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ABSTRACT
Lubrication plays important roles in mechanical systems in motion. The challenge in
understanding the characteristics of a lubricant under working conditions lies in its
dynamic nature, and it is impossible to observe the target directly. The objective of this
thesis research is to obtain better fundamental understanding of nanolubricants under
shear. Specifically, a methodology that enables in situ detection of a rubbing pair is
developed. Using this approach, the properties and performance of nanoluricants are

studied. The resulting tribochemical products as tribofilms are investigated.

This research consists investigation in three aspects. The first is to develop in situ tribo-
electrochemical techniques enabling basic study. An integrated tribotesting system

combined a disc-on-disc tribotesting with electrochemical impedance measurement.

The second is to study the properties of working lubricants, their electrical and thermal
properties. The electrical conductivity against the oil film thickness was examined.
Results showed the non-ohmic behavior of a lubricating film in the hydrodynamic
regime. Properties of lubricants and testing conditions are some of the factors affecting
the conductivity. The study on thermal performance over a mineral oil and
polyalphaolefin (PAO) were carried out. Results showed that thermal properties of
lubricants depended on the shear and they were not constants as being known. This

research revealed the potential existence of dynamic properties of a working lubricant.
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The third is to investigate tribochemical interactions between nanolubricants and rubbing
surfaces of a substrate. Using a-ZrP nanoparticles as additives, a nanolubricant
produced a tribofilm with consistent electrical properties that reduced friction for 40%
and wear 90%. Research results showed that under shear, a tribofilm consisting of

pyrophosphate.
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CHAPTER I

INTRODUCTION !

In this chapter, the background information related to this research was introduced to
better understand the subject matter. It consisted of three related parts. The first
discussed the definition and applications of nanolubricants. The second focused on
challenges of nanolubricants, such as the dispersion of nanoparticles and issues related to
application. The third introduced the testing methods for tribological, electrical and

thermal properties.

1.1 Nanolubricants

In mechanical systems, frictional loss is a factor in energy loss [1]. To reduce friction
and wear, nanoparticles(NPs) have been studied and used as lubricant additives that have
promising effects on friction and wear reduction in automotive[2,3], mining[4], and
other industrial applications [5]. These lubricant with nanoparticle additives were called
nanolubricants. We have recently reported that in the boundary lubrication region, the
addition of nanoparticles can reduce friction coefficient for up to 70%, and wear volume

for as high as 75%[5]. Nanoparticles of various compositions and sizes have

! Part of this chapter is reprinted with permission from "Dispersion of nanoparticles in lubricating oil: A
critical review." By Chen, Yan, Peter Renner, and Hong Liang. Lubricants 7, no. 1 (2019): 7. MDPI; Part
of this chapter is also reprinted with permission "Performance Characteristics of Lubricants in Electric and
Hybrid Vehicles: A Review of Current and Future Needs. " By from Chen, Y., S. Jha, A. Raut, W. Zhang,
and H. Liang. Front. Mech. Eng 6 (2020): 571464.



demonstrated certain degrees friction modifying and anti-wear effects. In our collection

of recent papers, the majority of particles of sizes reported were 10-100nm (Figure I.1).

oxides
sulfide
metal
carbon
other

16 4

number of papers

10nm 100nm 250nm
size

Figure 1.1 The material and size of nanoparticles surveyed in this

Chapter.
Nanoparticles of various compositions and sizes have demonstrated certain degrees of
friction modifying and anti-wear effects. In the boundary lubrication region, the addition
of a-ZrP nanoparticles reduce the friction coefficient up to 70%, and wear volume as
high as 75% [1]. Such lubricants consisting of a base oil and dispersed nanoparticles
emerged as a new class of nanolubricants [1,2]. a-ZrP functioned as a lubricant additive
because it can generate a protective iron phosphate film through tribochemical
reactions| 1]. Such protective film was called a tribofilm[3,4].
Like other additives, the NPs can be adsorbed on the contacting surfaces. This
adsorption is driven by Van der Waals's interactions between the NPs and the
surfaces[1,5]. In some cases the adsorption of NPs can directly reduce the friction in the

boundary lubrication regime and protect the surfaces from contacting[6,7]. However,
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with the tribochemical reactions the NP additive can have better tribological
performance.

For some NPs such as metal oxides NP, there are no tribochemical "reactions" because
the composition of the tribofilm they form has the same composition as the NPs. They
are essentially sintered to the contacting surfaces by the tribological process[8—15].
There is also a report on tribochemically active oxide NPs such as Fe3O4. The metal
elements can be reduced and/or oxidized via tribochemical reactions[16,17]. This
oxidation reaction promoted by the oxide nanoparticles is essential to the chemical-
mechanical polishing process[18—22]. In these reactions, the nanoparticle tribochemical
reactions chemically wears the surface instead of protecting it. The overbased detergents
are NP lubricant additives that can effectively reduce wear by forming a
tribofilm[23,24]. This NP is also tribochemically inactive. The formation of its tribofilm
is mechanical rather than chemical[24]. The capped metal NPs can reduce wear and
friction without tribofilm formation[25]. In some cases such as copper NPs[26] and
silver NPs[27] the tribofilm can form directly by mechanical cold welding. One
exception to the capped metallic NPs is the dodecanethiol-modified Palladium NPs. The
dodecanetiol capped Palladium forms palladium sulfide on the contacted surface when
used as a lubricant additive[28]. The rare earth-containing nanoparticles can form iron
oxide tribofilms through the oxidation-catalysis effect[29].

One of the most successful NP friction modifying additives, inorganic fullerene
molybdenum disulfide (IF-MoS>) has its friction modifying ability due to its

tribochemical reactions. MoS; is known to be a solid lubricant as a powder or
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additive[30]. Under tribological forces, the I[F-MoS, forms a tribofilm comprised of 2H-
MoS; and chemically bonds to the iron oxide on the steel surface[31]. The mechanism of
this reaction was proposed that the mechanical breakdown of IF-MoS» nanosheets can
tribochemically bond to the iron/iron oxide[31]. The iron sulfide can also be found in the
tribofilm formed by MoS; and WS> NPs[32,33]. The MoO3 nanoparticles can
tribochemically react with oleyfin polysulphide to form MoS»>[34,35]. The molecular
dynamics simulation also shows that MoS> nanosheets were more stable between
contacting surfaces compared to the amorphous phase [36].

For some NPs such as metal oxides NP, there are no tribochemical "reactions" because
the composition of the tribofilm they form has the same composition as the NPs. They
are essentially sintered to the contacting surfaces by the tribological process[8—15].
There is also a report on tribochemically active oxide NPs such as Fe3O4. The metal
elements can be reduced and/or oxidized via tribochemical reactions[16,17]. This
oxidation reaction promoted by the oxide nanoparticles is essential to the chemical-
mechanical polishing process[18—22]. In these reactions, the nanoparticle tribochemical
reactions chemically wears the surface instead of protecting it. The overbased detergents
are NP lubricant additives that can effectively reduce wear by forming a
tribofilm[23,24]. This NP is also tribochemically inactive. The formation of its tribofilm
is mechanical rather than chemical[24]. The capped metal NPs can reduce wear and
friction without tribofilm formation[25]. In some cases such as copper NPs[26] and
silver NPs[27] the tribofilm can form directly by mechanical cold welding. One

exception to the capped metallic NPs is the dodecanethiol-modified Palladium NPs. The
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dodecanetiol capped Palladium forms palladium sulfide on the contacted surface when
used as a lubricant additive[28]. The rare earth-containing nanoparticles can form iron
oxide tribofilms through the oxidation-catalysis effect[29].

One of the most successful NP friction modifying additives, inorganic fullerene
molybdenum disulfide (IF-MoS>) has its friction modifying ability due to its
tribochemical reactions. MoS; is known to be a solid lubricant as a powder or
additive[30]. Under tribological forces, the I[F-MoS, forms a tribofilm comprised of 2H-
MoS; and chemically bonds to the iron oxide on the steel surface[31]. The mechanism of
this reaction was proposed that the mechanical breakdown of IF-MoS» nanosheets can
tribochemically bond to the iron/iron oxide[31]. The iron sulfide can also be found in the
tribofilm formed by MoS; and WS> NPs[32,33]. The MoOs3 nanoparticles can
tribochemically react with oleyfin polysulphide to form MoS»>[34,35]. The molecular
dynamics simulation also shows that MoS> nanosheets were more stable between

contacting surfaces compared to the amorphous phase [36].

1.2 Challenge of Nanolubricnat

1.2.1 Dispersion of nanolubricant

Stable suspension of nanoparticles is essential for a usable lubricant. The key bottleneck
for the application of nanolubricant remains to be the aggregation of nanoparticles in a
base lubricant, due to their higher surface energy.

Stable suspension of nanoparticles is essential for a usable lubricant. The aggregation of

nanoparticles in oil limits their ability to lubricate the contact area [37]. The MoS,
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nanoparticle can reduce update 75% of friction when mixed with lubricant oil. However,
such reduction of friction requires ultrasonic dispersion immediately before
testing[38,39], making the dispersion more complicated. Additionally, the low friction
achieved by adding nanoparticles was lost without constant stirring of the 0il[39] In field
applications. Thus, investigating a robust method to disperse nanoparticles in lubricant
oil is in great demand.

Two strategies have been used to form stable suspension of nanoparticles in lubricant
oil. One strategy was changing the formulation of the lubricant oil by incorporating a
certain amount of surfactant along with nanoparticles. The other was to modify or
synthesis nanoparticles with amphiphilic chemicals or alkoxysilanes. Both methods
modified the surface of nanoparticles by absorption or chemical reaction to form an
organic layer.

Several characteristic techniques were used to examine the quality of dispersion. The
dynamic light scattering (DLC) method was used to measure the hydrodynamic radius of
nanoparticles. The DLC tracks the scattering of polarized light from the sample [40] and
with this information calculates the radius of the nanoparticles. The increase of
hydrodynamic radius can signal the particle aggregation. Several studies used UV-
visible spectroscopy to track the sample’s light absorption. The decrease of optical
absorption inferred the aggregation and sedimentation of nanoparticles [41].
Sedimentation method, used by most of the studies surveyed in this paper, observed the

aggregation and sedimentation by visual inspection of the sample. All those methods

20



reported a stabilization time of the nanoparticle dispersion in lubricant. The stabilization
time will be further discussed in later section.

The property of nanoparticles, the dispersion method, and resulting suspension are listed
in Table 1. The stable time data were retrieved from either sedimentation observation or
dynamic light scattering data. Each time represents the duration of stable nanoparticles
dispersed in oil. For those have long shelf life, we do not discuss about them here.
Reported stable times of greater than a month in this review will be regarded as reaching
long term stability. If there was no stabilizing time given or no empirical proof of long-
term stabilization, the stabilization time was marked as “Claimed”. All well-dispersed
nanoparticle additives were either formulated with dispersants or by using surface
modified nanoparticles. The tendency of nanoparticle aggregation in hydrocarbons

appears universal, no matter the material type or shape of the nanoparticles.
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Table I-1 The publication researched in this paper.

Particle Size media Disperse Stability ~ Stable time
nm Method*
Oxides
Ti02 2 liquid paraffin SSM. stable months[42]
5 liquid paraffin SSM. not reported[43]
10 liquid paraffin SSM. stable Claimed[44]
15 PAO Spectrasyn4  SI-ATRP stable 56 days[45]
23 PAO None aggregated[46]
25  liquid paraffin Silanization stable 5 months[47]
+ Dispersant
Si02 12 PAO NIM stable 2 days[48]
15  Ionic liquid None aggregated[49]
23 PAO Spectrasyn4  SI-ATRP stable 56 days[45]
23 PAO SI-ATRP stable 60 days[50]
25 GMO Silanization stable 5 months[51]
45  EOTS None not reported[52]
60 PAO 100 Silanization stable 2 months[53]
100 RO base oil Silanization stable 8 days[54]
110 PAO Silanization stable 2 months[55]
200 PAO Silanization stable 4 months[56]
200 PAO Silanization stable 2 months[57]
7Zr02/Si02 100 20# mechine oil Other stable 12 hours[58]
Al203/Si02 70  liquid paraffin Silanization stable 3 months[59]
CuO 5 PAO SSM. stable 30 days[11]
40 PAO6G6 None not reported[12]
ZnO/CuO 40  vegetable oil None not reported[60]
7rO2 25 PAO6G6 None not reported[12]
Zn0O 20 PAOG6 None not reported|[12]
ZnO/AI203 50  20# mechine oil SSM. stable 28 days[61]
Fe304 10 liquid paraffin SSM. stable Claimed[62]
Fe203 30 500 SN basic oil Dispersant ~ Stable Claimed[63]
Al1203 80  20# mechine oil SSM. stable 20 days[64]
AI203/TiO 100 base oil Silanization stable 110 hours[65]
2
GO/ZrO2 5 liquid paraffin Other stable 48 hours[66]

* Abbreviations: SSM. Surfactant surface modification. NIM. Nanoscale ionic materials.
SI-ATRP. Surface induced atomic transfer radical polymerization.
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Table 1. cont.

Particle Size media Disperse Stability  Stable time
nm Method*
Sulfide
PbS 5 liquid paraffin SSM. stable Claimed[67]
IF-WS2 65 PAO None not reported[68]
100 PAO None stable hours[69]
110 liquid paraffin Silanization stable 14 days[70]
120  liquid paraffin None aggregated[71]
WS2 7 PAO SSM. stable 6months[72]
100 liquid paraftin SSM. stable Claimed[73]
200 liquid paraffin SSM. stable 1 day[74]
IF-MoS2 35 PAO/Hexane None not reported|[75]
MoS2 3 PAG SSM. stable 2 weeks[32]
15 250X base oil Dispersant stable Claimed[76]
85  EOTS None not reported[52]
90  coconut /paraffin oil ~ SSM. stable 2 days[77]
MoS2/Ti02 125 rapeseed oil None stable 2 days[78]
CuS 20 liquid paraffin SSM. stable Claimed[79]
Metal
Cu 5 liquid paraffin SSM. stable months[42]
500SN base oil SSM. stable Claimed[80]
15 liquid paraffin SSM. stable Claimed[81]
40 rawoil Dispersant  not reported[82]
75  500SN base oil Dispersant  aggregated|[83]
Carbon- 65 PAO6 None not reported[84]
coated Cu
Ni 8 PAO SSM. stable Imonths[85]
20 500SN base oil Dispersant  stable Claimed[86]
20  PAO None stable hours[87]
Ag 4 liquid paraffin SSM. stable months[42]
4 PAO SSM. stable hours[27]
10 liquid paraffin SSM. not reported|88]
15  liquid paraffin SSM. stable 7 days[89]
Pd 2 liquid paraffin SSM. stable Claimed[90]

* Abbreviations: SSM. Surfactant surface modification. NIM. Nanoscale ionic materials.

SI-ATRP. Surface induced atomic transfer radical polymerization
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Table 1 cont.

Particle Size media Disperse Stability  Stable time
nm Method*

Carbon

Graphene  N/A liquid paraffin Dispersant  not reported[91]
N/A PAO9 SSM. stable Claimed[92]
N/A  SN350 SSM. stable 6 hours[41]
N/A hexadecane SSM. stable 2 days[93]
N/A  PEG400 NIM stable 30 days[94]

Fullerene 10  mineral oil None not reported[95]

Carbon 4 PAO None aggregated[96]

nano-

onions

Carbon 97  Mobil Pegasus 1005  Dispersant  stable 14 days[97]

nano-horns

Carbon 100 PAO Dispersant stable 24 hours[98]

nanotube

Other

CaCoO3 20  500SN base oil Dispersant  not reported[99]
40 PAO SSM. stable Claimed[100]
45 dodecane /decane Dispersant stable Claimed[101]

Zinc borate 35 500 SN basic oil Dispersant stable Claimed[102]

ZnAl204 95  Lubricant oil SSM. unstable[103]

La(OH)3 30  liquid paraffin None Not reported[104]

LaB 30 500SN base oil Dispersant stable Claimed[105]

LaF3 6 liquid paraffin SSM. stable Claimed[106]
8 liquid paraffin SSM. stable months[42]

BN 70  POE Silanization stable 10 days[107]

* Abbreviations: SSM. Surfactant surface modification. NIM. Nanoscale ionic materials.

SI-ATRP. Surface induced atomic transfer radical polymerization
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1.2.1.1 Fomulation of nanolubricant

In early research (before 2005), the common method used to study the effects of
nanoparticles in lubricant was to disperse these aforementioned nanoparticles using a
dispersants [63,76,83,86,91,99,102]. The dispersants used in those research including
Aliquat 336 [86], Estisol 242 [47], oleic acid [47], sorbitol monostearate [63,102], etc.
These dispersants were mixed with the nanoparticles and the lubricant oil to create a
stable dispersion. In some cases, multiple types of dispersants were used simultaneously
[47].

The mechanism of dispersant-stabilizing nanoparticles was absorption on the surface of
the nanoparticle. Those dispersants were amphiphilic molecules which had both
lipophobic and lipophilic functional groups. The lipophobic part can absorb on the
surface of the nanoparticle, forming an organic layer[108]. This organic layer can
sterically stabilize the nanoparticles. In some cases, the addition of dispersant lowered
the effectiveness of nanoparticles[109].

Among the studies where only dispersant was used, none achieved a long-time stability.
The stable time was either untested or less than a few weeks. The one which reached
long-time stability (5 months) used a nanoparticle with silane surface modification [47].
Furthermore, the dispersion agent also changes the formulation of lubricant oil. The
mechanism of dispersant-stabilizing nanoparticles was absorption on the surface of the
nanoparticles. This absorption can happen on the surface of the tribological pairs where
lubricant was used. In addition, the amount of dispersant added was more than the

amount of nanoparticles in this method [76,86,102,105]. Because of this, the property of
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nanolubricant was altered. In some cases, the addition of dispersant lowered the
effectiveness of nanoparticles [109].

The above-mentioned drawbacks rendered formulation with dispersant an unideal
method to disperse nanoparticles in lubricant oil. Therefore, surface modification
methods were needed to form a stable nanoparticle dispersion.

1.2.1.2 Surface modification

In recent years, methods of surface modification of nanoparticles as lubricant additives
have seen many improvements. Figure 1.2 shows the accumulated number of papers on
different methods plotted against the publication year. Starting from surface
modification methods, the surface silanization method was adopted to improve the

dispersity of nanoparticles. The new and more sophisticated method (nanoscale ionic
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Figure 1.2 The accumulated number of publications using different methods each
year.
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materials and surface induced atomic transfer radical polymerization) was developed and
achieved a remarkable result. This chapter discusses those methods, specifically the
processes those methods entail, the effectiveness of those methods and corresponding
processes in achieving a stable dispersion.

Surfactant modification was one of the most widely used methods for nanoparticle
dispersion (table 1). Instead of adding the surfactant to the lubricant oil as a dispersant,
this method attaches surfactant molecules onto the surface of the nanoparticle. The

formulation of lubricant oil was not changed to suit the need of nanoparticle dispersion.

HOW/\/\/\/\/\/\/\/\/C%

(0]
Oleic Acid
HZN/\/\/\/\/\/\/\/\/\CH?)
Octadecylamine
\ +
NH S\P/O CH4
2

pyridinium di-n-hexaoctyldithiophosphate [PyDDP]

(0]
Na*O N\
Figure 1.3The chemical structure of some surfactants used in surfactant
surface modifications.
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The surfactant modification method uses the surfactant with functional groups that can
react with nanoparticle surfaces. Some examples of those surfactants are shown in
Figure 1.3. Each of these surfactants have an active group and a long alkyl chain which
contain about 15 carbon atoms. These surfactants were used to directly modify
nanoparticle surfaces. This was performed by mixing nanoparticle, solvent and
surfactant at an elevated temperature for a certain amount of time. The nanoparticle
needs to be well dispersed in this solvent, or the surface modification process will be
impeded [110]. Different nanoparticles and surfactants have different reaction
mechanisms. For example, The carboxyl group in carboxylic acid can react to the
hydroxyl group on the oxide nanoparticles through esterification [44,92,111,112], while
the cationic surfactant can ionically bond to the surface of nanoparticles
[42,81,85,113,114].

Treating the metal oxide nanoparticle surface first with acid or oxidant can enhance the
binding between nanoparticles and surfactant, thus enhancing the dispersibility of
nanoparticles [110,115]. Without these treatments, part of the surfactant does not
chemically bond to the surface of the nanoparticle [111,112], and can be dissolved into
the lubricant oil when the solubility of the surfactant in the oil is high [112]. However,
these treatments cannot effectively modify metal sulfate nanoparticles [77]. The metal
sulfate nanoparticles have the best performance as a friction modifying additive [1]. Due
to lack of hydroxyl group, however, modifying surface with amine or carboxylic acids
was difficult. The sulfate nanoparticles modified with surfactant resulted in dispersions

with low stability [77].
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To solve above mentioned problem, another modification method was developed.
Instead of modifying nanoparticles, this method uses a surfactant to modify the precursor
of nanoparticles first, then forming nanoparticles with surfactant pre-attached. The
tungsten sulfide nanoparticle synthesized using this method achieved remarkable
dispersion stability in both room temperature and low temperature conditions [72]. This
method can also synthesis other kinds of metal sulfide. However, their dispersion
stability in lubricant and the tribological impact is still unknown [116].

The dispersion stability of the surfactant modification method also closely linked to the
size of the nanoparticles. Nanoparticles under 10nm in size shows better stability of
dispersion by using surfactant surface modification method [32,42,72,74,77,89]. This
result can be explained by classical steric stabilization theory, which is discussed in the
next chapter.

1.2.1.4 Silanization

The surface silanization method is almost exclusively applicable to metal oxides and
metal nanoparticles with surface oxidations. This method uses alkoxysilanes to modify
the nanoparticle surface. Figure 1.4 presents a few examples of alkoxysilanes used in the
stabilization of nanoparticles in lubricant [42,53,55,57,59,64,107]. Like surfactant,
alkoxysilane molecules have a functional group capable of reacting with nanoparticle
surfaces (Si-CH3), and a functional group that can stabilize the nanoparticles in oil.
Surface silanization process can graft not just alkyl functional groups but also other

functional groups like the amino group or the epoxide group.
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Typical treatment of TiO, or Si0, nanoparticles was mixing the alkoxysilanes and
nanoparticles in solvent under base environment and elevated temperature
[42,53,55,57,59,64,107]. Two chemical processes would occur during the surface
silanization process: forming of Si-O-Metal bonds on a nanoparticle’s surface through
hydrolysis and condensation of silane alkoxy groups, and the oligomerization between
two alkoxysilane molecules [117-119]. These two competing chemical processes created
a structure on the surface layer that had a complex conformation (Figure L.5). Studies
surveyed in Table 1 used silanes with a three silanes functional group and long reactions
under aqueous condition. Under this condition, a thick interlinking layer formed [118].

However, even with this layer the nanoparticles functionalized with the amino group still
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had poor stability compared to the nanoparticles functionalized with alkyl chains in

lubricant oil [57].
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Figure 1.4The structure of silanes used to modify the surface of nanoparticles.
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Figure 1.5 The Structure of APS treated silica nanoparticle surface

For nanoparticles that have little or no surface hydroxyl group, it was difficult to directly
use silanes to perform surface modification. The IF-WS, treated with ODETS could be
stabilized in liquid paraffin for less than one week [70], but similar sized silica
nanoparticles could be stable for more than 4 months [57].The methods to mitigate this
problem were surface oxidation [107,115] or coating the surface of nanoparticle with
silica [120].

Even though nanoparticles with long alkyl chains grafted on its surface can form more
stable dispersion in lubricant oil, the alkoxysilanes with long alkyl chains were not used
by most of the research reviewed. This was likely because the price of those types of
alkoxysilanes were more expensive compared to amino silanes such as APTEOS or
DETAS.

A two-step functionalization method was developed to solve this problem. The first step
of the modification was the grafting of alkoxysilanes with an amino group. The
alkoxysilanes of choice were APTEOS [54,121] or DETAS [53,55] because they have
amino groups. The second step was the usage of carboxylic acid surfactant such as lauric

acid [54] or stearic acid [53,55,121] to bond with the amino group. This method can
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graft long alkyl chains on the silica surface without using expensive ODTES. The
benefit of long alkyl chains is discussed in the next chapter. This method can result in a
thicker grafted layer with a good affinity to the lubricant oil.

In contrast to the surfactant surface modification, all the nanoparticles which used
surface silanization were larger than 10nm size. The particle surfaces modified by
surfactant had the curvature being influenced by the grafting density of silane [122]. The
large curvature of small nanoparticles could limit the reaction between alkoxysilane and
a hydroxyl group, reducing the repulsive force between particles [122]. Additionally,
almost all the papers reviewed used an excessive amount of silane in the surface
modification process. However, this practice may lead to irreversible aggregation of
nanoparticles when small nanoparticles were used [123]. The importance of grafting
density is also discussed in the next chapter.

1.2.1.5 Other methods

Some recent work reported the adaption of silane modification method to develop
nanolubricants based on surface-induced-atom-transfer-radical polymerization (SI-
ATRP) and nanoscale ionic material (NIM).

The surface-induced-atom-transfer-radical polymerization method can graft a long chain
polymer on the surface of nanoparticles [45,50,124,125]. Instead of using long chain
molecules on the nanoparticle surface, this method uses silanes to graft the initiator and
then uses this initiator to react with monomers, forming a polymer on the surface
[45,50]. This method can graft polymers with more than 100 c-c bonds [45], an order of

magnitude higher compared to the results with the surfactant modification or surface
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silanization methods. This method also achieved a remarkable dispersion stability. The
TiO, and SiO, particle treated with this method can stay stable over a large temperature
range (-20C to 140C) for a long period of time (>2 months) [45,50].

The method nanoscale ionic material employed a two-step surface modification process.
The first step of the surface modification was tethering an ionic corona by surface
silanization and ion exchange. The second step was linking an organic counter-ion to the
surface [48,126]. This formed a liquid-like material that could be dispersed into both
polar and non-polar solvents [94].

Essentially, those two methods further altered the nanoparticles’ physical and chemical
properties. They should be regarded as forming of new nanomaterials instead of simply a

method to achieve suspension.

1.2.1.6 Evaluation

The methods discussed above have different effectiveness and reliability. In Figure 1.6
the reported minimum stabilizing times were plotted, each marker representing one
report on the stable time of one nanoparticle dispersion.

According to this aggregated data, surface modification was undeniably more effective
compared to dispersing nanoparticles without surface treatment or formulating the oil
with dispersant. Among the surface modification methods, the surface silanization

method appears more reliable.
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Figure 1.6 The stable time for different method from surveyed studies in table 1.
Every marker represents one least stable time reported by the papers.
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From the data, it appeared the method that can graft a dense layer of alkyl chain on the

nanoparticle surface has the best dispersion stability.

1.2.2 Use of nanolubricant in high pressure applications

Due to its high surface area of nanoparticles, the nanolubricant has high potential to be
used in high pressure applications. Two of such application was introduced in this
section. The first application is using the nanolubricant to prevent galling. The second
application is using the nanolubricant to prevent tooth damage. These two seemingly
wildly different topics shared the same tribological condition: wear under high pressure
and low entrapment speed.

In industrial applications such as oil and gas exploration, metal forming, and machine
elements like air bearings, one of the most common failures is galling. [127-130]. Metals
are known to be galled under severe contact conditions. In particular alloys containing
face-centered cubic crystal structure, such as those in austenite stainless steel or aluminum
alloys, are susceptible to galling failure [131]. Galling is known as an extreme form of
adhesive wear, often characterized by the protrusions formed above the original
surface[132]. In Figure 1.7, a 3D rendering of galled surface shows the typical feature of
galling damage. Slow sliding speed, high contact pressure, and inadequate lubrication are
often associated with galling. Galling can be in the forms of cold welding, instant seizure,

and breakage of components, [ 133] that are catastrophic.
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Figure 1.7 The characteristic a galled surface rendered in 3D.
One of the most common methods to mitigate galling was providing grease lubricant to

the rubbing surfaces. Lubricating grease is a semi-fluid lubrication agent consisting of
thickening agent, lubricant oil and additives[134]. In a grease, lubricating oil was kept
inside a thickener by van der Waals force[135], and release under shear[134]. The
thickening agent can be soaps[136], polymers[134], even carbon nanotube[137].
Commercial anti-galling grease typically containing additives that are known to have an
anti-galling effect. Those anti-galling additives including lead or copper flakes, solid
lubricants such as graphite, metal fluoride or organic additives[138,139].

Tooth enamel is the hardest and most dense structure in the mammalian body. It serves
to protect the interior of the tooth from the normal flora of the oral cavity and other
harmful substances [140,141]. Although it is the hardest tissue in humans and animals

[142—-145], it can suffer damage from mechanical forces[146—151] and acidic
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solutions[152—-155]. In dogs, the enamel layer is significantly thinner than in
humans|[156] and more prone to excessive wear and damage. This type of wear can
result in dentin and pulp exposure causing significant oral pain, tooth loss, or
periarticular and pulpal infections[157,158], leading to deterioration in quality of life
and, in extreme cases, to be life threatening[152,159,160].

Recently, remineralization of damaged tooth enamel was presented as an alternative
method to traditional dental operations[161-163]. These researchers utilized the bio-
mineralization process that naturally presented in the dental environment[164—166].
Precursors to the nano-particle hydroxyapatite were used to form the hard enamel tissue
in vitro or in vivo[162,166]. Some examples of the precursors are casein
phosphopeptide-stabilized amorphous calcium phosphate[167—-169]; amelogenin with
fluoride[170], and polydopamine with hydroxyapatite (HAP)[162]. Unlike traditional
dental treatments, this method repaired teeth with materials that were almost identical to
the teeth themselves. However, like the natural biomineralization process, using the
remineralization method required significant time to take effect[161,162,166]. This is a

major limitation to the clinical application of this approach.

1.3 Methods to evaluate lubricating oil performance.

Experimentally evaluate the lubricating oil is essential. The tribological test for the
lubricating oil simulated the working condition of contacting moving parts. Combining
with physical property test such as rheological test and resistance test, the property of a

working lubricant can be measured. One of the most common configurations of
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tribotesting used pin-on-disc or ball-on-disc configuration. They used a pin or bearing
ball to push against a revolving disc while recording the friction force. The tribotesting
method used such configuration can be used to evaluate tribological properties such as
anti-wear properties or lubricity[171,172].

Previous studies on probing the electrical properties of materials during contact have
been focused on the measurement of contact resistance[173—176] or the nature of an oil
film[177-180]. Experiments have been conducted by probing the direct current
conductivity or alternative current conductivity of a tribopair. The contact resistance was
obtained through the DC current resistant; the film thickness was obtained by analyzing
the AC current resistant [177,179]. In order to simultaneously measure the thickness of a
lubricating film and the electric resistance, we used an approach to impose the
impedance measurement on friction monitoring.

Tests on the lubricant electric damage can be performed on the motor or in lab-
controlled conditions. To test the performance of a lubricant in real life conditions,
motor bearings powered with inverter can be tested in simulated rigs. The bearing
current and wear can be directly measured[181] with a simulated set up. In those
experiments, a voltage that simulate the voltage from an inverters was applied though
the bearing to simulate the working conditions inside EV/HEV. The experiment can
also be performed on the actual motors inside an EV/HEV. By using the inductive
measurement on the electric motors, the so-called hardware in the Loop (HiL) set up

provides more accurate measurement and can integrate into EV/HEV.
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The most common experimental method for measuring the thermal conductivity of a
lubricant was called the transient hot-wire method[182]. This method is illustrated in
Figure 1.8 (a). The transient hot-wire experimental set-up was simple to perform and has
high accuracy. This method used a Pt or Ni wire which was sealed inside a cylindrical
pressure vessel filled with lubricant. The wire was heated up for a short amount of time
electrically, and its temperature was monitored simultaneously by its electric resistance.
The thermal conductivity and the thermal capacity of the lubricant can be calculated
from the temperature change of the wire. Essentially, this measurement set up can be
modeled as an axisymmetric thermal transportation problem. It has an additional
advantage when used to characterize lubricants, as the lubricant thermal properties are
highly correlated with its pressure, and the pressurized transient hot-wire method is
relatively easy to achieve.

For small quantity lubricant measurement, a laser flash method can be used for
measuring the thermal diffusivity[ 183]. This measurement system was illustrated in
Figure 1.8 (b).This system used a laser to heat up the lubricant and optically measure the
temperature change. Instead of an axisymmetric rod, this method models the system as
an infinite sized slab. The laser heats up an infinitely thin layer of lubricant, and the
temperature change thus can be fitted with a function of thermal diffusivity and thermal
capacity. This method has an advantage when used for small batch experiments as it

only requires tiny amount of lubricant.
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Figure 1.8 measurement of lubricant thermal properties with a) transient hot-
wiremethod and b) laser flash method. The yellow color indicates lubricant, and the
red is the heat source.

In summary, testing a lubricant’s thermal property requires a controlled heat source and
an accurate temperature monitoring system. The system accuracy and precision
depended on a simple and easy to model measurement set-up. Both transient hot-wire

method and laser flash method used the thermal transportation equations with reduced

dimensions. The laser flash method has an advantage to testing small quantity lubricant.
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CHAPTER II

MOTIVATION AND OBJECTIVES

Based on discussion in Chapter I, there is lack of effective approaches probing the
tribological systems leading to understanding of tribochemical interactions. The
objectives of this research are to:

1) develop novel approaches to investigate mechanisms of tribochemical and
tribological interactions of nanoparticles - lubricants, and nanoparticles —
substrates;

2) develop understanding in dynamic properties of lubricants, such electrical
and thermal properties;

3) gain understanding in mechanisms of tribochemical interactions.

To fulfill the research objectives, novel in situ tribo-electrochemical testing methods on
lubrication and nanolubricants will be developed. Additionally, the data processing
procedure for this testing method will be created. The validation of the method will be
studied with conventional lubricating oils and a synthesized nanolubricant. This research
includes three areas of investigation, as shown in Figure I1.1. To enable fundamental
investigation, an integrated approach is used to conduct in situ measurement using pin-
on-disc configuration combined with electrochemical impedance measurement Using
this method, experiments were conducted on amphiphilic a-ZrP nanolubricant in order to
gain understanding in tribochemical interactions. The new knowledge was used to

generate surface protective tribofilms, on two applications, tooth enamel and metals.
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Figure I1.1 Flow chart of the proposed research

This dissertation has seven Chapters. Chapter I introduced the basic concept and
challenges in nanolubrication. Chapter II presented the motivation and objectives of the
research. Chapter Il investigated the fluid-surface interaction both experimentally and
theoretically. Chapter IV discussed the dynamic properties of working lubricant with the
development of the in situ technique. Chapter VI investigated the tribochemistry
properties of the nanolubricant and how it was discovered by the tribo-electrochemical
technique. Chapter VII discussed the applications of nanolubricant tribochemistry. The

final Chapter gave the conclusions and recommendations of this research.

43



CHAPTER III

FLUID-SURFACE INTERACTIONS?

In this chapter, the issues of fluid-surface interactions were addressed. First, a testing
method was developed to characterize the fluid-surface interaction. This was
accomplished by building a new apparatus to evaluate the fluid drag in local movement.
Second, the physical interactions between nanoparticles and base oil were discussed. A

guideline for nanolubricant development was generated.

3.1 Characterization of fluid-surface interactions

3.1.1 The interactions between a fluid and a solid surface

Interfacial properties and performance at a liquid-solid boundary play important roles in
lubricant science. Those properties however could not be characterized adequately
through methods discussed earlier. This is more so when the length scale is reduced to
nanometers| 185,186]. Various interfacial interactions could occur resulting in an
interfacial liquid layer.

Understanding the behavior of a fluid at a small length scale is important for various
applications such as nano-sized pores[186,187] i.e. in membranes, shale formations,

small confinement in bearings[188], and etc. The boundary between a liquid and a solid

2 Part of this chapter is reprinted with permission from parts of “Nanofluidic Behavior at the Fluid-Solid
Interface." by Chen, Yan, Yuan Yue, Mojdeh Rasoulzadeh, and Hong Liang. "Materials Performance and
Characterization 8, no. 1 (2019): 538-550. The full paper can be found in [184].

Part of this chapter is also reprinted with permission from "Dispersion of nanoparticles in lubricating oil:
A critical review." By Chen, Yan, Peter Renner, and Hong Liang. Lubricants 7, no. 1 (2019): 7. MDPI;
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is beyond a steady boundary at the micrometer length scale[185,189—191]. There are
many experimental techniques to study boundary slipping. There are many examples,
surface force apparatus(SFA)[192,193], modified surface force apparatus [194,195]
acoustic measurement[196], and others[190]. Those also had drawbacks in the
measurement and characterization of liquid-solid interaction. The SFA method
constrained a small amount of liquid between a ball and a flat surface, the ball was
connected to an actuator and an optical displacement sensor. During measurement, the
force response was recorded. This configuration could control the amount of liquid in its
confinement, but produced a complex liquid flow field which was difficult to analyze.
Also, the confined liquid between the ball and the flat surface was squeezed in the
vertical direction, thus the effects of surface tension would affect the test result[190].
The acoustic measurement produced a simple shear flow using a quartz crystal oscillator,
but without the direct measurement of force and displacement, solving the relation
between the dynamic response of the crystal and the liquid-solid interaction was
difficult[190].

The research presented in this chapter investigates an alternative method to probe the
liquid-solid interaction in micrometer to nanometer scale through a harmonic oscillator
coupled with the liquid-solid interface. With an apparatus capable of measuring applied
force and its displacement, the fluidic behavior will be probed by the dynamic response
of the harmonic oscillator. It will be presented that this method will produce a speed
field in the fluid that is confined dynamically at the interface. A simple prototype device

with preliminary results will be discussed.
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3.1.2 Induced oscillatory motion
The dynamic behavior of an incompressible viscous liquid can be described by the

Navier-Stokes equation and continuity equation[197]:

du 1
—+ (u-grad)u = ——grad p + vAu, (D
Jt p

dp .

% + p div(u) + u- gradp = 0, ()

where p is the mass density of the fluid, p is the fluid pressure, v is the kinematic
viscosity, u is the fluid velocity and t is time. Consider a rigid solid half space fully in
contact with an incompressible fluid half space, in which the movement of the solid is
constrained to move one dimensionally, parallel to the contacting surface in the x
direction. Due to symmetry all parameters will depend on coordinate x and consequently

the mass and momentum conservation equations can transform to equation[197,198]:

2

g—‘t‘ - VZTZ, 3)
where z is the direction normal to the interface toward fluid, u is the horizontal
component moving speed of the fluid. This equation has the exact same form as the
equation of diffusion, which can be solved analytically.

When the speed of a solid is usyi4 = U exp(iwt), equation (3) can be solved for the

speed of a fluid. The resulting speed as the real part[197]:
= Y i / Y _ ot
u=1ugexp|—z > |z > wt )|. 4)
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At distance § = \/m towards the fluid, the amplitude of the fluidic speed is reduced
by 1/e (e is the base of the natural logarithm) of that at the interfacial boundary speed.
Such distance can be used as the layer thickness of the boundary. The relation between
frequency and fluid speed is plotted in Figure I1.2, where the x axis is the angular
frequency and y axis is the distance normalized by v2v. The grey solid curves indicate
in which positions the fluid has the same speed at different angular frequencies and the
dotted solid line indicates where the speed of fluid decreased to 1/e ,1/e? and 1/e3 of
interface speed. The colored lines plotted the speed of fluid in different angular
frequencies, which were marked by the grey dotted line underneath them. As shown in
this figure, the majority flow field is dynamically confined in the space closed to the
interface. For instance, a fluid with a viscosity of 1 cP, § will be smaller than 100um

when the angular frequency is larger than 100Hz.
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Figure I11.1 The amplitude of speed field around an oscillatory surface. The solid lines’

gradient indicating the relative amplitude of speed to the solid. Dotted lines indicate the

distance where amplitude decreased 1/e, 1/e*2 and 1/e”3. The colored lines indicate
Detecting fluid oscillation at a small scale is important for the practicality of this design.
The purpose of this research is to probe the fluidic behavior in small movement. If the
movement of the oscillator was comparable with the size of the contacting surface, the

fluid movement will deviate from previous calculation. It has been known that direct

measurement was difficult. One feasible approach was to measure the interfacial shear
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strain induced by the fluid. The strain of viscous fluid was T = pv (du/dz). Here we
propose a modified harmonic oscillator, shown in Figure II1.3, as a working system. In
the figure the harmonic oscillator has a spring constant K, damping constant A and mass
m are coupled with a fluid tangentially along with the interface in which the area is A.

The previous discussion had fluid in contact with an infinite large half-space, but in the

- —> !

v _Flud

psV
Figure I11.2 The modified harmonic oscillator: a classical harmonic
oscillator confined in one dimensional motion, in contact with a
liquid surface parallel to its direction of motion.
model shown in Figure 3, the liquid-solid interface has a finite area. This will change the
flow of fluid because of the existence of the edge. However, the dynamic response of
this finite interface can be estimated by the response of an infinite interface. A stress acts

on a finite interface with an area A is equivalent to that acts on an infinite half space with

a slightly larger area A,. This slightly larger area can be estimated by moving the edge

of the certain area by a distance of /v/2Q [197]. This larger area A, was called

effective area of contact.

The equations of motion shown in figure III. 3 can be expressed as:
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d%q

0zot

mq(0,t) + 1g(0,t) + Kq(0,t) — A.pv < > = F, cos(wt),
z=0

where q(z, t) is the position of fluid in horizontal direction, ¢ and § are derivatives of
q(z, t) with respect to time. A4, is effective area. The last term on the left-hand side is the

shear forces exerted by fluid to the surface. Note that

2 3
a_, o Fa_ v ©
ot ’ otz 0z20t

The solution of the equation (5) at z = 0 is a simple triangular function. Thus, assuming

the movement is confined in one frequency, the equation of motion can be rewritten as:

v\ . AN
(m + A.p ’%) do + </1 + A.p ’7> qo + Kqo = F, cos(wt), 7)

with go = q(0, t). The long time solution to this equation is:

8
qo = C cos(wt — ¢), ®)
where,
Fo/m,
B \/(K/me — w?)? + w?y? ' )
y= e (10)
¢ = tan~1( %) (an

,(m/

de = A+ A.p - (12)
,v

me =m+ A.p e (13)
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In an underdamped system, the amplitude around nature frequency is very sensitive to

damping constant.
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Figure I11.3 The calculated amplitude(a) and phase angle(b) of proposed system in different
frequency.

Consider a system with a spring constant of 15 N/mm, mass 2g, damping constant

0.4N - s/m and contact area 2 cm?, we calculated the vibration and phase angle of air,

water, mineral oil and results are shown in Figure III. 4. The viscosity of water was

1 mm? /s and the density 1g/ml. That of oil was 65 mm? /s and the density 0.85g/ml

A fluid has two effects on the oscillator. The first is a subtle frequency shift and second
the change of amplitude around the natural frequency. This phenomenon could be
interpreted as follows: The mass of fluid close to the oscillator moves along with the
oscillator and changes natural frequency. The energy dissipation into the fluid increases

damping thus lowering the amplitude. It is notable that these two effects still hold even if
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the behavior of fluids deviates from classical hydrodynamics. For example, if the
movement of the oscillator is small, boundary slipping could occur. This means the
speed of fluid at the interface is not the same as the speed of solid at the interface?*-°.
But the energy dissipation and the mass of fluid dragged by the solid still exist. This

means that a liquid behaved in interface differently from that in its bulk following

classical fluid dynamics. Direct probing would provide insight from the fluidic property.

3.1.3 Instrument design and experimental procedure

3.1.3.1 Prototype configuration

The previous section presented an abstract model to test the interfacial properties of the
liquid. To validate the model, a prototype was built. The design of this prototype can be

found in the published journal paper[184].

3.1.3.2 Fluidic measurement

Calibration was performed before testing fluids. There are several unknown parameters
inthe configuration: the capacitance to displacement ratio of displacement sensor, the
load-to-current ratio of load transducer, the mass, spring constant and damping constant
of the harmonic oscillator. Those parameters were not independent to each other, if two
of the parameters were known, the others could be calculated by curve fitting the
experimental result. The displacement sensor and the spring constant of the harmonic

oscillator were chosen to be calibrated. The displacement sensor was calibrated first. The

52



instrument was mounted firmly on a rig. A micrometer mounted on the same rig was
attached to the moving part of the harmonic oscillator. It actuated and measures the
displacement of the oscillator. Then, an AC voltage of SkHz 10V was applied to the
sensor. The micrometer located the harmonic oscillator in different positions, and the
output voltage of the displacements sensor was recorded. The relationship between
output voltage and the displacement sensor was calculated. Then, the spring constant of
the harmonic oscillator was calibrated. The instrument was flipped so that the moving
direction of the harmonic oscillator was perpendicular to the ground. Different weight
was hung on the oscillator and the resulting displacement was recorded. The spring
constant was then calculated from the result.

The fluid evaluation was performed after the calibration process, the harmonic oscillator

was excited by an AC current with different frequencies with the same amplitude at

Figure I11.4 Supporting leaf springs. The blue colored section was the
springs, and the purple colored was the oscillator. Springs was
connected to the frame at the locations colored red. The arrow shows
the moving direction.
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0.12A. The range of test frequency was 200Hz to 700Hz. The result of displacement and
applied force were recorded for 10ms.

The first test was performed with no fluid in contact with a glass slide. The only subject
interacts with test system was air. This test was also used to determine remaining
oscillator parameters: mass, damping constant and force to current ratio. The resulted
force to current ratio was 0.06 N/A, oscillator parameters were shown in Figure III. 6.
Following this test, two specimens were put under the glass slide subsequently. They are
de-ionized water, and mineral oil (Sigma-Aldrich 330760). A clean plastic beaker was
put under the glass slide before each test. These liquid specimens were injected into this
beaker until the liquid surface was just in contact with the glass slide. The surface was
checked by the naked eye to make sure there was no visible curvature around the liquid-
solid contact and no visible bubble between the slide and liquid. The thickness of liquids
under the contact surface was more than 3 mm. This gave a sufficient distance between
contact and beaker bottom. After the test with de-ionized water, the underside of the
glass slide was cleaned and left air dry before testing on mineral oil.

The parameter of the oscillator calculated from the calibration process and experiment
on air was shown in the table inside Figure 6 by assuming only linear damping happened

when the instrument in contact with only air.

3.1.4 Fluid behaviors

3.1.4.1 Fluidic response to vibration
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After the experiment, the pseudo-steady fluidic response to the vibration was calculated.

the frequency vs. amplitude/force of three different experiments is graphed in Figure 6a,
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Figure II1.5 The measured value of amplitude and phase(a) and phase angle(b)
with air, water and mineral oil. Solid line is the calculated value.

with the testing force of 77 + 4mN. The general trend of this result shows of a typical
under-damped oscillator behavior as expected. Because the damping from the fluid is
scaling with the frequency, the amplitude was not changed significantly before the
natural frequency. The vibrational amplitude of mineral oil and the air was very close in
small frequencies. Near the natural frequency of the oscillator, it produced the highest
amplitude to force value. In this region, damping constant has a significant impact on the
vibrational amplitude. As expected, the oscillator in contact with air has highest value,

while water and mineral oil will suppress the amplitude of the oscillator to different

extent.

55



To compare the experimental result with Newtonian fluid, calculated Newtonian
amplitudes and phases from three fluids are plotted as solid lines in figure 6 using the
literature value of mineral oil (v = 65 mm?/s,p = 0.862g/ml from manufacture
specification) and the deionized water (1 mm?/s, 1g/ml) [199]. Compare to the
experimental result, the amplitude value result was fairly accurate with only the data
from testing water and air shows a slight frequency shift, as if the mass of the oscillator
decreased with increasing damping. This was expected because both deionized water
and mineral oil are simple fluids that do not react with silica test surface. However, the
shape of the response curve deviated from what we expected in two ways. Firstly, the
phase angle of the water and oil contact deviated from classical response when the
frequency was below 450Hz and higher than 500Hz. Additionally, both the shape and
the natural frequency of system when in contact with water or air were slightly shifted
left. These phenomena indicated that the fluid-solid interaction was more complicated
than the classical model we proposed before. The physical significance of these new
phenomenons is discussed in the published paper[184].

3.1.5 Summary

This research presented an alternative and simple method to probe the fluid-solid
interface enabling the study of nanofluidic behavior. A working prototype device was
developed, and initial testing showed that this method was suitable for studying fluidic
mechanical properties.

The system can be further improved in terms of flexibility and ease. A dedicated driver

circuit and control system will reduce the time required for testing and data processing.
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Additional displacement transducer on vertical direction movement can also make many
other types of tests using the same principle possible. With those improvements, more

complex fluidic systems can be investigated, such as nanofluids.
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3.2 The interactions between nanoparticles and base oil

3.2.1 The theory of nanoparticle-nanoparticle, nanoparticle fluid interactions

The dispersion of nanoparticles can be explained by colloidal theories, theories which
study the mixture of dispersion and dispersant [200]. The mechanically dispersed
particles studied in colloidal science ranged between Inm and 1000nm in size, a range

which overlaps the size of nanoparticles.

In colloidal theories, the tendency in aggregation of nanoparticles was determined by
two factors: the interaction between nanoparticle and solvent, and the interaction
between nanoparticles. The study of the first interaction resulted in the Brownian motion
of nanoparticles. The thermal agitation in the solvent has an energy of K, T, where K}, is
Boltzmann constant and T is temperature. This thermal agitation was shown to push the
nanoparticles to move randomly in the solvent [201]. The second interaction resulted in
the attractive and repulsive forces between two particles [201]. Stable dispersion formed

when the thermal agitation overcame the force between particles.

Three major interactions occur between nanoparticles and are explained by two different
colloidal theories. The DLVO (Derjaguin and Landau 1941, Verwey 1948) theory was a
pioneering and most influential theory. It explained the dispersion stabilization through
attractive van der Waals forces and repulsive screened electrostatic forces [201]. The

theory of steric stabilization was developed later to explain the “protected” particles, e.g.
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the particles with absorbed or grafted large molecules [202—-204]. This theory argues that
a grafted molecule generates a repulsive force when another particle approach it. In both
theories the attractive force is long-ranged while the repulsive force is short-ranged. The
combination of these forces generates a potential well, and the stabilization is achieved

when the thermal energy is larger than the potential well depth.

The polarity of lubricants renders electrostatic stabilization difficult in lubricant oil.
Although polarity is a complex physical chemical property, in the context of colloidal
dispersion the dielectric constant (€) can be used to measure polarity. In organic media
with € < 5, the ionic concentration is neglectable. The electrostatic interaction is weak
even when nanoparticles have surface charge [205,206]. Most lubricants’ dielectric
constant were around 2.5 [207], far lower than the dielectric constants of water or other
polar solvents (Figure III. 7). Thus, the surface charge of nanoparticles cannot improve
dispersion in the lubricant oil. In some of the surveyed publications, {-potential (surface
potential) was characterized and used to reflect the dispersion stability [55,57,58].
However, it was incorrect to prove dispersion stability using this characterization
because surface potential contributes little to the particles’ interactions in lubricant oil.

Thus, nanoparticle dispersion in lubricant oil needs steric stabilization to reach long time
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Figure I11.6 The dielectric constants of selected solvents.
stability. In the next section, the analysis of suspension is conducted using the steric

stabilization theory.

3.2.2 Steric stabilization
Steric stabilization was established by the balance between two forces: the van der
Waals attractive force and the elastic steric force [202—-204,208]. Although van der

Waals force was complex in nature, a simplified form by Hamaker was used when
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analyzing colloidal systems [209]. Assuming the size of the nanoparticle was small, we

use London van der Waals potential [209]:

A 2R? 2R? z? — 4R?
VUdW(Z;R) = —g ZZ_R2+ Zz +ln —Zz

Here z is the distance between two particles’ centers, R is the radius of the particle and
A is the effective Hamaker constant. The effective Hamaker constant can be

approximated by the Hamaker constant of the particles and the medium [201]:

A= ( Aparticle Y, Amedium)

The nanoparticles had a Hamaker constant of 1072% — 1071%] [210] and the organic
media had a Hamaker constant normally about 1072%] [211-213]. For example, the
Hamaker constant of Silica in vacuum was 6.35 x 10729/[210]. Compared to inorganic
compound, the metals had a larger Hamaker constant 22 X 1072°] [214]. Their Hamaker
constants also increased with decrease of size [215,216]. The Hamaker constant of a
5nm sized Ag nanoparticle was 34 X 10729][216], larger than that of bulk material.

Thus, an effective Hamaker constant of 1072% — 1071 J was used to analyze the van der

Waals attraction in lubricant oil.
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The repulsive force originates from the deformation of the absorbed or grafted surface

Figure II1.7 The model of steric repulsion
layer. When two particles with surface grafted layers approach, the surface layer

deforms, and the conformation of the grafted molecule changes (Figure. III. 8). This
leads to the change of the free energy and the repulsive force [204]: f = C;A—HF , here, f is

the repulsive force, AF is the free energy of the surface layer, and H is the height of this
polymer layer. In small deformations, the elastic potential between two approaching

particles are (modified from [204] eq. 54):

Hy — H/2
AVyporic = g ("f/) AF(H/2) whenH < 2H,
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Here, f is the density of grafted chains, H, is the thickness of the grafted layer, r is
particle radius, AF is the free energy of one molecule, and H is the distance between
particles. A potential well appears when van der Waals potential and steric potential are
combined . If the thermal agitation is larger than this potential well, a stable dispersion
can be expected.

A qualitive analysis on eq.3 leads to the major factor influencing steric stability: the size
of the particles, the thickness of the surface layer, the density of grafted chains, and the

free energy of the grafted chains. These factors are discussed in following sections.

3.2.3 Size effects

The theorietical analysis from the previous chapter indicates that when the same surface
modification is used, a reducuction in the size of nanoparticles will decrease the
attractive van der Waals force and increase the repulsive steric force. The result from the
surfactant surface modification best illustrates this size effect. In Figure 9, the stable
time of 7 different research articles using a similar surfactant surface modification
method were plotted against the size of the nanoparticle used in their research. It appears
the nanoparticles with a size smaller than 10nm has a better stability compared to the

nanoparticles with a size larger than 10nm.
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Figure I11.8 The nanoparticle size and nanoparticle dispersion stability
in 10 research using surfactant surface modification.

A simple estimation based on colloidal theory can explain this phenomenon. The
potential well of the steric stabilization was correlated to the size of interaction particles.
There was no elastic steric force beyond the thickness of the surface polymer layer.
Thus, one minimum of the potential energy was around the thickness of the surface
layer. The value of this minimum was smaller than the value of van der Waals potential.
Only consider these two factors (surface layer thickness and van der Waals potential), an
upper limit of the nanoparticle that can be stabilized by a surface layer of thickness Hj.

The estimated upper limit of a nanoparticle was the root of R in:

Vyaw(Ho, R) — kT =0
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The surface layer thickness H, of surface modification by surfactant was about 3nm

[217,218]. The estimated upper limit was plotted in Figure IIl. 10. This estimation is in

agreement with the literature surveyed in this paper (Table 1).
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Figure I11.9 The upper limit of nanoparticles that can

be stabilized with grafted layer thickness of H0. The

blue line can be used for surfactant surface

modification.

However, from Figure III. 9, the nanoparticles with a radius less than 200nm still have
poor stability. Both the van der Waals and the steric forces need to be considered to
explain this [204]. In Figure III. 11, the potential of particle-particle interaction was
plotted against the distance between two particles. All three figures were based on the
nanoparticles with the same parameters except the particle radius. The steric potential
was calculated using models proposed in reference [204]. In this figure, the potential was

normalized by the free energy of the surface molecule layer, and distance was
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normalized by the thickness of the grafted layer under € conditions. The only different

parameter in those three calculations was the diameter of the nanoparticle. With the

increase of nanoparticle size, the total repulsive force decreased until it totally vanished.
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The properties of the grafted layer can influence the ability of nanoparticles to disperse
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in organic media [55,57,112,217]. For the same nanoparticle, a change in the grafting
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density, the thickness of the surface grafted layer or the free energy can change the
strength of the repulsive force (Eq.4).

The effectiveness of the surface modification method requires a sufficient grafting
density. In the case of surfactant surface modification, an increase in the concentration of
surfactant used has a positive impact on the dispersion stability [111,112,217]. When the
nanoparticle reacted with the surfactant in the solvent, if the nanoparticle was aggregated
and did not fully react with the surfactant, its re-dispersity was impeded [110].

This is the reason why surface silanization was suitable for nanoparticles lager than
50nm size. The previous chapter explained that the high curvature of nanoparticles
smaller than 30nm led to poor grafting density of silane. This poor grafting density
caused the low steric repulsion force, and the dispersion stability reduced.

The same reason caused nanoparticles modified with silane to provide overall
satisfactory dispersion [53,55,57,59,64] compared to nanoparticles modified with
surfactant [42,74,77,85,89,103]. Both silane and surfactant can react with the hydroxyl
group to form a bond with the nanoparticle surface [111,112,217,219,220]. Unlike
surfactant, silane can fully react with the hydroxyl group on the surface of nanoparticles.
In the case of silica nanoparticle treatment, the research using oleic acid surface
modification of the hydroxyl group did not fully react even with the excess amount of
reactant [111]. In contrast, the silica nanoparticles modified with silane coupling agent
had almost no hydroxyl group left after the reaction [219].

Moreover, the conformation of the grafted layer changed when the surface density

increased [221]. The grafted layer had a “mushroom-like” conformation when the
67



grafting was low but changed to “brush-like” with a high grafting density[221]. This
resulted in a higher AF (H) value in Eq.4, increasing the steric repulsive force.

The free energy of the grafted molecule chain also changed by its interaction with
solvent. Steric stabilization was far more effective when the dispersant was a good
solvent of the molecules grafted on the nanoparticle [203,204]. A good solvent could
also expand the grafted layer beyond the 8-condition, resulting in a thicker layer with a
higher interaction force [204]. The nanoparticles grafted with the alkyl group shows
better stability compared to nanoparticles grafted with the amino, phenyl or carboxyl
groups [53,55]. This is due to the high-solubility alkyl group in the hydrocarbon
lubricant [112]. Even changing the property of the end group of the grafted layer can
alter the nanoparticles’ dispersion ability. The Fe;0, modified with the excess amount
of oleic acid can disperse well in a non-polar solvent, but not in a polar solvent.
Changing the end group of oleic acid to oleate would reverse the dispersion behavior,
resulting in a good dispersion in polar solvent instead of non-polar solvent [217].

From Eq.3 and previous analysis on particle sizes, the thick surface layer was beneficial
to the stability of nanoparticles. The study on Ti0O, with amine surfactant found that
increasing the number of carbon atoms in grafted surfactant from 3 to 12 increased the
dispersity in a non-polar solvent [110]. However, both the surfactant surface
modification method and the surface modification method resulted in a surface layer
with similar thickness [119,217]. The only method which had significantly thicker
surface layer was the SI-ATRP method. This method could graft the longest chain on the

surface of nanoparticles [45,50]. This explained the high stability of nanoparticles
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modified by this method. Even in temperatures lower than -20 Celsius, the nanoparticle

dispersion could stay stable for more than 2 months [45,50].

3.3 Summary

Nanoparticle and fluid interaction. The dynamic nature of boundary slipping under a
simple flow profile was measured with the prototype. With the limitation of the current
instrument configuration, some interesting conclusions can be drawn. It showed that the
boundary slipping took place in mineral oil and water with a flat surface. In the range of
this testing, this slipping phenomenon did not dissipate energy, which is physically very
probable, because boundary has no heat-capacity, and energy has no place to dissipate
to. The fluid keeps a memory of all the shear forces exerted by the solid and as a
consequence the fluid-solid interaction will be more complicated than the case in which

the shear generated by solid can be dissipated.

Nanoparticles in a base oil. Theoretical analysis predicted that steric stabilization plays
important roles in lubricating oils, more than other methods due to their non-polar
nature. Stabilization can be provided by formulating oil with a dispersant or by
modifying nanoparticles to form a surface organic layer. However, the use of dispersant
was limited because it hindered the friction modifying ability of nanoparticles. To obtain
good suspension, a long alkyl chain on the nanoparticle’s surface with sufficient grafting
density and thickness-to-size ratio are essential. Because of this, there were various
techniques to disperse nanoparticles of different sizes in a lubricant. For particles with

sizes under 50nm, using surfactants to modify a nanoparticle’s surface can provide a
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good dispersion. For oxide particles larger than 10nm, surface silanization has a clear

advantage because of its higher grafting density and ability of two step functionalization.
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CHAPTER IV

PHYSICAL PROPERTIES OF WORKING LUBRICANTS?
In this chapter, the physical and thermal properties of working lubricants were
tribologically evaluated. In order to probe the properties in situ, a new test apparatus was
configured. The research described in this chapter has potential applications in electrical
vehicles.
4.1 Physical properties
4.1.1 The electrical properties of lubricating oil
Rapid development in advanced technologies such as electrical vehicles and robots
demands better in situ probing the performance of lubricants. [222-228].To date,
understanding in properties of lubricants has been based on individual and standard
measurements of fluidic performance such as viscosity,[229-231] film formation,
[177,179,232] and frictional responds under shear[233,234]. The physical properties of
lubricants, such as electrical conductivity, have not been well studied. One key reason is
the lack of tools to probe a lubricant in working conditions.
Here we report an integrated approach to measure frictional behavior of lubricating oils
while probing their physical properties. The electrical conductivity of lubricants was
investigated in situ. We have previously conducted tribo-electrochemical study on

mechano-oxidation of metals[18,21,235-237]. We are able to probe the oxidation and

3 Part of this chapter is reprinted with permission from "Tribological Evaluation of Electrical Resistance of
Lubricated Contacts." By Chen, Yan, and Hong Liang. Journal of Tribology 142, no. 11 (2020).
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subsequent removal of surface materials. In the present work, we investigate the

behavior of lubricating oils.

4.1.2 The measurement methods for lubricant physical properties

Two lubricants used in this study are light mineral oil (330779 Sigma-Aldrich) and
commercially available engine oil (SAE SW-30 PENNZOIL PLATINUM). The
viscosity was measured at room temperature using an AR-G2 rheometer. The material
used to fabricate two discs were E52100 steel from Mcmaster Carr.

We built a triboelectro system that measured the impedance of a lubricant while the
friction was monitored. The configuration of this system is illustrated in Error!
Reference source not found.. The system consists of a disc-on-disc metallic pair that
were connected to an instrument with impedance measuring capability. The upper
circular disc was stationary. A normal force was applied on the disc, while the lower disc
rotated. The contact area was 17.80mm?. Impedance was measured at the frequency of
IMHz and a constant 1mV peak to peak voltage with a DC bias of 0.5mV. This system

enabled in situ monitoring the thickness and electrical resistance of lubricants

l Tribopair
o [] Plastic holder
IEpes anee Lubricant

Analyzer
° y Load
- Sliding direction

Figure IV.1 The configuration of electro-tribotesting system. The
tribopair was connected to a tribometer and an impedance
analyzer. The tribometer applied the load on the upper disc
through an omnidirectional joint. The lower disc rotated under a
controlled speed.

simultaneously.
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The thickness and resistance were obtained through a calculation based on impedance
data. In the present study, the tribopair was considered as a capacitor and a resistor in
parallel. The capacitance term was assumed fully contributed by the oil film which has a

dielectric constant of 2.1[207]. Here was the formula of calculation:

1 €er
R= Re(3) (1) t=4 m@)/w @)

where R is the resistance, Z is the measured impedance subtract the impedance of the

shorted measuring system Z = Z,,casured — Zshort > A 1 the nominal area of contact,
€€, is the dielectric constant, w is the angular frequency of the applied voltage. Re and
Im takes the real and imaginary part of a complex number, respectively.

In order to obtain properties of the lubricating oil, the impendence measured was super

£ speedXviscosity

imposed on the Stribeck curves, i.e., the friction against a grouping o — ,

the Sommerfeld grouping[238] .

The precision of this measuring system can be inferred from the shorted system
impedance. The standard deviation of the shorted measurement system was ~0.05Q for
both real and imaginary part of the impedance. The percision of film thickness
measurement was dependent on the real part of measured impedance and film thickness.
The analytical solution to that is difficult, but we can estimate this by Monte Carlo
simulation method. The Z,..,; = 10,100, 10000 was simulated with total 200 simulated

experiments:
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Figure IV.2 The Monte Carlo simulation on system precision.

The range of this measuring system was limited by the current measuring capability of
our instruments. The high impedance can cause the current too low to detect. This

instrument can measure 60pA current, thus it can detect maximum impedance of 16 M().

4.1.3 The stribeck curve of resistivity and oil film thickness

To evaluate the lubricating performance, Stribeck curves were generated using the
coefficient of friction against the grouping parameters, as shown in FigurelV. 3. There
are two curves shown in the figure. The upper (blue) is that of the mineral oil and the
lower (orange) the engine oil. For both curves, three lubrication regimes can be
identified, boundary, mixed, and hydrodynamic lubrication. Under a high load and low
speed, the boundary lubrication was characterized by the high coefficient of friction. In

this regime, the friction force was generated from the contacting asperities on opposing
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Figure IV.3. The Stribeck curve of two lubricants studied. The y-axis was the
coefficient of friction and the x-axis was the dimensionless Summerfield number (S).
The error bar in the plot shows the standard deviation of the measured friction
coefficient.

surfaces[239]. With increased speed and lowering of normal load, the oil film started to
form, resulted in a lower COF. On the right side of the plot, the hydrodynamic regime
was reached with a complete oil film formed between to contact surfaces. The mineral
oil data have high standard deviation at high grouping parameters, this is due to the
combined effect of low frictional force and high speed. However, because the high
number of data points collected (~6,000), it is still a good measurement of coefficient of
friction. Here the commercial engine oil has lower coefficient of friction in the boundary

lubrication regime indicating its effectiveness in protecting contacting surfaces.

The impendence during tribotesting was studied to obtain physical properties of a

lubricant. Based on the measured impedance, the oil film thickness was calculated using
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equation (2). The electrical resistance was obtained using equation (1), Results are
imposed on the Stribeck curve shown in Figure IV 3 and new results are shown in Figure
VI4. Figure VI. 4a is the measured oil film thickness under different speed and loading
conditions. Figure VI. 4b is the electric conductivity of the lubricant against
corresponding value. The mineral oil in high grouping parameter shows high standard
deviations, this may be due to the high entrapment speed. According to Figure V1. 4a, the
film thickness of both oils is similar. When a film is formed, as labeled by the dashed line,
the engine oil seems to provide a bit thicker film that than that of mineral oil. Commercial
lubricants are known to compose various additives that might be responsible for this.
Details will not be discussed here. According to our data, the thickness of the oil film is
well below 1um in boundary lubrication regime and 10um and thicker in otherwise. In
Figure 3b, the electrical resistance also showed similar behavior at boundary lubrication
regime. This figure also has one datapoints with a seemingly large error bar, it is caused
by the log scaling of the y-axis. Interestingly, after an oil film was formed, the electric

resistance was increased in a quadratic manner while the film thickness increased linearly
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Figure 1V.4.a) The calculated oil film thickness from electric impedance as a function of
the grouping number of the Stribeck curve. b) The calculated resistance of lubricants
as a function of the grouping number of the Stribeck curve. In both plots, the error
bars are the standard error of the collected data.

against Sommerfeld grouping( Fitting the function log(R) = C; + C,log (S), for mineral
oil C1 =6.25+ 1.2, C, = 1.96 £+ 0.75; for engine oil C; = 8.68 + 1.18, C, = 2.28 +
0.88) This indicated that the electric conductivity of the oil film under shear is not a simple
ohmic behavior. The non-linear quadratic function of conductivity against the grouping
under shear is intriguing. The correlation between those two measured quantities can be
seen when they are plotted against each other in Figure IV 5. According to Figure IV 5,
The film thickness in the boundary lubrication regime was less than 1 um. The resistance
was about 10k() when a complete film was formed. Once an oil film was formed, the
thickness reached 20um for engine oil and 40um for mineral oil. For mineral oil the

resistance increases exponentially to around 100kQ. The mechanisms of such behavior

are currently unknown. Previous study using numerical simulation reported that electrical
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tunneling between opposing surface asperities caused the non-linear increasement of
conductivity when oil film was thin enough[240,241]. Our results seem to be beyond the
scale of the previous study. In our case, the non-Ohmic behavior took place only after a
film is formed where the film thickness reached beyond 10 ym. There are several
questions raised from our results. Why does a lubricating film behave this way? How and

why do two lubricants differ? We will report of our findings in near future.
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Figure IV.5. The electrical resistance is plotted against oil film thickness. There two

distinguished regions: the linear relation at the lower left region and non-linear
upper right.

4.2 Thermal properties

4.2.1 The thermal conductivity of lubricating oil

Recent advancement in electric vehicles (EV) requires lubricants with more or
alternative properties [222,223,225,242]. Among these properties, thermal conductivity

is one of the most important. Thermal conductivity is the ratio of thermal flux and
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thermal gradient[243]. It represents the efficiency of thermal energy flowing through a
fluid. Thermal conductivity in EV lubricant is important because using high thermal
conductivity lubricant can improve the efficiency of EV. The efficiency of electric
motors used in electrical and hybrid vehicles have low efficiency when the temperature
is high[244]. Therefore, a lubricant with higher thermal conductivity can improve the
efficiency of electric motors. The thermal conductivity of the lubricating oil used in the
drivetrain also impacts the overall thermal management of the vehicle[245,246]. The
thermal conductivity can also influence lubricant performance, especially for high-slip
and high-load conditions[247,248]. Having a desirable performance in such conditions is
essential to EV which have high acceleration. However, there still lacks an effective
method to measure the thermal conductivity of lubricating oil in its working condition.
The measurement of thermal conductivity of a working lubricant is challenging. The
recreation of tribological condition can be difficult. Some lubricants under a tribological
contact can be subjected to pressures up to a few GPa [249]. High-pressure thermal
conductivity was reported to be achieved by a measurement method called transient hot-
wire method[182,250,251]. This method used a metal wire which was submerged in a
pressurized lubricant. The temperature of the wire was increased by passing an electric
current through and monitored via resistivity. An optical method called flash method
was used to measure non-pressurized lubricating 0il[252]. This method used a laser to
heat up a small quantity of lubricant, while monitoring optically the thermal diffusion.

However, none of these methods measured the thermal conductivity of a lubricating oil
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shear under high pressure. Despite prior effort, to date direct measurement of the thermal
properties of a lubricant under shear has not been possible.

To probe the thermal conductivity of a working lubricating oil, the electrical response of
contacting surfaces is essential. This electrical response measurement has been used to
track tribochemical reactions and oil film thickness in prior works. The early study of
both experimental contact mechanics[240,253] and tribochemical kinetics of tribofilm
formation[173,175,180] was accomplished utilizing direct current (DC) resistant
measurement. Use of high-frequency alternating current (AC) resistance measurement
was later developed to measure lubricating oil film thickness under a ball-on-disc
setup[177,180]. The impedance measurement has also been successfully implemented to
monitor the tribochemical process of chemical mechanical planarization[18,21,235,236].
Our previous work on this subject measured the electric impedance of a disc-on-disc
contact. Based on that measurement, the oil film thickness can be measured in-situ
[254]. By combining this electric measurement of oil film with temperature control, the
thermal conductivity can be inferred from the dimensional analysis.

To further investigate the thermal property of lubricating films, we configured a new
thermally controlled tribotesting device. It measured the thickness of a lubricating film
while imposing a thermal gradient into it. This thermal gradient was monitored with a
thermocouple and correlated with the oil film thickness. A model to relate the measured

quantity to the thermal conductivity of the lubricating film was proposed.

4.2.2 Testing the thermal property of lubricating oils
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Two lubricants was used: light mineral oil (Sigma-Aldrich, St. Louis, MO) and PAO oil
(Tesla, Palo Alto, CA). Both liquids were untreated before the test. The mineral oil was
selected because it has a simple alkenes structure and is used as both lubricant and
cooling oil. The PAO oil was selected because it has been widely used as a base oil for
formulation. These oils are ideal candidates for our baseline study in this research.

All experiments conducted in this research used an integrated test system consisting of a
modified tribometer (CSM Instruments, Needham, MA) and an electrochemical
workstation (Gamry, Warminster, PA). This system was configured as an electrically
and thermally monitored disc-on-disc tribotesting device (Figure IV.6). This system has
one tribopair consist of two discs made from E52100 steel (Mcmaster-Carr, Atlanta,
GA). The upper disc could move freely in the perpendicular direction. During
experimentation, the lower disc rotated with a controlled speed and a force was applied
on the upper disc with a dead weight. Detailed description of the system can be found in

our previous publications[254].

Tribopair
Plastic holder
o

]
Lubricant
Impedance )
Analyzer I Heating element
=0

o) Thermocouple
Load
- Sliding direction

Figure IV.6 The setup of the measuring system. The Load was controlled with a dead
weight. Thermocouple was attached on the tip of the lower
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Temperature was controllable during experiments. A heating element was attached
underneath the lower disc. During the experiment, the temperature of the lubricant was
evenly increased by heating the element. This temperature increment was monitored
using a thermocouple attached to the upper disc. The position of this thermocouple was
about 0.5mm above the edge of the upper disc. In experiments, the temperature range
was controlled from room temperature to around 320K. The temperature range was
limited by the plastic materials used to construct this system.

The electrical impedance of this tribopair was monitored with an impedance analyzer.
Impedance is a concept analogous to resistance under direct current but works in the
alternative current. In this configuration, the electrical impedance was caused by the
capacitance and resistance of the lubricating film formed during the tribotest. This
capacitance and resistance can be calculated from the measured impedance. In all
experiments, the impedance was measured at 1MHz. Based on the measured impedance,
the lubricant film thickness can be calculated[254].

4.2.3 Lubricating performance against impedance

At a fixed temperature, the impedance of this system remains constant. Figure IV.7
shows the directly measured impedance at room temperature. This shows impedance
value was unchanging when the temperature was fixed. Without temperature change, the

electric response of the contacting surface was relatively stable.
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Figure IV.7 Figure 2. The measured impedance between

contacting surfaces under isothermal condition. Both the

real and imaginary part of the measured value did not

increase or decrease with time.
In contrast to the isothermal condition, the change of temperature alters the electronic
property of the oil film. To illustrate this, Figure I'V.8 plotted the capacitance calculated
from three different experiments under the same condition (1cm/s and 1N load). These
three data sets all indicated that the capacitance of the tribopair was increased with the
increase of temperature.
The impedance reflects the thickness of a lubricating film. In our recent study, it was
found that the increase in capacitance was caused by the thinner oil film[254]. The
tribopair in the testing system essentially formed a capacitor that was separated by the
oil film. The capacitance was inversely proportional to the thickness of the oil film. It
means that when the oil film became thinner, the capacitance would increase. This

increment in capacitance was then measured using our system. By measuring this

impedance versus temperature, the oil film thickness change was obtained.

83



€ 504 = E
5§50 Slop 0-261:—“0-121 a g 504  slop=-0.218+0.09um/K °©
A i ° oo n ®
g 25 .0.. * ‘: % ...‘ § 25 A e o :. ® .“...‘.
3 | ORLAGA g RIS,
£ = 0 T
— T T T ~ T T T
290 300 310 320 290 300 310 320
Temperature (K) Temperature (K)
§501  siop=-0.121+0.061 b | § s0- slop=-0.1540.16 f
& 1 %] ) 38 .. 'S L4 ®
?:J £ LK P )  J ® § 25 1 ‘.'.f g .:‘
< Medpiges Reoast, | PAlSS
@] 0 - [ atad X ) @] 0 " =
< e
— T T T — T T T
290 300 310 320 290 300 310 320
Temperature (K) Temperature (K)
§£501  slop=-0.01120.015 c|§509 slop=-0.068+0.074 g
& 25 . &
¢ 0 25 - .
S Y % & > ‘r
.-E 0 | T T T -E O | T T I
290 300 310 320 290 300 310 320
Temperature (K) Temperature (K)
g 501  slop=-0.006+0.013 d g 507 slop=-0.006+0.053 h
7, 0
0 25 - 0 25 -
S 5] eellmietestsvlBum, g gd® =
l-E T T T -|E |l 1 1
290 300 310 320 290 300 310 320
Temperature (K) Temperature (K)
PAO Light Mineral Qil

Figure IV.8 Figure 3. the oil film thickness vs. temperature of PAO(a-d) and mineral
oil(e-h). The speed over load values of experiments are: a,e: 25¢m/Ns; d,f:50 cm/Ns;
¢,g: 100 cm/Ns; d,h:200 cm/Ns
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4.2.4 Effects of temperature on oil film thickness

The temperature and oil film thickness were proportionally correlated. In Figure IV. 9,

the calculated oil film thickness was plotted against the measured temperature. Both the

PAO and mineral oil film thickness decreased with the increase of temperature. These

decrements were correlated with the Sommerfeld value. It appears that the thicker oil

film that was generated under higher speed/load was more susceptible to change its

thickness when the temperature rises. In order to characterize this correlation between

temperature and oil film thickness, linear regression was performed on each data set.

These linear regression results showed that there is a clear correlation between the

change rate of film thickness and the Sommerfeld grouping value.
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Figure IV.9 a) the oil film thickness vs. speed/load at two different
temperatures. Both the value and the standard error in this plot

was based on linear regression results. b) the measured slop
(thermal factor) of the oil film thickness.

4.2.5 A new thermal factor

To understand our measurement, we correlated the Stribeck curve, the oil film thickness,

and the changing temperature. In Figure IV 9, the oil film thickness of two lubricants at
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two temperatures was plotted against the Sommerfeld grouping. The film thickness at
25°C was increased linearly with the increment of Sommerfeld grouping value. The film
thickness at 45°C, however, shows a different trend, i.e., increasing gradually with the
Sommerfeld grouping value.

In accordance with common Stribeck curves, the coefficient of friction increased with
the oil film thickness. In figure IV 10, the Stribeck curve of the coefficient of friction
was plotted against the Sommerfeld grouping value. Both lubricants show the increase of
the coefficient of friction with the Sommerfeld grouping. Compared to PAO, the mineral
oil, which has a thicker film, shows a high coefficient of friction. Both mineral oil and

PAO were in the elastohydrodynamic regime to the hydrodynamic regime in all

experiments.
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Figure IV.10 The coefficient of friction plotted against the Sommerfeld
grouping (Stribeck curve). The dotted line shows a quadratic fit.

4.2.4 Dynamic thermal conductivity of a lubricant
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A fluid dynamic simulation of the experimental system shows a constant pressure
gradient under the upper disc. This simulation was based on a simplified 2-dimensional
model. In this model, the fluid flowed between two parallel plates. The ratio of the
plate's length and the distance between those two plates was 10 to 1. The fluid on the
right side of the plate was ejected into the plates with the same speed as the upper plate.
Using the SIMPLE algorithm with fipy software[255], this model's pressure field can be
simulated. This pressure field was plotted in Figure IV.11. This simulation indicated

under the upper disc, there is a constant pressure gradient along the flow direction.
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. ‘
0.000

0.00

0.02 004 0.06

pressure

=
o
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-10
Figure IV.11 Figure 6. The simulated pressure field in a 2-dimentional model. The
value of the pressure was normalized to from -1 to 1.
Based on this information, a relation between the film thickness D and the lubricant's
viscosity was derived. A simple film thickness model can be calculated based on the
assumption that there is a constant pressure gradient under the contact. Based on the
Navior-Stocks eq. the flow between two parallel plates can be expressed as:

0*v,  10P

9y _ mox (1)

where X, y is the location along and transverse the plan of contacting discs, P is the

pressure, u is the viscosity of fluid and v, is the fluid speed along the x-axis. We can

simplify this equation a bit by defining G = Z—i.
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It is known that the upper plate moved at a speed of v, with the lower plate stationary.
Another observation is that because the liquid is squeezed into the gap between two

plates, there should be a relationship:
Uy = —Gl(y2 —D?)
x p )

where D is the gap between the plates, v, (0) =V, v, (D) = 0.
Assuming the pressure gradient under the pin is the same number, the force and pressure

gradient can be related to:

R 2VR2-z2
F = 4] ] Gx dx)dz
0 ( 0 ) 3)

Evaluating this function gives:

R
4
F=4f 2G(R? — z¥)dz @
0
)
F = 4GR?
Combining equation (5) and equation (2)results in the relation:
R3uv (6)

D=2

F

where R is the radius of the upper disc, V is the entrapment speed, and F is the load.
Applying this equation to the experimentally measured results, the apparent fluid
viscosity under the contact was calculated (Figure 1V.12). The viscosity calculated from

the data at 25C matches the viscosity of the lubricant. However, the viscosity at a higher
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temperature (45C) shows a dependency between the Sommerfeld grouping and apparent

viscosity, indicating there are other factors influencing the oil film thickness.

All the analyses above assumed the thermal gradient was non-existent inside the oil film.
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Figure IV.12 The calculated viscosity
under the contact using eq. 6.
The film thickness can be considered to be a function of both viscosity and temperature

gradient. Thus, eq. 1 can be rewritten as:

R3uv

D=2
F

+C,/VT (7)

where C; is the factor relating thermal gradient to the measured film thickness. It is also
known there is a thermal factor (TF) measured from the change of film thickness:

R3uv

D=2
F

+TF XT (8)
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Comparing these two equations, the T and C; have the same dimension. Based on the
dimensional analysis, the two factors are possibly connected. If such a connection is
valid, that relation can be:

TF =A/VT 9)
where A is a scaling factor.
With this guessed relationship, an estimation of the thermal conductivity can be
achieved. In figure IV 13, the thermal history of all the experiments was plotted against
the experiment time. All experiments followed the same thermal history. The thermal
flux can be roughly estimated with this data by considering the lower part of the upper

disc was under the adiabatic condition:

— d_T x Csteel
dt Vsteelpsteel (10)

q
where q is the thermal flux, C.e; 1 the specific heat of steel, Ve 1 the volume of the
adiabatic region, and pg.,; 1s the density of steel. The upper disc was held in a plastic
holder. The low thermal conductivity of plastic combined with the short time validated
the assumption of the adiabatic condition. This equation leads to a thermal flux of
1.71 x 103]s~ 1. According to Fourier's law, the temperature gradient is the function of

film thermal conductivity:

q= —kVT (11)
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Figure IV.13 The measured temperature of all experiments was plotted

against time. Red line shows a linear fit.
We know that the thermal conductivity of mineral oil should be around 0.136 W-m/K,
and the thermal factor we measured is at —0.3 X 10~°mK 1. Thus, we can do an order

of magnitude estimate to guess there is a relationship between thermal gradient and

thermal factor:

(12)
VT =0.1/TF
Then the apparent thermal conductivity can be estimated with:
k = —10TF g (13)

To understand the thermal behavior of a lubricant, the data shown in Figure IV.9 was
analyzed, and the dynamic thermal conductivity against the ratio of surface speed and
the applied load was calculated. Results are shown in Figure IV 14. The plots have a
similar shape to a Stribeck curve. In comparison with the Stribeck curve obtained at the
same condition, it shows that at around 25 cm/N.s a fluid film was achieved, and the

lubrication was confirmed to be in hydrodynamic lubrication regime. Yet the PAO has
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lower friction (Figure IV.13a) and lower dynamic thermal conductivity. This is
understandable because of the additives in PAO as a base lubricant. When oil film is
thicker toward to the right of Figure IV.10 (a and b), the friction and dynamic thermal
conductivity both increases. In dynamic thermal conductivity, the difference in PAO and
mineral oil is un-distinguishable. This is believed to be the general nature of organic

molecules in both oils.
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Figure IV.14 The approximated dynamic

thermal conductivity plotted against the

Sommerfeld grouping.
Now the question is why the dynamic thermal conductivity increases with the increase in

the thickness of the oil film. This phenomenon was observed for both oils. Currently, it
has been accepted that the thermal conductivity of lubricants depends on the molecular
weight and molecular diffusivity of the lubricant[256]. It is also known that applying a

high pressure can increase the thermal conductivity of the lubricating 0il[257]. This
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means at the same speed, lower load led to lower thermal conductivity. Our results
showed that the dynamic thermal conductivity increased with the Sommerfeld grouping
number. On the other hand, the thicker the oil film the more conductivity it seems. There
are several reasons for this, although currently not known. The molecules in an oli
display augmented diffusivity under shear [258]. The nature of fluids, linear or turbulent
flow [259] could affect the heat transfer of a fluid[260]. The molecular structure of the
fluids themselves is expected to affect thermal conductivity as well. These will be
investigated in future.

Another question arose as to why the PAO displayed lower dynamic thermal
conductivity than that of mineral oil at around 50 speed/load. It can be attributed to PAO
having higher molecular weight or lower molecular diffusivity. Since the most probable
explanation was the mineral oil had a higher bulk modulus (1.3GPa) compared to PAO
(1.2GPa)[261]. The speed of sound, e.g., the speed of a phonon that carries the thermal
energy, is higher in the mineral oil [262]. Thus, mineral oil has a higher thermal

conductivity when oil film was fully formed.

4.3 Summary

In this chapter, the feasibility to measure the thickness and electrical properties of
lubricating oils using a tribo-electrochemical approach was proved. A specific
configurate was developed to measure friction, electrical resistance, and oil film
thickness simultaneously. Results indicated that both engine oil and mineral oil behave

Ohmically during boundary lubrication regime. Once a hydrodynamic lubricating film is
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formed, the electrical resistance as a function of film thickness became non-linear
indicating the change of film property.

This new integrated system was then configured to measure the thickness of a
lubricating oil with temperatures ranging from 295K to 320K. The in situ
characterization was achieved by electronically measured impedance value, resulting the
knowledge of thermal properties of lubricants during tribotesting.

Results showed that impedance measurement could be used to study the thermal
behavior of lubricants. Using the dimensional analysis method, the term dynamic
thermal conductivity was discovered by comparing the correlation between lubricant
film thickness, temperature, and thermal conductivity. Our results showed that PAO had
lower dynamic thermal conductivity compared to mineral oil. The reason is not currently
known. The dynamic thermal conductivity increased with the Sommerfeld grouping
number. This could be attributed to the structures of molecules in oils, augmented
molecular diffusivity under increased shear, and the nature of fluids. The mechanisms

will be investigated in the future.
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CHAPTER V

TRIBOCHEMICAL INTERACTIONS IN NANOLUBRICANTS
This chapter addressed the tribochemistry of nanolubricant. First, a short review of
tribochemistry including tribochemistry kinetics was provided. Then, a novel
nanolubricant’s tribochemical property was studied with the in situ impedance method.
This nanolubricant’s synthesis and tribochemical process was studied.
5.1 Tribochemical reactions in lubricants
5.1.1 A brief history of tribochemistry
Additives are essential components in high-performance lubricants[1,138,263]. The best
way to prevent wear and reduce friction is to separate the contacting surfaces in moving
parts. Fluidic forces can carry out this separation at sufficiently high speeds and low
loads, or with a tribochemically formed film[3]. The tribochemically active additives can
separate the surfaces in the boundary lubrication regime by forming solid or viscous thin
films[3,264]. These tribochemical reactions can significantly improve the overall
performance of a lubricant. In some conditions it can even make macroscale
superlubricity possible[265,266].
Products induced by tribochemical reactions due to additives develop a thin film called
the tribofilm[3,4]. This tribofilm was first found in zinc dithiophosphates(ZDDP)[4].
Initially, ZDDP was used as an anti-corrosion additive in lubricating 0il[267]. It was
later found that lubricant with ZDDP added to it produced a thin film on lubricated
surfaces. This thin film increased the wear resistance of lubricated surfaces despite its

mediocre friction behavior[268]. Later, other additives that could also tribochemically
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form thin films with different tribological behaviors were found[1,24,269,270]. In Figure

V.1, the development of a few widely reported additives was shown chronically.

Mechanism
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Figure V.1 The development of tribochemically active lubricant additives, their
reaction mechanisms and uunderlying thermal dynamic principals.

Understanding tribochemical reactions has evolved since the 1980s (Figure V.1). ZDDP
was the first lubricant additive whose tribochemical process was studied. The
importance of tribological conditions was also discovered in early reports. From the late
1980s to 1990s, new surface characterization methods greatly improved the
understanding of tribochemical reaction mechanisms. This also improved the
understanding of other tribochemically active lubricant additives such as molybdenum
dithiocarbamate (MoDTC). In the 2000s, the popularization of molecular dynamics
methods further improved the elucidation of tribochemical reaction mechanisms. The
development of two novel lubricant additives, ionic liquids and nanoparticles, also
occurred in this decade, although their reaction mechanisms were not studied until the

2010s. During this time, the kinetics of tribochemical reactions also started development.
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However, that research mostly focused on the reactions of ZDDP. Tribochemical
reactions of lubricant additives were also studied in a case-by-case manner. To date, no
universal principles or reaction routes have been proposed for all the tribochemically
active lubricant additives. By reviewing the tribochemical process of these lubricant
additives, their common features can be summarized. The result of this review will help

the development of more effective lubricant additives.

5.1.2 The thermodynamic aspects of tribochemistry
Thermodynamic principles are the foundation of understanding chemical reactions. The
term Gibbs free energy is commonly used to determine if a reaction is possible at a
controlled pressure. This term can be used to analyze the tribochemical reactions of
lubricant additives since they are under a controlled contact pressure. When the Gibbs
free energy change of a reaction is negative, the reaction is considered spontaneous. The
analyzation of Gibbs free energy (AG) often breaks it down to two parts: the change of
entropy (AS), and the change of enthalpy (AH)[271]:

AG = AH — TAS
Here the change of enthalpy can be interpreted as the energy change due to the alteration
of chemical bonds or material structures. The change of entropy represents the energy
penalty for making the system more ordered under a certain thermal agitation (a more
detailed and physically strict interpretation can be found in many thermal dynamic

textbooks). This equation states that at a fixed pressure, a reaction is possible when the
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thermal energy released by changing the chemical structures and atomic orders exceed
the energy of thermal agitation. In Figure 2, an example of Gibbs free energy of ZDDP
and tribofilms was plotted[272]. It shows the Gibbs free energy of polyphosphoric
tribofilm is lower than ZDDP. This means the reaction of tribofilm formation is

thermodynamically possible.
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Figure V.2 The calculated Gibbs free energy of ZDDP's tribochemical process[278].
(Figure was re-plotted from the source)

The chemical reactions during tribological contact cannot be fully described by
thermodynamics theory in equilibrium or reversible state. These tribochemical reactions
of lubricant additives have three unique conditions that demand modification of the
Gibbs free energy: the surface energy from the interface of lubricant and lubricated

materials, the thermal and mechanical agitation from the friction force, and the change of
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free energy induced by shear strain. Here, the influences of these three factors are
discussed.
Surface energy must be considered in tribochemical reactions because these reactions are
confined to a small space. The tribological lubricant film has a thickness of a few
microns, and the boundary films are on the submicron scale. The contact between
asperities allows the reactions to happen in a space only a few atomic layers thick. In all
three conditions, the surface-to-volume ratio is too high to not be considered. To account
for the surface energy, the Gibbs free energy equation need to be modified to:

AG = AH — TAS + Ay
where A is the contact area and y is the surface tension between lubricant and contacting
surfaces.
Surface energy is the cause of the adsorption of lubricant additives. In the tribochemical
reactions, the surface (interface between oil and metal solid) area is constant. Hence, we
only need to consider the change of surface tension y. The adsorption of lubricant
additives occurs because it lowers the surface tension on the lubricated surfaces. All
tribochemical reactions reviewed in this paper started with the adsorption process. For
example, ZDDP can be chemically adsorbed on metal and metal oxide surfaces through
the ion exchange process. The room temperature Ionic liquids (ILs) can be adsorbed on
the metal surface via electrostatic forces. Water molecules adsorbed on a silica surface
can even lead to ultra-low friction through tribochemical reactions[273].
Another less frequently discussed effect of surface energy on tribochemical reactions is

its effect on lubricant and lubricant additives. When confined between two nascent metal
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surfaces, ILs can transform from fluid to viscous solid. The solid phase of IL has lower
metal-IL interface energy compared to the liquid phase, promoting this transformation.
The friction force is dissipative, meaning the energy created by f - distance is
dissipated from the contact to the surrounding materials. This can create a large thermal
gradient[274-276]. Under dry sliding, this thermal energy can even change the
microstructure of the contacting metal [275]. In the case of boundary lubrication or
single asperity contact, this thermal gradient is considerable[274]. This friction energy
can increase the local temperature at the contact region, which can change the fluid film
thickness in the elastohydrodynamic lubrication regime[277]. For tribochemically active
lubricant additives, the localized temperature can increase its reaction rate. The very
localized high temperature also creates a large thermal gradient. This can cause the
diffusion of molecules along this thermal gradient or polarization of some
molecules[278].

To analyze the influence of shear stress, extended irreversible thermodynamics can be
used. The major "extension" these thermodynamics make is the re-introduction of the
concept of "space". In equilibrium thermodynamics, the systems we analyzed were all
ambiguous entities without a clear shape or position. The extended irreversible
thermodynamics studies a "space" that has positions. Assigning external quantities such
as entropy, free energy, volume, and chemical compositions to a "position" creates two
new things. One is the "flux" such as energy flux and diffusion flux of matter. The
entropy, being a non-conservative quantity, has an explicit "rate of production" and

entropy flux (heat flux). Similar to the extensive quantities turned into fluxes, the
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introduction of positions makes intensive quantities turn into "forces." The second
equation of thermodynamics was reinterpreted here as "the fluxes and the forces must
make the entropy production be positive." The flow of liquid under shear stress inside
the tribological contact creates an open system. This open system can be analyzed in the
same way as the thermal gradient by creating a "flux" term.
The shear stress can increase the free energy. A rough analysis can lead to a new
equation of Gibbs free energy:

AG = AH — TAS = VA 10y (Trisco)?

GI
GIIZ

where V is the volume and J¢,,,, is the steady flow compliance defined as Jf;o,, =
when the frequency is 0Hz[279]. The G’ and G"' is the storage and loss component of the

shear modulus G, respectively. This equation tells us creation of a matter with a higher

storage modulus is favored under a high shear stress.

5.1.3 Kinetics of tribochemical reactions

Tribochemical reactions can be triggered by frictional heat and/or triboemission. When
there is sliding between two contacting surfaces, the frictional force can generate a
significant concentrated force which creates a phenomenon called frictional heat.
Triboemission is the emission of electrons, charged particles, and photons caused by
abrasion[280]. These emitted particles can promote electrochemical reactions and act as
catalysts [281-283]. The effect of triboemission, typically the triboemission of charged
particles, is essential to the tribochemical reactions in the boundary lubrication

regime[281].
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Without triboemission, the shear force can change the kinetics of tribochemistry as well.
Experiments conducted with atomic force microscopy (AFM) show the simple pulling
force is sufficient to trigger the disulfide bond reduction[284]. The force applied to the
molecules deforms the molecular structures, thus changing the reaction characteristics.
This can be modeled as the change of activation energy. In the tribochemical reactions,
this mechanochemical process occurs on the molecules adsorbed on the contacting
surfaces that are distorted by the shear stress between two contacting surfaces[285].
Strain on the molecule can directly change the kinetics of reactions. Thiol/disulfide
exchange reaction's reaction rate can be controlled by stretching the disulfide bond with
AFM[284]. It was found that the reaction rate of this reaction increases exponentially
with the applied force. Activation energy was shown experimentally to reduce by
8.2kJ/mol under 400 pN force on the S-S bond[284]. In addition, the effect of force and
temperature also indicated the force applied on the S-S bond changes its activation

energy[286]. The reaction rate can be expressed as the Arrhenius equation[286]:

Eq—FAx,
r=Ae ksT

where A is the pre-factor, F is the force applied on the bond, E, is the activation energy,
kg is the Boltzmann's constant, and Ax, is a factor with a dimension of length. A direct
result of this relation is that pulling of the molecule increases the reaction rate in a

similar manner to increasing temperature, as shown in Figure V.3[286].
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Figure V.3 The reaction rate of S-S bond reduction under the influence of force and
thermal energy[292]. (Figure was re-plotted from source.)

Mechanochemical effects on reaction rates not only applied to the molecules directly
pulled by AFM but also on the surface adsorbed molecules under shear[285]. Similar to
the direct pulling of the molecules, the reaction rate increased with the increase of
applied shear force. In the studies of methyl thiolate decomposition activated by shear
force[285], molecular dynamic simulation shows that the adsorbed molecules
experienced a normal force under constant shear. This normal force was distributed on
the surface molecules, changing their chemical reactivities.

The microscopic origin of this activation energy function shift under shear is the change
of bond length distribution. Figure 4 displays the calculated bond length distribution of a

surface-adsorbed allyl alcohol molecule[287]. This shows the bond length distribution
103



"flatten" during sliding, decreasing the energy required for bond breakage. The change
of molecular configuration under shear force can also transfer the atoms on the

contacting surfaces and make it react with the adsorbed molecules[288].
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Figure V.4Figure 4. The bond length distribution of a C1-OA bond in adsorbed
allyl alcohol under room temperature, 2GPa shear stress at room temperature, and
high temperature[293] .
The kinetics of tribofilm growth can also be modeled as an Arrhenius equation[289—
291]:
(6}1) AUgct=TAVgce

. — Foe kgT

at/g
where [ is a pre-factor and 7 is the shear stress defined by 7 = up. In order to make the

grouping TAV,.; have the same dimension as energy, the AV, has the same unit as a

volume. It is called "activation volume" in some texts.
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In some other literature, this equation takes another form[18]:

oh AUgct—AE
(a)g =loe 7

In those papers, a term called mechanical energy input is defined. Since this "mechanical
energy" term is linearly proportional to the shear stress defined above, these two
definitions are mathematically identical.

This simplistic model cannot explain some phenomena in tribofilm growth. The
Arrhenius equation will always produce a positive growth rate, which is not true. For
example, the growth of ZDDP tribofilm can be described with three phases: growth,
slight decrease, and then stabilized at a certain thickness. Even in the stable growth
phase, the growth rate of tribofilm is not constant[292]. For the mechanisms which limit
the thickness of tribofilm such as wear, consumption of iron must be considered.

The deviation from the simple Arrhenius behavior can be explained by three factors.
First, shear stress or mechanical energy input is not a constant factor during the growth
of tribofilm due to the evolution of contact pressure[289,293]. Second, the growth of
tribofilm may require multiple steps; each has a different activation energy and
activation volume[272]. Third, tribological forces also cause wear of the generated
tribofilm. The balance of these three mechanisms have made the modeling the
tribochemical process difficult[289].

5.1.1 Tribochemical reactions of nanolubricants

Nanoparticles (NP) have been used as additives in lubricants to enhance their tribologial

performance [1,294]. Stable dispersion has been achieved in nanolubricants [294]. Like
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other additives, the NPs can be adsorbed on the contacting surfaces. This adsorption is
driven by Van der Waals's interactions between the NPs and the surfaces[1,5]. In some
cases the adsorption of NPs can directly reduce the friction in the boundary lubrication
regime and protect the surfaces from contacting[6,7]. However, with the tribochemical
reactions the NP additive can have better tribological performance.

For some NPs such as metal oxides NP, there are no tribochemical "reactions" because
the composition of the tribofilm they form has the same composition as the NPs. They
are essentially sintered to the contacting surfaces by the tribological process[8—15].
There is also a report on tribochemically active oxide NPs such as Fe3O4. The metal
elements can be reduced and/or oxidized via tribochemical reactions[16,17]. This
oxidation reaction promoted by the oxide nanoparticles is essential to the chemical-
mechanical polishing process[18—-22]. In these reactions, the nanoparticle tribochemical
reactions chemically wears the surface instead of protecting it. The overbased detergents
are NP lubricant additives that can effectively reduce wear by forming a
tribofilm[23,24]. This NP is also tribochemically inactive. The formation of its tribofilm
is mechanical rather than chemical[24]. The capped metal NPs can reduce wear and
friction without tribofilm formation[25]. In some cases such as copper NPs[26] and
silver NPs[27] the tribofilm can form directly by mechanical cold welding. One
exception to the capped metallic NPs is the dodecanethiol-modified Palladium NPs. The
dodecanetiol capped Palladium forms palladium sulfide on the contacted surface when
used as a lubricant additive[28]. The rare earth-containing nanoparticles can form iron

oxide tribofilms through the oxidation-catalysis effect[29].
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One of the most successful NP friction modifying additives, inorganic fullerene
molybdenum disulfide (IF-MoS>) has its friction modifying ability due to its
tribochemical reactions. MoS; is known to be a solid lubricant as a powder or
additive[30]. Under tribological forces, the I[F-MoS, forms a tribofilm comprised of 2H-
MoS; and chemically bonds to the iron oxide on the steel surface[31]. The mechanism of
this reaction was proposed that the mechanical breakdown of IF-MoS» nanosheets can
tribochemically bond to the iron/iron oxide[31]. The iron sulfide can also be found in the
tribofilm formed by MoS; and WS> NPs[32,33]. The MoOs3 nanoparticles can
tribochemically react with oleyfin polysulphide to form MoS»>[34,35]. The molecular
dynamics simulation also shows that MoS> nanosheets were more stable between
contacting surfaces compared to the amorphous phase[36].

The WS> tribochemical process creates a film with a layered structure. The top layer of
WS, tribofilm is a mixture of WS>, WOs3, and iron oxides (Figure V.5)[295]. The bottom
layer is comprised of the reduced W and Fe. Unlike oxides nanoparticles, WS> can
actively react with iron and iron oxide, forming oxides and even W metal. Here, the
similar "surface concentration" phenomenon observed in MoDTC is found. The formed

metal disulfide seemingly gravitates towards the contacting surface.
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Figure V.5 The cross-section of tribofilm formed by WS2 NPs(Figure was based on
[301]).

The surface-adsorbed nanoparticles, when mechanically broken by the tribological
processes, can produce some active materials due to the resultant high surface area. This
can explain why the sulfur or phosphorus containing NPs, while having low hardness,
can greatly improve the boundary lubrication performance of a lubricant[1]. The
nanosheet of MoS» can readily react with iron and iron oxide[31].

Similar to ZDDP and ILs, different elements act differently in NP tribochemical
reactions. When the NP contains nitrogen or phosphorus, the product of the
tribochemical reaction is mainly nitrides and phosphide[296,297]. Similarly, CaF, NP
and ZnB NP form FeF» and Fe;B when tribochemically reacting with a steel
substrate[102,298]. The a-ZrP nanoparticles which contain phosphorus forms iron
phosphate which protects the surface from wear[299-301]. Carbon in NPs stays
tribochemically inactive to metal surfaces. When graphene quantum dots were used as
an additive, they tribochemically formed a fullerene structure instead of reacting with the
contacting surfaces[302]. The CaCO3 formed a tribofilm comprised of CaCO3 and the

CaO, and the carbon was removed from the NPs during the tribochemical process[100].
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Interestingly, the DDP-coated ZnS nanoparticles tribochemically formed a film similar
to ZDDP[303].

With a proper catalyst, the normally tribochemically inactive carbon can tribochemically
form carbon nanostructures. Carbon-based NPs under the tribological force can form a
glass phase with an amorphization process when mixed with iron NPs[304]. The
tribological forces also reduced the Gibbs free energy of structurally more complex
phases. This led to a phase transformation from the amorphized phase to onion-like
carbon[304,305] or carbon nanotubes[306]. This process started with reactions between
iron NP and graphite[304], which formed an amorphous carbon-containing iron carbide.
The amorphous phase under tribological forces then transformed into onion-like carbon
with superior tribological properties. It appears that the reason behind the inactivity of
the alkyl chain in all the lubricant additives is caused by the strong carbon-carbon bond.
The addition of iron disrupted this bond and made carbon tribochemically active.

The tribochemical process is essential to the lubricant additive functions, especially its
anti-wear and friction modifying properties. This section reviewed the thermodynamics
and kinetics of the tribochemical processes involving lubricant additives. Tribochemical
reactions started with the adsorption of reactants to the contacting surfaces. The
tribochemical reactions in nanolubricant greatly depended on the tribochemically active
elements, Phosphorus, sulfur, fluorine, and nitrogen. The carbon is unlikely to be
included in the final product. For a tribochemical reaction, it is likely that, the
occurrence of the tribochemical reactions requires chemical or physical adsorption of

lubricant additive to the contacting surfaces.Most reaction products were amorphous in
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nature. The only exception was transitional metal sulfide. This forms a 2D nanosheet
which gravitates to the contacting surface.A tribochemical reaction is
thermodynamically controlled by a force applied to the additive covalent bond. Such a
force changes the free energy of the reactant and the product. The kinetics of
tribochemical reactions are affected by the temperature, shear stress, and the wear of the

tribofilm.
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Figure V.6 The synthesis process of amphiphilic ZrP (a-ZrP)

5.2 The tribochemical of amphiphilic nanolubricant

5.2.1 The synthesis of a amphiphilic nanolubricant

Janus or gemini nanoparticles shows similar amphiphilic properties as the traditional
anti-wear additives and organic friction modifiers. Those particles has inhomogeneous
surface functionalizations[307,308]. The surface of such particles is partially
hydrophobic and partially hydrophilic. This made them good candidate for forming
emulsifications and potentially good lubricant additives with enhanced tribochemical

reactions.
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The nanoparticle synthesis has three steps, the synthesis of the core nanoparticle, the
surface modification and the exfoliation (Figure V.6). The a-ZrP have a layered
structure. Each layer’s surface was covered with hydroxyl group (hydrophilic). The
surface functionalized with alkyl chains becomes hydrophobic. By exposing the
hydroxyl group between layers with exfoliation, the amphiphilic NP was synthesized.
The core nanoparticle a-ZrP was prepared with reflux method. First, 6g of zirconyl
chloride octahydrate (ZrOCI2-8H20, Sigma-Aldrich, St. Louis, MO) was mixed into 50
mL of 12 M phosphate acid (Sigma-Aldrich, St. Louis, MO). The mixture was loaded in
a reflux system consisted of a 100-mL round flask and condenser. This system was
heated to 94°C in oil bath and kept for 24 hours. The product was washed with
deionized(DI) water three times, and dried in a drying oven.

The prepared a-ZrP was then functionalized with octadecyl isocyanate (ODI, TCI
American, Portland, OR). The reactions in this process cannot happen under the
presence of water. Thus, a second drying process is required right before the
functionalization. In this drying process, the nanoparticles were left in an drying oven
overnight and used immediately afterwards. The nanoparticle was then transferred into
dry toluene in a flask with a magnetic stirring bar (without stirring) after preheating this
toluene to 90°C with oil bath. This flask was then flushed with nitrogen gas for 10
minutes. ODI solution was prepared by adding ODI into dry toluene. Under nitrogen
protection, this solution was added into the flask. The final molar ratio between a-ZrP
and ODI was 10:1. The system was then flushed with nitrogen gas for another 20

minutes to continue driving out the moisture. After this process, the mixture was stirred
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under protection for 24 hours. The functionalized product was then washed with
methanol for three times and dried in a 70°C oven.

The amphiphilic NP were obtained by exfoliating the product with tetrabutylammonium
hydroxide (TBA, Sigma-Aldrich, St. Louis, MO). Mixing the functionalized ZrP with
40% TBA in DI water at room temperature the NP can be exfoliated. The molar ratio
between ZrP and TBA were 1:1. The product was then freeze dried (FD-1A-50, Beijing
Boyikang Laboratory Instruments Co., Ltd., China) at 50 °C (~15 Pa) for 48 h.

The nanolubricant was produced by mixing the amphiphilic NP with light mineral oil
(Sigma-Aldrich, St. Louis, MO). The NPs were directly added into the light mineral oil
and treated with ultrasound for four hours until a homogeneous dispersion was obtained.
The concentration of NP in light mineral oil was 0.1wt%.

5.2.2 Tribotesting and characterization of the nanolubricant

Tribochemical study was conducted with a tribtesting system which combines a
tribometer (CSM Instruments, Needham, MA) and an impedance analyzer (Gamry,
Warminster, PA). The tribometer was configured as a disc-on-disc testing device (Figure
2). Two E53200 steel discs (Mcmaster-Carr, Atlanta, GA) connecting to the impedance
analyzer were used as a tribopair. The temperature was controlled with a heating element
under the lower disc. This system can characterize the tribological process and change of
resistance in situ [254].The tested oil was placed between two discs before the testing.
The load was applied with the upper disc while lower disc moved in a reciprocal motion.

The load used in this experiment was 2N. The reciprocal motion was sinusoidal with

112



10mm amplitude and 1cm/s maximum speed. Three temperatures were used for this

experiment: 35 °C, 65°C and 100°C.

Tribopair
[ ] Plastic holder
g Lubricant
Impedance _
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-« Sliding direction

Figure V.7 The configuration of the impedance tribotesting system.

Chemical property of the tested surface was characterized with a Raman spectroscopy.
Commercial Raman microscope (LabRAM HR Evolution, Horiba) was used in all the
characterization process. The excitation light at 785nm and ~3.0mW generated from
laser source(TEC-520-780-100, Sacher Lasertechnik) focused by an objective
lens(LMPlanFL N, 50x, N.A. 0.5, Olympus) was used to generate the Raman signal. The
spectrum was collected with a spectrometer with a 150 groves/mm grating. The
resultant spectrum was averaged 30 times.

The anti-wear property of this nanolubricant was characterized with a ball-on-disc wear
test. In this test, an E52100 ball and a polished E52100 plate was used with the same
tribometer. The disc was moving at 1cm/s maximum speed in reciprocal motion with a

Smm amplitude. The load applied between the ball and disc was 2N. After 1000 cycles
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of testing, the sample was characterized with an interferometer (Zygo NewView 600,

Zygo Corporation, Laurel Brook Road, Middlefield, CT).

5.2.3 The tribochemistry of amphiphiles nanolubricant

The Raman spectroscopy result revealed that the product of the amphiphiles
nanolubricant tribochemical reaction is zirconium pyrophosphate (L-ZrP,0-). The
Raman spectra of exfoliated a-ZrP and amphiphiles a-ZrP were shown in Figure V8a
and FigureV.8b. Both spectra contain the peak at 1050cm™! and 990cm ™1 | which
corresponding to the POH stretching[309]. The amphiphiles nanoparticle shows two
additional peaks at 1450cm™! and 1310cm ™1, which corresponding to bending of CHj
bonds and stretching of CH, bonds, respectively[310]. Those two peaks are resulted
from the epoxide modifications. However, those peaks were not found in the Raman
spectra taken from the wear track (FigureV.8 c-e). These figures are taken from wear
track generated under 35 °C, 65°C and 100°C respectively. All of them shows two peaks
at the 1260cm ™1 and 1110cm™1, with 1260cm ™1 peak at a higher intensity. This
indicated that a tribochemical reaction occurred during the experiments, and tribofilms
were formed on the wear track. The most probable explanation of these two peaks are
the complex peaks from Layered Zirconium pyrophosphates(L-ZrP,0,)[311-313]. The
C H; bending peak at 1450 cm™! still presenting in the spectra from tribofilms with
varying intensities. There are two possible explanations. The first possibility is the

carbon alkyl chain existed in the tribofilm as either an inclusion or surface modification.
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Another explanation was the base oil (Light mineral oil) not completely removed during
the cleaning process.

The tribochemical reaction mechanism can be explained by two processes. The structure
of amphiphiles a-ZrP and L-ZrP,0-, were shown in figure V.8.f. The L-ZrP,0- and a-
ZrP has the same structure inside the layers but L-ZrP, 0, connect the layers with a
phosphate atom instead of Van der Waals force between hydroxyl groups. To form the
pyrophosphates, the nanoparticle must detach the alkyl chain on the surface. Such
detachment is common in tribochemical reactions. The Zinc dithiophosphate (ZDDP)
decomposition under tribochemical process started with the removal of its alkyl
chain[314]. Similarly, the ionic liquids forms tribofilm started by the separation of head-
group and alkyl chain[315]. After the detachment of the alkyl chain, the single layer a-
ZrP structure went through a condensation process and formed L-ZrP,0,. Similar
chemical reaction from multi-layer a-ZrP to L-ZrP,0- at high
temperature(700°C)[316,317]. This indicated that the tribological process greatly
reduced the energy barrier between two compounds. The possible reaction is:

(C18H3sNCO)n@Zr(O3POH)2-H20(s) — H20(g) + ZrP207(s) + CO2(g) + NOx(g)
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Figure V.8 The Raman spectra of exfoliated ZrP (a), A-ZrP (b), the wear track of
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The nanoparticle additive reduced the coefficient of friction up to 40%. In figure V.9, the
coefficient of friction between light mineral oil and nanolubricant under three testing
temperature were plotted. Compared to the light mineral oil without any additives, the
friction coefficient of nanolubricant is not only lower, but also more stable. The tribofilm
generated by the A-ZrP has a layered structure, this structure may reduce the coefficient
of friction by acting as a solid lubricant. The higher the temperature, the lower the
coefficient of friction. This indicated the tribofilm was generated faster at a higher

temperature, better protecting the surface.
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Figure V.9The coefficient of friction of light mineral oil(a) and nanolubricant(b).

The kinetics of this tribofilm growth was controlled by both the Arrhenius kinetics and
wear process. The calculated resistance between two tribopair was plotted against the
experiment time in Figure 5. All three experiment shows the resistance increase with the
time. This indicated the deposition of the tribofilm increased the interface resistivity.
This is expected because the L-ZrP,0- is not conductive. However, this increase has a
limit, the highest resistance in all the test were 10k(). It appears that the growth of

tribofilm have two stages, first it was constant growth, then it stabilized at a certain
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resistance. The higher the temperature, the faster the initial growth speed. But the
temperature has no perceivable influence on the final resistance. The growth section can
be fitted to such simple functions: R = At?, where A is the growth rate. That is, the
resistance growth is proportional two the square of time. Under the assumption that the
volume of the tribofilm is proportional to the resistance. The growth rate in this equation
is the growth rate of tribofilm volume. The insect of Figure V.10 plots log (A4) verses
1/(RT), where R is the gas constant and T is the temperature. This linear relation shows

the growth rate follows an Arrhenius equation:
A —a
“ —
where E, is the activation energy. By fitting this linear relation, the E, is 8822J/mol. The

reason why there is a limitation of the resistance is the mechanical wear balanced the

chemical growth. Thus, the final thickness of the tribofilm remains at a stable value.
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Figure V.10 The Kkinetics of tribofilm growth revealed by the in situ resistance
tracking. The insect shows the relation between log of reaction rate vs. the 1/RT,
indicating an Arrhenius behavior.

The coefficient of friction also influences the growth and wear of tribofilm. In figure 6,
the growth rate was plotted against the coefficient of friction. This plot also shows the
growth-dominated behavior and the wear-dominated behavior. The experiment carried out
under 35°C never entered the wear-dominated behavior. Thus, its growth rate always
increased with the coefficient of friction. For the experiment under 100 C, most of its data
are from the wear-dominated zone. Thus, an increase of the coefficient of friction always
promotes wear and decreases the growth rate. The experiment under 65°C has mixed
behaviors. It follows the 35°C at a high coefficient of friction but follows the 100°C

behavior at lower friction.
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This balancing behavior creates an electrically homogenous contact. Figure 7 compared

the resistance mapping on the base oil and the nanolubricant. The resistance of the contact

at different time period and different positions of wear track was plotted as different colors.

The resistant mapping of the base oil shows a lot of patches. This is because the tribofilm

formed in the base oil is not electrically uniform. The resistance of the contact lubricated

by the nanolubricant is uniform after about 800s when the tribofilm is formed. This

indicated the nanolubricant produced a stable electric contact.
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Figure V.12 a) the resistance mapping of base oil under 100°C, b) the resistance

mapping of nanolubricant under 100°C
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Because of the generated tribofilm, the nanolubricant has a better anti-wear property
compared to the light mineral oil. Figure 6 shows the height map of the wear track
generated from the interferometer. When the ball-on-disc system was lubricated with light
mineral oil, the surface shows typical lubricated wear (Figure 6 a). With the help of
nanolubricant, the wear reduced nearly non-existence (Figure 6 b). The L-ZrP,0,
generated from the nanolubricant protected the surface. The wear rate for the light mineral
lubricated surface was 3828 um?/m and the nanolubricant lubricated surface has a wear
rate of 308 um?/m. This means nanolubricant can reduce the wear by 90% compared to

light mineral oil.

Figure V.13 The height map of the wear track from ball-on-disc test. Compared to
the light mineral oil(a), the nanolubricant(b) greatly reduced the wear.

5.3 Summary

Novel amphiphilic nanolubricant was formulated based on light mineral oil and modified
2-D a-ZrP. This nanolubricant contains the nanoparticle analog to the amphiphilic friction
modifiers and ZDDP. Its amphiphilic structure was expected to have a better reactivity on

the surface of tribological contacts.
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The tribotesting shows that compared to the light mineral oil, the nanolubricant reduced
the friction up to 40% and wear up to 90%. The Raman spectroscopy revealed the
mechanism of wear and friction reduction in tribochemical reactions. The modified
nanoparticle turns into layered pyrophosphate under tribological conditions. This layered
tribofilm reduced friction and wear. The in-situ resistance tracking shows that the kinetics
of this reaction follows the Arrhenius relation. The final film thickness is controlled by
the balance between wear and chemical processes. The tribochemical process was
dominated by chemical growth or mechanical wear. Because of this balance, the tribofilm
has a limited thickness. The temperature has a great influence on the growth speed. The
growth rate has an Arrhenius-like behavior to the temperature. The coefficient of friction
influenced both the wear and growth behavior. When the coefficient of friction is
increased, both the growth and wear increase. This balanced growth of tribofilm produced

a stable electrical contact.
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CHAPTER VI

APPLICATIONS*
In this chapter, a study was conducted in association with two applications. The first was
to use a nanolubricant to prevent severe wear during galling. In the second an aqueous
nanolubricant was used to prevent and repair the wear of a tooth. Both implanted 2D
nanoparticles, treating a tribological wear under low speed and high pressure. The
effectiveness of using 2D nanoparticles in wear protection was demonstrated.
6.1 Tribochemical reactions for galling prevention
6.1.1 The galling of metals
In industrial applications such as oil and gas exploration, metal forming, and machine
elements like air bearings, one of the most common failures is galling. [127—-130].
Metals are known to be galled under severe contact conditions. In particular alloys
containing face-centered cubic crystal structure, such as those in austenite stainless steel
or aluminum alloys, are susceptible to galling failure [131]. Galling is known as an
extreme form of adhesive wear, often characterized by the protrusions formed above the
original surface[132]. Slow sliding speed, high contact pressure, and inadequate
lubrication are often associated with galling. Galling can be in the forms of cold

welding, instant seizure, and breakage of components, [133] that are catastrophic.

4 Part of this chapter is reprinted with permission from "Using nanoparticles to prevent enamel wear." By
Chen, Yan, Bradley T. Simon, Lynne A. Opperman, Peter Renner, Dilworth Parkinson, Alexander
Sinyukov, and Hong Liang. Biotribology 26 (2021)

Part of this chapter is reprinted with permission from "Anti-galling effects of a-zirconium phosphate
nanoparticles as grease additives." By Chen, Yan, Xuezhen Wang, Abraham Clearfield, and Hong Liang.
Journal of Tribology 141, no. 3 (2019).
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6.1.2 Synthesis and evaluation of anti-galling nanolubricant

All ZrP nanoparticles in this research were prepared using a hydrothermal method[318].
A mixture of 4 grams ZrOCl, - 8H,0 (Sigma-Aldrich, St. Louis, MO) and 40ml of
H;PO, (Sigma-Aldrich, St. Louis, MO) was sealed inside a Teflon-lined hydrothermal
vessel and heated up to 200°C for a certain time. The nanoparticles were then washed
with deionized water and dried. Three different sizes of ZrP nanoparticles were
fabricated using the procedure in Table 1[318].

Table VI-1. ZrP synthesis procedure

Expected particle size  H3PO, concentration  Time

200nm 3 mol/L 5h
500nm 3 mol/L 24h
1000nm 12 mol/L 24h

After synthesis, the morphological characteristics of the nanoparticles were examined.
Synthesized nanoparticles were dispersed in 200 proof ethanol (Sigma-Aldrich, St.
Louis, MO) forming a mixture which concentration was about 0.05mg/ml. The mixture
was cast on a glass slide(VWR, Radno, PA) and dried in air. The nanoparticles
dispersed on the glass slide was then characterized using AFM (Nano-R2, Pacific
Nanotechnology, Santa Clara, CA) mode.

Grease samples used in this experiment were prepared by mixing nanoparticles with two
kinds of greases: API grease(Jet Lubes, formulation described in API 7A1[130]), and

petroleum jelly. All mixtures containing 0.5 weight percent of nanoparticles. Those
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mixtures were stirred for 10 minutes and treated with ultrasonic for 4 hours to make the

nanoparticles dispersed relatively evenly in the grease.

To investigate the anti-galling effect of nanoparticles as additives, experiments were
conducted using a specialized tester. A pair of carbon steels were examined, 4130 and
P530, as schematically shown in Figure 1. These steels are nonmagnetic stainless steel
used in drill pipe applications[319,320]. The 4130 and P530 pair were used as drill pipe
collars which were subject to galling in the drilling operation. The property of 4130 and
P530 steel are listed in Table 2. In figure 1, a grease is applied between two sliding
surfaces. The maximum applied load and torque are 0.45 kN - m and 160kN. During
operation, specimens were brought into contact. The bottom one was held stationary, and
upper rotated at 3 rpm. Subsequently, the normal load between the specimens was
ramped up until the torsion on the sample reached 236 N - m. The same pair of samples
were used in all experiments. Before and after each test, the surface morphology was
observed under the interferometer (Zygo NewView 600, Zygo Corporation, Laurel
Brook Road, Middlefield, CT).

Table VI-2 Chemical compositions of P530 and 4130 steel[319,321]

C Cr Mo Si N
P530 max 0.05 13.00 0.40-0.60 - 0.25-0.40
4130 0.28-0.33 0.80-1.10 0.15-0.25 0.15-0.35 -
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Figure VI.1.The cross-section of galling testing specimens when loaded on the
instrument. The inner and outer diameter of mating surfaces was 48mm and
38mm. The direction of applied load and torque is also shown.

To obtain the contact nature of particle additives and surfaces, two pairs of samples of
different surface roughness were prepared. They have the average surface roughness of
Snm and 16nm. The rough surface was achieved by grinding the sample surface with
800 grit sand papers. The sample with a smooth surface was polished with alkaline
colloidal silica polishing fluid for a half hour after grinding. As shown in Figure 2, the
smooth surface has a smooth surface profile while the rough surface consists of visible
ridges and valleys. After each experiment and characterization, the sample surfaces

were ground with sandpaper and polished to the same roughness of Snm or 16nm.
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Figure V1.2, (a,b) The interferometer measurement of rough(a) and smooth(b)
surface, scale bar length is 100um, color bar unit um. (b,d) AFM height map of
rough(b) and smooth(d) surface, scale bar length is 2um, color bar unit nm.

6.1.2 The anti-galling properties of nanolubricants
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The morphological characteristics were examined on as-synthesized a-ZrP
nanoparticles. Figures 3 a-c were the AFM images of particles. They were obtained by
combining height image and phase images through AFM scanning. The grey scale of
the image shows the topography, and the color represents phase contrast. The thickness
(as shown in the height map) of those nanoparticles was 8nm, 25nm and 300nm for
200nm, 500nm and 1um sized nanoparticles respectively. The thickness of nanoparticles
is associated with the number of stacked layers. The distance between the two layers of
a-ZrP is 7.6A [322]. Estimation of the number of layers based on the thickness of a-ZrP
are 10, 30 and 400 for the 200nm, 500nm and 1um sized nanoparticles respectively. The

effect of the number of stacked layers will be discussed in later section.
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Grease with nanoparticle additives shows reduced friction during galling experiments.

The load and the torque measurement using petroleum jelly as a reference (Figure 3(a))

exhibited lower torque. The apparent friction coefficient, i.e., the total force through

torque divided by the applied load, can be calculated. Results are shown in Figure 3(b).

It is seen that the addition of nanoparticles reduced the apparent friction coefficient.

Details will be discussed with the faction factor below. The reduction of apparent

friction coefficient in galling test can suggest the reduction of galling[323]. The degree

of anti-galling effect of nanoparticles will be discussed in the following.
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Figure V1.4, (a) the load and torque reading from galling testing using
petroleum jelly with or without nanoparticle additives. (b) The apparent
coefficient of friction in the galling test calculated from the torque and load

data.
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How does the addition of nanoparticles affects galling behavior ? Before and after
galling experiments, the surface morphology was observed under interferometer (Figures
2 a,c and 5). Two samples were studied for galling experiments, the smooth (5.0nm Ra,
Figures 5 a-d) and rough (16nm Ra, Figures 5 e-h). The black lines are the profile of the
surface center line and the colored ones are the surface height. The blue color means the
higher altitude of the surface and the red is that of the valley. For the specimen having a
smooth surface (Figures 5 a-d), the reference sample (galled in petroleum jelly) shows
considerable amount galling (50% Figure 5a). The blue color is the galled area and is
evidenced by the surface profile in dark lines. When nanoparticles are added, the larger
the particles, the less the galling (Figures 4 b-d). It’s confirmed by both the color
(galling) and profile. The sample with rough surface tested in petroleum jelly showed the
material was galled 60% (Figure 5e). Like the sample with a smooth surface, when
nanoparticles added in the petroleum jelly, the larger the particles, the less the galling
(Figures 5e-h). When 0.5wt% 1um nanoparticle is added, the sample with the rough
surface has less than 10% surface galled, an 80% decrease in comparison to petroleum
jelly without additives.

To further validate the effectiveness, we added the particles in a commercial grease (API
Ca-F thread compound). Without additives, the sample surfaces showed galling (Figures
6 a, c). With additives of 0.5% 1um nanoparticle, the galling was visibly reduced in
sample either with smooth (Figure 6b) or rough (Figure 6d) surface. It is clear that

nanoparticles improve the anti-galling performance.
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Figure V1.6, The surface morphology of smooth(a,b) and rough(c,d) sample
(rotatory part) after the galling test with or without nanoparticle additives. The
black line indicates the surface profile of the center line. Scale bar length is 100um.
The unit of color bar is um.

There are two possibilities for galling reduction. One is the area% of coverage by
nanoparticles and the other the number of stacked ZrP layers in nanoparticles.

Considering the density of the grease (1.5 g/cm?) and that of the a-ZrP (2.7 g/cm?)

[322], the density of nanoparticles and their coverage on the mating surfaces (assuming a
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lum gap in between surfaces) can be estimated . Table 3 listed the density of particles,
their surface coverage, and the stacked layers of those. According to the results obtained
through the galling experiment, the nanoparticles have low area coverage and a high
number of stacked layers (1um nanoparticles) appear to have the best performance. It
appears that the number of stacked layers were the dominating factor of anti-galling

behavior.

Table VI-3 The calculated surface coverage of nanoparticles

Dimeter of a-ZrP  Number density Coverage on surface  Number of stacked
Nanoparticles (#/mm™1) layers

200nm 1x 1010 33% 10

500nm 5.5 x 108 10% 30

lum 1.7 x 107 1.5% 400

One possible reason for stacked particles to reduce galling is that a-ZrP nanoparticle can
be exfoliated under stress. The a-ZrP has layers connected by a Van Der Waals force
with a distance of 7.6 A[322]. We can estimate the Van Der Waals force between those

two layers as[209]:

b A
"~ 6mh3

here P is force per unit area, h is the layer distance and A is the Hamaker constant. For

inorganic materials like ZrP, the Hamaker constant was in the range of 1071%] [210].
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Thus, the separation of a-ZrP requires stress in the order of 12MPa, one order of
magnitude smaller compares to the yield stress of stainless steel. Additionally, the ZrP
particles was negatively charged[324]. This means the actual interaction force between
layers will be even smaller due to electric static force. When ZrP nanoparticles inserted
in between the rubbing surfaces (Figures 7 a-c), its layers were exfoliated under stress
(Figure 7 d). Under shear, the exfoliated ZrP can react and form zirconium
pyrophosphate and protect the surface:

Zr(0O3POH)2-H2O(s) — 2H20(g) + ZrP20+(s)
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The 1um particle also is less likely to act like an abrasive particle. According to galling
experiment, the surfaces of samples using 200nm and 500nm nanoparticles appears to
have abrasive wear (Figures 5 b-d, f, red). Comparing with the 1um particles, 200nm and
500nm nanoparticles are less likely to be exfoliated because of a small number of
stacked layers. The unexfoliated nanoparticles thus act as abrasive particles when
trapped in the valley. Due to shear, they turn around similar to three body wear
condition.

The friction factor obtained through galling suggests that 1 um nanoparticle has the
favorable performance. This parameter is used to compare the frictional behavior of
petroleum jelly to a standard grease. The friction factor of petroleum jelly with 200nm,
500nm and 1pm nanoparticles the friction factor was 1.55 (+ 0.07), 1.50 (£ 0.1) and
1.39 (£ 0.05). Petroleum jelly added with 1um nanoparticles has the lowest friction

factor, that is a 10% reduction.

6.1.3 Summary

In this research, a-ZrP nanoparticles were studied for their effects on galling. Three
nanoparticles with diameter of 200nm, 500nm, and 1um were fabricated using
hydrothermal method. Their thickness was 8nm, 25nm, and 300nm respectively.
Experimental evaluation was carried out using a galling tester. Results showed that
adding nanoparticles can reduce torque and friction as well as galling. It was interesting
to find out that the number of stacked layers dominated the galling reduction. The
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sample tested in petroleum jelly added with 1um nanoparticles can effectively reduce
galling by 80% compared to the one without additives. In terms of galling friction, those
particles are effective in reducing friction factor for 10%. Analysis in morphological
characteristics revealed that the Van der Waals forces introduced into grease promoted
the exfoliation of nanoparticles resulting surface protection. This research opens new

approaches to design future lubricants.

6.2 The formation of a tribofilm to prevent tooth enamel damage

6.2.1 The protection of tooth enamel

The previous chapters reported that functionalized nanoparticles, when used as additives
in a lubricant, could generate a protective film on a pair of rubbing surfaces. Subjecting
these particles to frictional forces generate a film on the surface called
tribofilm[290,291,300,325,326]. This film is harder than the original substrate surface
and likely can protect the surface from future damage. Our recent research found that a-
zirconium phosphate (o-ZrP) and sodium yttrium fluoride (NaYF4) were effective
additives to form the tribofilm[299-301,327]. The a-ZrP nanoparticles have a unique
layered structure which is held together via Van der Waals forces [322,328]. Under
shear, chemical reactions between particle and surface are triggered, forming a
protective layer on the surface[300,301]. To date, repairing or preventing surface wear of
teeth using the concept of tribofilms has not been reported [291,300]. This new method

was inspired by the effectiveness and rapidity of tribochemical interactions between
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rubbing surfaces. This interaction can form a protective film more rapidly compared to
current alternate remineralization methods.

The objective of this research is to investigate a novel approach to restore, modify, and
protect tooth enamel using functionalized nanoparticles. The hypothesis to be tested is
that intercalated a-ZrP nanoparticles form a hard protective layer on enamel when added
via simulated chewing.

6.2.2 Repair Material Synthesis

The a-ZrP nanoparticles and HAP nanoparticles were synthesized using hydrothermal
methods. For a-ZrP, 5S0mL food grade 12M phosphoric acid (Sigma Aldrich, St. Louis,
USA) and 5g zirconyl chloride octahydrate (ZrOCl, - 8H,0, Sigma Aldrich, St. Louis,
USA) was mixed under constant stirring conditions. The mixture was then sealed in a
polytetrafluoroethylene (PTFE) lined autoclave and moved to a 200°C oven for 24 hours.
The precursor of HAP was prepared with the following procedure: 12mL 0.25M calcium
nitrate (Sigma Aldrich, St. Louis, USA) solution (Ca(NO5),) was added dropwise into
20mL 0.15M disodium hydrogen phosphate (Na,HPO,, Sigma Aldrich, St. Louis, USA)
solution under constant stirring at 50-60°C. The pH of this mixture was adjusted to 8-10
with ammonium hydroxide (Sigma Aldrich, St. Louis, USA). This mixture was put in a
PTFE lined autoclave and placed in a 160°C oven for 12 hours. After the hydrothermal
reactions, the products were washed with deionized (DI) water and retrieved by
centrifugation three times. The washed nanoparticles were dried in a vacuum furnace at
70°C for 12 hours. The synthesized a-ZrP was intercalated with polyether amine M-600
(Huntsman Corporation, Houston, TX, USA). The synthesized Immol a-ZrP was first
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dispersed in SmL of DI water with an ultrasonic bath for 1 hour, then SmL 0.4M M-600
solution was added into the dispersion dropwise.

The repair agents, as pastes, were developed as a mixture of the HAP nanoparticles and
M-600 amine intercalated a-ZrP. The synthesized dispersion of intercalated a-ZrP was
first mixed with the HAP nanoparticles. The amount of HAP nanoparticles used in mass
ratios to a-ZrP before intercalation was 0:1, 0.25:1, 0.5:1 and 1:1 (the produced repair
agents were labeled as S0, S2.5, S5 and S10). The products were centrifuged for 10min.
After the centrifuge process, the supernatants were removed by tilting the tubes, and the
precipitates were retrieved. These precipitates were used in the tribo-mastication

process described in the following sections.

6.2.3 Simulation of chewing

Dog canine teeth were used to create both “disc” teeth and “pin” teeth for the
experiment. All dog canine teeth were procured from postmortem extractions from dogs
used in unrelated studies. Before the experiment, all the teeth were washed in hydrogen
peroxide (H,0,) and DI water. Any residual soft tissue was removed with a small knife.
To make the disc teeth, each canine tooth was first sealed in epoxy resin with the
chewing contact surface exposed. Then, the enamel of this surface was carefully shaved
flat, ground smooth with sandpaper and polished with a 3um grit diamond paste. This
polishing process created a flat surface on each tooth to simulate mechanically worn or

damaged enamel and created a reference surface for film thickness measurement. This
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process was repeated to create 5 flat surfaces on each “disc” tooth Five teeth, each with
five flat disc areas were created. The “pin” teeth were untreated dog canine teeth.

To simulate the chewing and grinding motion of teeth, a rubbing process was used. This
process was conducted on a pin-on-disc tribometer (CSM Instruments, Needham,
Massachusetts). The set-up of this rubbing mastication experiment is illustrated in Figure
8. In every rubbing mastication experiment, two freshly prepared dog canine teeth were
used, one configured as a pin, and the other as the disc. The normal force on the pin was
1 Newton (N). This force generates an approximate pressure of 100MPa on the contact
area, which is similar to the pressure a tooth experiences when chewing on hard food
such as bones[329]. The “pin” tooth was moved with a sinusoidal reciprocal motion on
the disc tooth with an amplitude of 2mm and a maximum speed of 1cm/s.
Approximately 0.005mL of repair agent paste was placed between the teeth before the
rubbing-mastication process started. The motion was terminated after 100 cycles. After
the process, samples were washed with DI water and air-dried. The repair agents (SO,
S2.5, S5, and S10) were tested with this rubbing-mastication process before
interferometry and atomic force microscopy (AFM) observation. Each set of tests with
each material were carried out on a new pair of teeth and repeated five times at adjacent
new locations. In total, five pairs were used, which included four repair agents. The

disc tooth was used for surface characterization in order to quantify the repair outcome.
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Figure VI.8The rubbing-mastication process. Two canine teeth were used in this set
up, one as the “disc” (bottom) and one as the “pin “(top). The “disc” tooth was
sealed in epoxy (dashed block) with surface enamel polished. The “pin” tooth was
pressed down and rubbed.

6.2.4 Characterization of repaired tooth surface

After rubbing experiments, surfaces were examined using interferometry, atomic force
microscope, and Raman spectroscopic techniques. After the rubbing-mastication
process, the effect of each repair agent on all “disc” samples were characterized. The
formed film morphology and microstructure were characterized by an interferometer
(Zygo NewView 600, Zygo Corp, Berwyn, PA) and atomic force microscopy (AFM,
Nano-R2, Pacific Nanotechnology, Santa Clara, CA) using close-contact mode. The
interferometer mapped the topographic information of samples optically. A heightmap
was generated for each sample based on the monochromatic light interference. The AFM

also generated a heightmap for each sample with a tiny prob. That prob interacts with the

surface-force of samples. The heightmap and a phase map were generated by tracing that

142



interaction. The Raman spectrum result of the repair film was collected with an iHR550
Spectrometer (HORIBA Scientific, Edison, NJ) with a 532nm laser. The photon of the
laser can inelastically scatter by chemical groups inside the surface layer of a sample.
The wavelength of the scattered photons was detected with a digital controlled
spectroscope. Two spectrums were collected, one from the repair film, the other from
the polished tooth surface. Data collected from those instruments were plotted with
python. All method described above are non-destructive and requires no further
treatment of the samples.

To test if the newly created protective film was resistant to removal and to evaluate the
mechanical strength of the protective film, a simple scratch test was preformed on the
tooth sample (S5) that had visible film formed. The repair agent S5 was chosen because
it generated the best thick protective film. The same tribometer with a steel needle was
used to perform this scratch test. The needle was pressed against the tooth disc sample
with 1N force and scratched across the formed repair film and across exposed enamel
manually.

To examine the durability of repair film coverage on teeth, the “pin” teeth were analyzed
with Synchrotron micro X-ray CT (u-XCT). For this experiment, a new rubbing-
mastication experiment was conducted. In this test, the tooth repair agent S5 was used
with new “pin” and “disc” tooth samples. The S5 agent was chosen for the same reason
as for the scratch test. The u-XCT experiments were performed on the the Beam line

8.3.2 instrument at Lawrence Berkeley National Laboratory. All samples were imaged
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with a LuAG:Ce scintillator. Tomographic reconstruction was conducted using Xi-
CAM with a tomopy tomography plugin.

The imaging of the coatings from all experimental films and controls was accomplished
using the dual energy k-edge technique [330-332]. Before the test, the illuminating x-
ray energy was calibrated to the x-ray absorption edge of the Zr with a pure a-ZrP
nanoparticle sample. As illustrated in Figure 9, the x-ray absorption by Zr element
jumps around 18KeV. Two illuminating energies were used to take two separate
tomographic images of the same sample: 18.2KeV and 17.8KeV. From figure 9, when
the sample was illuminated with 17.8KeV, the Zr element will be brighter than when
illuminated with 18.2KeV. Thus, a simple subtraction between the two data sets can
reveal the distribution of the Zr element, which demonstrates the distribution of the
repair film. The data collected from these experiments were then rendered with Avizo

software (Thermo Fisher Scientific, Waltham, MA).
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Figure V1.9 The x-ray mass attenuation coefficient for Zr. The data used in this
plot was collected from the National Institute of Standards and Technology
database (NIST).

Repair films were formed by the rubbing-mastication process for all repair agents. The
interferometer topographic image is shown in Figure 10. Simulated chewing with the
different repair agents generated protective films with different coverage and thickness

ranging from 100nm to 1 micron (orange to red range in Figure 10). Where no repair

material was present the baseline height of the enamel is yellow and where 100nm to 1
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micron of enamel was removed by polishing the color is green. The repair agent SO
resulted a continuous but thin film, while the repair agent S1 resulted in a lumpy but
thick film. The repair agents S2.5 and S5 produced a film with better film coverage and
film thickness compare to both SO and S10. Compare to protective film formed with
S2.5, the protective film formed by S5 was more continuous. Therefore, we concluded

that the repair agent that produced the best result in terms of coverage and thickness was

SS.
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Figure VI.10 The interferometer image of the enamel surface after the rubbing-
mastication process with repair agent, S0(a), S2.5(b), S5(c) and S10 (d).
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The AFM analysis revealed the micro-structure of the intercalated a-ZrP repair films.
Here the result from repair agent SO which was pure intercalated a-ZrP and the repair
agent S5 which have the best performance were shown (Figure 11). In Figure 11, the
AFM height and phase map of the repair films in Figure 10a and Figure 10c are shown.
The repair film generated with SO contained many flaky particles on the surface with a
size around 100nm (Figure 20a, b). The repair film generated with S5 showed a surface

consisting of granular particles with a size around 50nm (Figure 10b, c).
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Figure VI.11 The AFM height (a,c) and phase (b,d) image of the repair
film generated with SO (a,b) and S5(c,d). The unit of the color bars in a,c
was nm, in b,d it was mV.
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Raman analysis showed only two peaks for both tooth enamel and the repair films
(Figure 12). This figure plots the light intensity versus the light wavelength change due
to Raman shift. This Raman shift was caused by the absorption and emission of photons
by the chemical structure of the repair agents. In figure 5, two peaks were observed, one
on the protective films and one on the enamel, both of them resulted from the —PO,
group[322]. No additional chemicals were detected from the Raman spectrum, meaning

that there are no other phospho- related chemical groups present on the sample surfaces.
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Figure V1.12 The Raman spectra collected from the enamel surface and the repair
film generated from S0 and SS. Two peaks resulted from the phosphate groups

In the scratch test, the generated films’ scratch resistance was equal to or higher than the
enamel of the tooth itself (Figure 13). The scratches from the steel needle caused a loss

of materials from both the tooth surface and the repair film surface. However, the repair
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film was not removed or exfoliated back to the depth of the sample’s surface despite the
scratching. Compared to the deep groove scratched onto the unprotected enamel

surface, this repair film showed good hardness and wear resistance.
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Figure V1.13 The scratch test of the repair film generated by SS. The red color
shows the repair film. After the scratch test, part of the film is still present while a
deep groove was formed on the enamel surface next to the repair film.

The appearance of a crack on the tip of one of the “pin” teeth allowed characterization of
the depth of penetration of the repair material into the enamel instead of only on the
surface using micro X-ray CT. In Figure 14, the density distribution of the Zr element
was overlaid on the reconstructed tooth image. This “pin” tooth was used in the
rubbing-mastication process with the S5 agent. On the contact surface, a film was

formed that wrapped around the tip of the tooth. In addition to that, the Zr element was

detected inside the cracks to a depth of about 2um.
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Figure V1.14 The 3D rendering of the “pin” tooth after the rubbing-mastication
process with repair agent S5. The distribution of the Zr element calculated from
the dual energy k-edge technique was rendered as a golden color. a) the tip of the
tooth. b) the cross-section of tooth

Tribomastication with all repair agents resulted in a protective film being added to the
enamel. The lowest concentration of a-ZrP produced the thinnest film, which also
appeared as flakes on the surface of the enamel. The highest concentration of a-ZrP
produced the thickest film but the distribution was very uneven. A pilot assessment of
whether the film could be scratched off revealed that this film was resistant to scratching
and that the generation of this film prevented wear on the tooth. The thickness and
coverage of this repair film was controlled by manipulating the amount of HAP
nanoparticles. With increased amounts of HAP, the thickness of the generated repair
film was increased. With repair agent S0, the film thickness was only around 100nm, but
increased to 2um when the HAP:ZrP mass ratio was increased to 1:1 in the case of S10.

The coverage of the repair film was also changed by this mass ratio. In the case of S0, a

continuous film was produced and the sample S2.5 and S5 generated repair films that
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almost fully covered the wear track. Furthermore, when the ratio of a-ZrP and HAP
increased to 1:2 in mass ratio, the repair film did not form at all. The addition of too
much HAP nanoparticles caused the material to lose its rubbing-film forming properties.
Because of this, we concluded that the S5 is a good compromise between film coverage
and film thickness.

The AFM result provided some insight to the mechanism of the protective film
generation. The particle size observed under AFM images (100nm) were smaller than
the a-ZrP size in the repair agent (1pum) [299]. This means the generation of a protective
film was not a direct deposition of the a-ZrP particles. Because the intercalation process
decreased the Van der Waals force between the a-ZrP layers[327], they can be more
readily exfoliated by the shear force during the rubbing-mastication process. These
exfoliated functionalized 2-dimensional sheets thus became the building blocks of the
repair film. The inclusion of HAP nanoparticles not only changed the micro-structure of
the resulting repair film, but instead of a flaky aggregation of particles, a more regular
cellular like structure was formed. This cellular structure consisted of grains with almost
identical sizes, very likely to be the HAP nanoparticles. The HAP nanoparticles
survived the rubbing-mastication process and were “glued” together by the “sticky”
M600 attached a-ZrP. This further explained why the inclusion of HAP nanoparticles
increased the thickness of the film but decreased the coverage. The HAP nanoparticles
therefore cannot form a repair film without the intercalated a-ZrP. Thus, the higher
concentration of HAP decreased the possibility of intercalated a-ZrP contacting the tooth

surface. In addition to that, the Raman spectra showed that the generated film did not
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introduce any foreign inorganic functional groups on the surface of the teeth. The tribo-
chemical process was known to chemically alter the phosphate group[290].

Based on these results, we propose the following repair film forming mechanism for this
tooth repair agent. For the pure intercalated a-ZrP, the nanoparticles were exfoliated and
broken down by the rubbing-mechanical force. Then, the polymer chains attached to the
exfoliated nanoparticles reattached those exfoliated layers under shear. When polymer
chains were ground together by the mechanical force, the polymerization process
occurred[333—-335]. This mechanochemical polymerization process appears to be the
driving force for the growth of the repair film. When HAP nanoparticles are introduced,
the polymer chain further interacts with the HAP crystals and “glues” the HAP crystals
onto the tooth surface, forming a thick coherent film. This cohesiveness of the formed
protective film also provides one explanation for its good strength. The micro-CT
results further indicated that this repair mechanism may work in the enamel surface
cracks as well as on the enamel surface.

6.2.5 Summary

In this research, a simple one-step procedure to reduce wear and repair teeth was
developed. The formation of a protective film was made possible through mechanical
rubbing (chewing) of materials consisting of nanoparticles, polymers, and biomaterials
for mineralization. After rubbing (simulated mastication) between two teeth, the tooth
repair agent formed a film with a thickness up to 2um. The formed repair film has a
hardness comparable to the enamel surface. In addition to surface repair, this new agent

can enter cracks on the enamel surface. The formation of such protective films may be
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attributed to the affinity between the polyether and HAP with the tooth enamel. Other
polyether modified nanoparticles may also have the potential to form a protective film
on the enamel surface. This research presents a new concept and method to prevent

enamel wear or repair teeth through chewing.
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CHAPTER VII

CONCLUSIONS AND FUTURE RECOMMENDATION
7.1 Conclusions
This thesis research has been focused to obtain the fundamental understanding of
nanolubricants under working conditions. To achieve the goal, a methodology that
enables in situ detection of a rubbing pair was developed. The properties and
performance of nanoluricants were studied using such approach. The resulting
tribochemical products as tribofilms were investigated. Specifically, three areas of

investigation were conducted detailed in the following.

The in situ tribo-electrochemical methods were developed for the evaluation of
nanolubricants. A configuration consisting of a disc-on-disc tribometer and an
impedance analyzer was designed and built. Using this system, triboelectrochemical
evaluation of electrical conductivity and the thickness of lubricating oils against friction

was made possible.

Using the above mentioned system, the dynamic properties and thermal performance of
working lubricating oils were studied. Experimental results revealed the non-ohmic
behavior of a lubricating film in the hydrodynamic regime. Properties of lubricants and
testing conditions are factors affecting the performance. To probe the thermal properties,
the system electrically measured the oil film thickness against temperature while the

lubricating oil impendence was recorded. Experimental data was used for calculating
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dynamic thermal conductivity using a dimensional analysis. Results showed that the
dynamic thermal conductivity of mineral oil was 0.25mW/K and Poly-alpha-olefin
(PAO) oil was 0.2mW/K when the speed/load of the tribometer was 100cm/Ns. The
results indicate that commercial lubricants for conventional vehicles could be improved
in order to be adapted to electric vehicles. This methodology was the foundation of other

investigation in this research.

Finally, amphiphilic nanolubricant’s tribochemical reactions and kinetics were
investigated. The amphiphilic nanolubricant was based on exfoliated-surface-modified
nanoparticles of a-ZrP. The tribochemical reactions induced by the tribological contact
resulted the formation of a layered pyrophosphate tribofilm. Such a film reduced wear for
90% and friction 40% against the base oil. The kinetics of the growth appear to be in two
stages. One is quadratic growth where the growth rate is proportional to the thickness. The
other is the stable phase when the thickness of a tribofilm is stabilized. The temperature
has great influence on the growth rate. The coefficient of friction influenced both the wear
and growth behaviors. When the coefficient of friction is increased, both the growth and
wear increase. This balanced growth of tribofilm leading to stable electrical contact.
To summarize, this research has three key achievements:

1) Developed an integrated tribo-electrochemical methodology to investigate

physical and tribochemical properties for nanolubricants.

2) Discovered the dynamic and thermal properties of a working lubricant.
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3) Discovered the tribochemical reactions and kinetics of a nanolubricant consisting

modified a-ZrP nanoparticles.

7.2 Future recommendation

This thesis research presented potential in its methodology and enabling study in
nanolubricants. The improvement of the integrated tribotesting method can improve the
quality of measurement, as well as this capability. The method developed in this research
was based on the assumed physical model to simplify the data analysis process. The
simplicity also means that the true physical quantity may deviate from the measurement.
To solve these issues, a few steps can be made in the future:

o Establish a direct calibration method designed for this method. Currently, only
the impedance analyzer is calibrated. Others against properties with samples of
known quantities can further validate testing. . The thickness measurement of a
lubricant can be calibrated with a designated gap. The resistivity can be
calibrated with a thin film with known value.

e Improve the electronics can expand the number of physical properties tested.
Currently, the single frequency impedance measurement was used. This limited
testing in non-polar lubricants with simple electrochemical characteristics. If the
response of multiple frequencies is measured simultaneously, the capability of
this method can be improved.

¢ Functionalized nanoparticles should be further studied as potential lubricant

additives.
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