improve the wear
of the materials due to the friction. The distioo8 in the concentrations of GO
dispersions were highly reflecting the friction ffa@ent. The higher amount of
friction coefficient, which was 1 wt.% was showre thetter result, followed by 0.1
wt.% and 0.01 wt.% of GO dispersions. It is cldattthe dependent of tribofilm
formation to the amount of GO. Here, an insuffiti&® flakes were unable to form
decent tribofilm. [chapter 4]

(4) Dynamics attributes of GO flakes were also highifluence the formation of
tribofilm on the contact surfaces. In this thesignamics attributes were measured
by the modification of the size of GO flakes and tiegulation of pH level of the
GO dispersions. It is clear that the smaller thee ©f GO flakes, the easier GO
flakes to be well dispersed in the water solutMhnereas, the higher pH level will
reduce the acidity effect on the contact surfackeElvcommonly made from steel
materials for mechanical systems. In this studpad been confirmed that all sizes
of GO flakes not able to provide good tribologiedlility for pH10. In pH10, the
amount of ions were high; as a result, the GO #dkead to agglutinate to each other.
The amount of ions can be reduced by centrifugatnt not able to reach the
lowest level of friction coefficients offered byetoriginal GO dispersions in pH3.

[chapter 5]

(5) There were two types of tribofilms formed on theaw&ack by GO dispersions.
The first one was solid black, while the latter waht black. We observed the

mixed tribofilms in some of the results. The appeae of solid black tribofilms
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showed a reduction of friction coefficient down@®5 even though with the mixed
formation with light black tribofilms. On the othéand, light black tribofilm alone
was only able to reduce the friction coefficientvoto 0.1. The friction coefficient
of 0.1 can be considered very low for the lubricarterefore, from the study, it is
believed that the GO flakes will filled the aspiestat first before GO form light
spotted black tribofilms. Then the best conditioh tbe GO dispersions will

assemble the smooth solid thin film onto the liglaick tribofilms. [chapter 5]

In general, GO dispersions able to provide betibological properties to the
mating materials compared to DNP. However, furéghaluation on the quality of the
formed tribofilms need to be done. In addition, thedification of GO flakes can be

done by the addition of longer chain on their carbaygen functional groups.
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