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ABSTRACT

This research investigates the tribological performance and rheological properties
of nanoparticles as lubricant additives. Experimental approach combined with analysis
were used to study the chemical and physical interactions between nanoparticles and
lubricating system. Three areas of investigation were carried out as summarized in the
following.

Tribological performance and rheological properties of a-ZrP (Zr(HPO4)22H20)
and V20s nanoparticles were investigated as lubricant additives. a-ZrP showed 50%
reduction in friction and 30% in wear compared to the conventional additives ZDDP.
Spectroscopic characterization indicated that the tribofilm consists of iron oxide,
zirconium oxide, and zirconium phosphates. Through Raman spectrum and EDS
analysis, it was found that V,Os involved tribochemical reaction during rubbing.
Vanadium intermetallic alloy (V-Fe-Cr) was found to enhance the antiwear performance.
This research revealed that nanoparticles could be effective additives to improve
tribological performance.

Tribofilms play vital roles in protecting lubricated surfaces in mechanical
systems in motion. Strategically-selected-illuminative nanoparticles of NaYF4 were
added to a base oil in order to enable their tracking. Electrical conductivity was
monitored during sliding that was found to be linked to the state of the interface and the
tribofilm. This work discovered three stages to form a tribofilm: running in, reactive, and

growth. Interestingly, the formation of a tribofilm was more dominated by frictional



force than applied load. This is significant because we can now use alternative strategies
to generate quality tribofilms.

For the lubricating dynamics, the physical interaction between the nanoparticles
and lubricating systems were investigated. Mechanisms of interfacial interaction
between the shark skin and water have yet to be fully understood. In the present
research, diamond particles worked as tracking particles in fluid. The shark-skinned
surface with 90 degree orientation scale showed a more uniform distribution of diamond
particles, which indicated to a lower gradient of velocity. Less momentum transfer
between adjacent layers of fluid leads to a lower drag. Eventually, a viscosity map of
shark-skinned surface with different scale orientation was created. It will facilitate the
design of shark-skinned surface with better performance. The understanding generated

in this study could be used as guideline for future study in surface design and texturing.
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CHAPTER |

INTRODUCTION!

This chapter provides the background information and basic knowledge related
to this research. Firstly, a review of conventional liquid lubricants and their additives
was conducted. Secondly, introduction to nanoparticles as novel lubricant additives was
introduced. Finally, properties of lubricants and basics of lubrication were briefly

introduced.

1.1 Conventional Liquid Lubricants

The function of lubricants is to control the friction and wear in a lubricating
system containing machine elements such as gears and bearings. Lubricants are also
used to prevent corrosion and to scavenge heat, dirt, and wear debris. In addition, they
are used to transfer force or energy in hydraulic systems. Selection of an appropriate
lubricant depends on factors include cost, environment, health, safety, system needs, and
others. For a given mechanical system, minimizing the number of lubricants used
generally simplifies maintenance and reduces the chances of applying the wrong

lubricant. Inventory storage and handling are also reduced. This article discusses about

! Part of this chapter is reproduced by permission from “Roles of nanoparticles in oil lubrication” by Wei
Dai, Bassem Kheireddin, Hong Gao, and Hong Liang. Tribology International, 102 (2016): 88-98.
(Copyright © 2016 Elsevier, all rights reserved); and from ASM Handbook, Volume 18: Friction,
Lubrication, and Wear Technology by Wei Dai and Hong Liang. (Copyright © 2017 ASM International,
all rights reserved)
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the basic properties of lubricants in order to assist scientists and engineers to gain

knowledge and understand principles behind selection of lubricants.

1.1.1 Components of liquid lubricants

Liquid lubricants are primarily composed of a base oil (90 ~95%) and additives
(5~10%). The majority of a base oil is hydrocarbons that provides the physical properties
of lubricants. Additives provide the chemical and tribological characteristics of
lubricants. Base oils include mineral oil and synthetic oil. Mineral oil is distilled and
refined from the crude oil. It is inexpensive and widely applied in industry. Synthetic oil
is artificially fabricated aiming improved performance. Based on their chemical
composition and process history, base oil has two basic categories, mineral oil (crude oil

based) and synthetic oil. They are applied to unique working conditions.

1.1.1.1 Mineral oil

Mineral oil works under moderate temperatures. The chemical composition of
mineral oil is complex and it could not be described by a certain formula. However, they
can be classified from molecular structure which contained straight chains and cyclic
carbon chains. Based on their majority chemical forms, types of mineral oil are
threefold: paraffinic, naphthenic and aromatic, as shown in Figure 1.1 [1]. Paraffinic oil
shows straight or branched long chain hydrocarbons. Naphthenic oil includes cyclic

hydrocarbon structure without any unsaturated bonds. Aromatic oil contained benzene



ring structure. The type of mineral oil will determine their physical properties, such as

viscosity-temperature and viscosity-pressure relationship.

I ! NI
H H
H—C—H H—C—H Ner g’ H O
| | H/l ~H {|: (H‘,
H—(l:—H H—(l:—HT Heg cH G S
VA N H o] H
H—(|:—H H—<|:—<|:—H H e HH y |
H—(l:—H H—(]:—HH H_\C_(\:_(\:___ H_T_H
e naaS) L O
e e T T
.
H—C—H H—C—HH H H H—(li—H
i i b
(a) (b) (a) (d)

Figure 1.1 Types of mineral oils: (a) straight paraffin, (b) branched paraffin, (c)
naphthene and (d) aromatic
1.1.1.2 Synthetic oil

Synthetic oil is designed to work under extreme conditions (very high or very
low temperatures) or significantly improve the tribological performance under moderate
conditions. Synthetic oil has several types based on their molecular structure as shown in
Table 1.1. Esters are products of reaction between alcohol and acid. Due to the strong
bonds among esters, they are more stable than ordinary hydrocarbons under the elevated
temperature (200~250°C). Ester lubricants primariliy comtained diester, silicate ester,
polyglycol ester[2], fluoro ester ,neopentyl polyol ester[3] and aliphatic ester[4]. Due to
their high thermal stability and oxidation resistance, they mainly worked as hydraulic
fluid in aircraft and gas turbine industry. Synthetic cycloaliphatic hydrocarbons worked
as traction lubricants under extreme environment. They possesses very high viscosity

under high contact pressure or high shear and mainly applied in machining and textile
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industry. Polyglycol possesses very high oxidation stability, which makes it to be an
ideal lubricant for components working under elevated temperature. Another advantage
of polyglycols is no stain effect, which is suitable for textile industry. Silicones are
chemically inertial, which leads to high thermal stability and anti-oxidation property.
Therefore they can working under extremely temperature while other lubricants fail to
do. Low load carrying capability under thin film lubrication is a disadvantage.
Organohalogens have high anti oxidation property and are employed under a wide
temperature range. Cost of organohalogens are much higher than others. They are

mainly applied in computer head-disk.

Table 1.1 Examples and molecular structures of synthetic oil

Category Example Molecular Structure
esters DBE-4 dibasic ester 0
H;CO
3 OCHs
O

cycloaliphatic 3,4-epoxycyclohexylmethyl
3,4-

epoxycyclohexanecarboxyla

te 0 0




Table 1.1 Continued.

polyglycols Poly(ethylene glycol) o
bis(carboxymethyl) ether HO O\)I\
O OH
O n
silicones Silicone oil
GHq
Sli—O
CHs3
n
organohalogens Chlorofluorocarbons
R F
F ClI

1.1.2 Chemical Structures of Additives

There are many reports about additives used to improve properties and
performance of lubricants[5, 6]. Common additives are, anti-wear additives, corrosion
inhibitor, detergents and dispersants, friction modifier, oxidation inhibitor, pour point
depressants, viscosity modifier, among many others. Basically, those additives can be
categorized into five types: anti-wear, deposit control, film-forming, miscellaneous, and
viscosity modification. There are variety of additives into each categories. For example,
the deposit control includes antioxidants (e.g. amine and phenol derivatives, copper and
boron antioxidants, sulfur and phosphorus compounds), metal salts of organic acids,

metal-free dispersants, and zinc dithiophosphate. These additives make lubricants to
5



work cleaner through preventing precipitates from oxidation, wear, and other friction-

induced reactions [6]. Below lists a few widely used ones.

1.1.2.1 Friction modifier

Friction modifier is the type of additives to reduce friction. Friction modifiers
include organic, for example, amides, carboxylic acids, crown ethers, imides, phosphoric
acid, and their derivatives. They can be used to form a film, dry or wet, to reduce
friction. Table 1.2 shows example and molecular structures of friction modifiers. Most
friction modifiers are long-chain molecules with a polar end group and a nonpolar
hydrocarbon chain. The polar end group physically adsorbs itself on the metal surface,
whereas the hydrocarbon chain increases the strength of lubricant film through
association. Friction modifiers have a finite life related to their oxidative and thermal
stability. Friction modifiers are commonly used in gasoline engine oils, automatic
transmission fluids, tractor hydraulic fluids, power steering fluids, shock absorber fluids,
and metalworking fluids. In passenger car applications with federal
government mandated fuel economy, the lubricant suppliers use these additives as a
competitive marketing tool. In automatic transmission fluids and limited slip axle
lubricants, friction modifiers are used to control torque application through clutch and
band engagements. Fatty acid derivatives are the most commonly used friction
modifiers. In the case of fatty alcohol and fatty acid families, the friction-modifying
properties are a function of the length and nature of the hydrocarbon chain and the nature

of the functional group. Long and linear-chain materials are better friction modifiers than
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short and branched chain materials. Fatty acids are better than fatty amides, which in
turn are better than fatty alcohols. Saturated acids that contain a 13 to 18 carbon chain

are generally preferred.

Table 1.2 Examples and molecular structures of friction modifiers
Category Example Molecular structure

amides Fatty acid amide[7]

fatty acids Steric acid
(0]
HOW\/\/\/\
crown ethers bromobenzo-15-
I
crown-5[8] /Q 3
imides Aromatic imides[9] "
‘ N/\\/\N,R1
anillh
phosphonic acid Phosphonic acid
R
derivatives[10] e
-




1.1.2.2 Anti-wear additives

Anti-wear additives are used to prevent asperity seizure, in particular under

extreme-pressure. Organosulfur, organo-phosphorus, sulfur-nitrogen, and phosphorus-

nitrogen compounds can form an interfacial layer with shear strength[11, 12]. In

addition, the lubricating process often faces problems like grease stringiness, lubricant

adherence, fluid leakage, surface adsorption, and corrosion. Miscellaneous additives are

thus added to resolve the problems. They are tackifiers[13], antimisting agents[14], seal

swelling agents[15], antimicrobial chemical[5, 6], surfactants[16], and corrosion

inhibitors[17, 18].

Table 1.3 Examples and molecular structures of anti-wear additives

Category

Example

Molecular structure

Organosulfur

MoDTC

organo-phosphorus

Phosphorus based

additives[19]
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They are primarily used in gasoline and diesel engine oils and in industrial
lubricants. Table 1.3 shows example and molecular structures of anti-wear additives.
Antiwear agents are commonly used in engine oils, automatic transmission fluids, power
steering fluids, and tractor hydraulic fluids. In gasoline engine oils, the ASTM sequence
I1IE and VE engine tests are used to determine the effectiveness of antiwear additives.
The general effectiveness of these additives in metalworking fluids is determined by the

use of Timken, fourball, and Falex tests.

1.1.2.3 Viscosity modifiers

Viscosity modifiers are primarily used in multigrade engine oils, gear oils,
automatic transmission fluids, power steering fluids, greases and some hydraulic fluids.
Mineral oils, which are effective lubricants at low temperatures, become less effective
lubricants at high temperatures. At high temperatures, their film-forming ability (in the
hydrodynamic lubrication regime) diminishes, because of a drop in viscosity. Prior to the
use of viscosity improvers and the introduction of multigrade oils, this problem was
partly overcome through seasonal oil changes. The principal function of a viscosity
improver is to minimize viscosity variations with temperature. Viscosity modifiers are
typically added to a low-viscosity oil to improve its high-temperature lubricating
characteristics. Olefin copolymers (OCP), polymethacrylates (PMA), hydrogenated
styrene-diene (STD) polymers are the common types of viscosity modifiers used in
modem lubricants. Table 1.4 shows example and molecular structures of viscosity

modifiers. Thickening efficiency and shear stability are two important considerations
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when selecting a polymer for use as a viscosity modifier. The thickening efficiency of a
polymer is a direct function of its molecular weight. On an equal weight basis, a high
molecular weight polymer provides higher viscosity than a low molecular weight
polymer. Shear stability, the ability of the polymer to withstand the mechanical
shearing forces encountered during use, is inversely related to its molecular weight; the
lower the molecular weight, the higher the shear stability. A number of tests are
available for measuring the viscosity-improving properties and the shear stability of

polymers in a finished oil.

Table 1.4 Examples and molecular structures of viscosity modifiers

Category Example Molecular structure
Olefin copolymers Cyclic olefin N S
copolymer
polymethacrylates General structure of
functionalized PMA /j\/j\/f
o} 0 0 0 0 0
O
copolymer[21]
hydrogenated styrene- Hydrogenated

diene polystyrene-co-

butadiene[22]
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1.1.2.4 Corrosion inhibitors

Rust and corrosion represent the damage done to metal surfaces by the attack of
atmospheric oxygen and acidic products. The rust and corrosion rate, which is usually
low, increases greatly in the presence of water and polar impurities. Internal combustion
engines contain all the elements necessary to promote these types of surface damage. Air
is entrained in the oil and fuel, and water and organic acids form during the combustion
and decomposition processes. Rust and corrosion inhibitors provide a barrier
between the metal surface and these harmful elements. These inhibitors are of two types:
those that neutralize acids and those that form protective films. The film formers attach
themselves strongly to the metal surface and form an impenetrable protective film. The
film formation can occur through either physical adsorption or chemical reaction. The
first mechanism involves the formation of densely packed protective layers of a
somewhat transient nature and the second, a more permanent protective film
resulting from a chemical reaction between the inhibitor and the metal surface. Long-
chain amines, basic sulfonates, carboxylic acid derivatives, and thiadiazole and
triazole derivatives are the most commonly used rust and corrosion inhibitor types. Table
1.5 shows the examples and molecular structures of corrosion inhibitors. These
additives have major uses in engine oils, gear oils, metalworking fluids, and greases.
Thiadiazole and triazole derivatives are especially useful in protecting against
nonferrous or yellow metal corrosion. A number of ASTM-specified tests are used for
hydraulic and metalworking fluids. For engine oils, the ASTM sequence engine test

is used to assess the corrosion-inhibiting ability of the lubricant.
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Table 1.5 Examples and molecular structures of corrosion inhibitors

Category Example Molecular structure
Long chain amines Poly(ethylene glycol)
@)
diamine HQN{’V LJ\NHQ
carboxylic acid Alkenylsuccinic acid o
A— CH — l(! — OH

derivatives |
CH,— ﬁ —OH

sulfonates Calcium

dodecylbenzene

o}
Q
&)
5
sulfonate ST

Thiadiazole derivatives 3-anilino-5-imino-4-
phenyl-1,2,4- .
S e
thiadiazoline[23] ST

1.1.2.5 Oxidation inhibitor

All modem lubricants, by virtue of being hydrocarbon based, are susceptible to
oxidation[24, 25]. Each type of base stock (mineral or synthetic) has a stable threshold,
beyond which stabilizers or oxidation inhibitors are needed to retard oxidation.
Adequately refined base oils contain some sulfur- and nitrogen-base "natural™

inhibitors. Under mild conditions, these inhibitors are sufficient to protect lubricants
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against oxidation. However, most modem uses require supplemental inhibitors to protect
lubricants under increasingly hostile conditions. An increase in temperature affects the
oxidation process most profoundly, with the rates of oxidation approximately doubling
with every 10-degree rise in temperature. Wear metals can further enhance the rate of
oxidation [26]. If this process is not controlled, the lubricant decomposition will lead to
oil thickening, sludge formation, and the formation of varnish, resin, and corrosive acids
[27, 28]. Oxidation inhibitors can be classified as hydroperoxide decomposers and
radical scavengers, depending on the mode of their controlling action. Sulfur- and
phosphorus-containing inhibitors, such as sulfides, dithiocarbamates, phosphites, and
dithiophosphates, act as hydroperoxide decomposers. Nitrogen- and

oxygencontaining inhibitors, such as arylamines and phenols, act as radical scavengers
[24, 25]. Table 1.6 shows example and molecular structures of oxidation inhibitors.
Oxidation inhibitors are used in almost all lubricants. Gasoline and diesel engine oils
and automatic transmission fluids account for 60% of the total use. High operating
temperature and high air exposure applications require a high level of oxidation
protection. Zinc dialkyl dithiophosphates are the primary inhibitor type, followed by
aromatic amines, sulfurized olefins, and phenols. A number of tests are used to assess
the oxidation stability of a lubricant under conditions of accelerated oxidation. The
ASTM sequence IHE (viscosity increase), sequence VE (sludge and varnish formation),
and CRC L-38 (bearing corrosion) tests are used for engine oils. The CRC L-60 test is

used for gear oils, and ASTM D 943 and ASTM D 2272 tests are used for turbine oils.
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Table 1.6 Examples and molecular structures of oxidation inhibitors

Category Example Molecular structure
Zinc ZDDP
R—0 O—Ry
/\P/S\Zn/S\P/\
dialkyl dithiophosphates 7 N d i
aromatic amines 1-Naphthylamine NH
2

sulfurized olefins Saturated dialkyl .
polysulfides[29] Z/ j<
phenols 4-aminophenol[30]

1.1.2.6 Pour point depressants

The pour point is the lowest temperature at which a fuel or an oil will pour when
cooled under defined conditions. In general, the pour point is indicative of the amount of
wax (straight-chain paraffins) in an oil. At low temperatures, wax tends to separate as
crystals with a lattice-type structure. These crystals can trap a substantial amount of oil
via association, inhibit oil flow, and ultimately hinder proper lubrication of the
equipment. Base oil suppliers remove most of the wax during petroleum refining.

However, complete dewaxing of the base oils is not practical because of process
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limitations, economics, and the desirable presence of wax, which offers a high

viscosity index character[31]. Additives called pour-point depressants are used to enable
mineral oils to function efficiently at low temperatures. Current practice favors mild
dewaxing in combination with the use of pour-point depressants. A good pour-point
depressant can lower the pour point by as much as 40 °C (70 °F). These additives are
commonly used in applications that require the use of mineral oil, usually below 0

°C (32 °F). Pour-point depressants have virtually no effect on either the temperature at
which the wax crystals start to precipitate (cloud point) or the amount of wax that
separates. They essentially act as wax-crystal modifiers and function by altering the
crystal size. Most commercial pour-point depressants are organic polymers. Commercial
pour-point depressants include alkylated bicyclic aromatics, styrene esters,
polymethacrylates, polyfumarates, polyfumarates, oligomerized alkylphenols, dialkaryl
esters of phthalic acid, ethylene- vinyl acetate copolymers, and other mixed hydrocarbon
polymers. Polymethacrylates and polyfumarates are the most commonly used chemical
types. Table 1.7 shows example and molecular structures of pour point depressants. High
molecular weight polymethacrylate derivatives can act both as viscosity modifiers and
pour-point depressants. When this chemistry is used for viscosity improvement, the need
for a pour-point depressant is minimized. Pour-point depressants are used at

treatment levels of 1 % or lower. In nearly all cases, there is an optimum concentration
above and below which the pour-point depressants become less effective. Pour-point
depressants are used in crankcase engine oils, automatic and power transmission fluids,

automotive gear oils, tractor fluids, hydraulic fluids, and circulating oils. The
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performance of a pour-point depressant is determined in each base stock by using one or
more of the following tests: ASTM D 97, pour point of petroleum oil; ASTM 3829,
borderline pumping; and ASTM D 2602, apparent viscosity at low temperature using

cold-cranking simulation.

Table 1.7 Examples and molecular structures of pour point depressants

Category Example Molecular structure
alkylated bicyclic Alkylnaphthalene[32
y y ylnap [32] AN
—m— . n
aromatics (P R, l
styrene esters Poly(styrene-co-maleic O. OR
acid), partial isobutyl . ,
O~ OR
ester
alkylphenol Nonylphenol V\%
Polymethacrylate Poly(methyl
CH3
methacrylate)
Q ]
CHg
polyfumarates Poly(propylene
fumarate)[33] T%OJ\/T TEOH
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1.1.2.7 Dispersants

Dispersants are additives that are used to suspend oil-insoluble resinous
oxidation products and particulate contaminants in the bulk oil. By doing so, they
minimize sludge formation, particulate- related abrasive wear, viscosity increase, and
oxidation-related deposit formation. A dispersant molecule contains an
oleophilic hydrocarbon moiety and a polar functional group. The polar group, usually
oxygen- or nitrogen- based, attaches itself to the oxidation products and sludge particles,
while the oleophilic hydrocarbon group keeps the particles suspended in oil [27]. The
hydrocarbon radical is either oligomeric or polymeric, and is usually aliphatic in nature.
It contains from 70 to 200 or more carbon atoms to ensure good oil solubility, with a
polybutenyl alkyl group being the most commonly used hydrocarbon group. The
chemical classes that are suitable for dispersants include alkenylsuccinimides,
succinate esters, high molecular weight amines, mannich bases, and phosphonic acid
derivatives. Commercially, polybutenylsuccinic acid derivatives are the most commonly
used dispersant types. Table 1.8 shows the examples and molecular structures of
dispersants. The dispersants are primarily used in gasoline engine oils, diesel (heavy-
duty and railroad) engine oils, natural gas engine oils, and aviation piston engine oils.
Dispersants are also used in automatic transmission fluids and gear lubricants. The
gasoline and heavy-duty diesel engine oils account for 75 to 80% of the total dispersant
use. Succinimide and succinate-ester (pentaerythritol esters of polyisobutenylsuccinic
anhydride) types are used both in gasoline and diesel engine oils. High molecular weight

amine are used in gasoline engine oils only. Succinimide dispersants also find use in
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automatic transmission fluids, power steering fluids, and, on a limited basis, in gear oils.
In gasoline and diesel engine oils, the effectiveness of a dispersant is assessed on the
basis of its ability to disperse lamp black or used engine oil sludge in laboratory screen
tests and its performance in various ASTM sequence dynamometer engine tests, as well

as fleet testing.

Table 1.8 Examples and molecular structures of dispersants

Category Example Molecular structure
mannich Polybutenylhyd
o " P
CH,NICH,CH,N), CH,CH,N
roxybenzyl- \

R
polyethylenepolyamine

Phosphonic acid Bis-hydroxypropyl

Isli CH,
PIB — PIOCH,CH — OH).
phosphonate : :
Succinimide Succinimide o
EiNH
0
Succinate-ester Diethyl succinate

O
H.C e]
e \n/\/u\.[j;.-*"ﬁ'“'ﬂ;:,|.|3
o

1.1.2.8 Detergents
Detergents perform functions that are similar to those of dispersants.
Additionally, detergents neutralize acidic combustion and oxidation products, and hence,
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control rust, corrosion, and resinous build-up in the engine. Detergents are metal salts of
organic acids. The quantity of metal can either equal or exceed the stoichiometric
amount necessary for complete neutralization of the acid function. When the metal is
present in a stoichiometric amount, the detergents are referred to as neutral; when excess
metal is present, they are referred to as either basic or overbased. Detergents are
described chemically in terms of their soap content, the degree of overbasing, and the
total base number (TBN), which is expressed as mg KOH/g of additive. The soap
content refers to the amount of neutral salt and reflects cleaning ability, or detergency.
The degree of overbasing describes the ratio of equivalents of metallic base to
equivalents of acid substrate. The TBN of the detergent indicates its acid neutralizing
ability. Detergents, like dispersants, contain a surface- active polar group and an
oleophilic hydrocarbon radical with an appropriate number of carbon atoms to ensure
good oil solubility. Metal sulfonates, phenates, carboxylates, salicylates, and
phosphonates are common examples of the polar groups that are present in

detergent molecules. Alkylbcnzencsulfonic acids, alkylphenols, sulfur-coupled and
methylene-coupled alkylphenols, carboxylic acids, and alkylphosphonic acids are the
commonly used detergent substrates. Table 1.9 shows example and molecular structures
of detergents. Basic detergents can be considered neutral detergents that contain the
excess base in an associated form. Detergents are used in lubricants to keep oil
insoluble by-products of combustion and oil oxidation in suspension. Depending on the
end use of the lubricant, insoluble by-products can be coke, acidic decomposition

products, or deposit forming resinous products[27, 28]. Detergents control the buildup of
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these undesirable contaminants by keeping the equipment surfaces clean and by
neutralizing the acidic products of lubricant oxidation and decomposition. They keep the
equipment surfaces clean, both by forming a protective film on the metal surfaces
through adsorption and by suspending the deposit-forming species in the bulk oil
through association [31]. Detergents can act as oxidation inhibitors, depending on the
nature of the functional group. For example, phenates, sulfurized phenates,

and salicylates possess oxidation-inhibiting properties, presumably because of the
presence of the phenolic functional group. Detergents are primarily used in crankcase
lubricants. Gasoline and diesel engine oils account for over 75% of the total detergent
consumption. Detergent treatment levels in engine lubricant formulations are fairly high;
marine diesel engine lubricants contain the highest detergent concentrations. Marine
engines use high-sulfur fuel, which leads to acidic combustion products (sulfuric acid)
and, therefore, need the high base reserve in "basic" detergents for neutralization.
Detergents have additional use in automatic transmission fluids and tractor hydraulic
fluids. However, their use in these applications is not to control deposits, but to modify

the frictional properties of the fluid.
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Table 1.9 Examples and molecular structures of detergents

Category Example Molecular structure
Alkylbenzencsulfonic  Alkylbenzenesulfonic acid S0
acids
R
alkylphenols Nonylphenol on
sulfur-coupled and Methylene-coupled on on
methylene-coupled alkylphenol
R R
alkylphenols
carboxylic acids Myristic acid o
WWOH

alkylphosphonic acids  Polyisobutylenephosphonic o

It

acids e
OH

1.2 Novel Nano Lubricants

In mechanical systems, consistent performance and energy saving demand eco-
friendly and highly efficient lubricants. In today’s market, 90% of lubricants are
composed of hydrocarbon molecules and the rest are additives governing their behavior.
For decades, organic phosphorous and sulfide compounds have played important roles in
friction modification and wear resistance [34]. Lubrication mechanism stems from the

physical and chemical interactions between lubricant molecules, material surfaces, and
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environment. In recent years, nanoparticles have started to play more important roles as
lubricant additives for their potential in emission reduction and improving fuel economy.
Their characteristic size, normally less than 100 nm, will allow them to enter the contact
region. In comparison with organic additives, nanoparticles are considered thermal
stable at elevated temperatures that makes them favorable as lubricant additives.

There are some reports about lubrication mechanisms of nanolubricants. When
nanoparticles were used as friction modifiers, they displayed four behaviors[34]: rolling
of nanospheres[35-37]; tribofilm formation as results of tribochemical reactions[38-42];
mending effect because of the minimal size[43]; and polishing[44]. In addition,
nanoparticles could be used as additives in diesel and biodiesel[45-48]. They were
effective in improving fuel efficiency, engine performance, exhaust emission,
combustion, and evaporation characteristics at different operating conditions. Moreover,
nanorefrigerants were able to reduce energy consumption and enhance heat transfer
rate[49-52].

The aforementioned reviews raised several questions: How can one optimize the
tribological performance of nanolubricants? What are the characteristics of nanoparticles
that are important to lubrication? Can we quantize their effects? During the review of
literature of several hundreds of publications, we found that each study has been based
on unique conditions, such as base stock, additive concentration, nanomaterials and their
surface functionalization, workpiece materials, test parameters, lubrication regimes, etc,
among many others. There is no one standard condition that can be used for fair

comparison. The majority reports have been based on steel-steel contact. The non-steel
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metals will not be the focus due to lack of statistically sufficient data to conduct a fair
comparison. In order to make the best use of available data for better comparison and
prediction, we applied the following strategy for this review study. First, frictional
performance. We chose the minimum friction coefficient reached (MFC) and maximum
friction reduction (MFR) in order to reveal fuel efficiency. Using such an approach the
lubrication regimes from boundary to hydrodynamic will be discussed together. Second,
wear performance. We selected the maximum wear reduction percentage (MWR) to
exhibit anti-wear capability, regardless of the working conditions. In this case, most
wear studies were conducted in the boundary and mixed lubrication regimes that we do
not separate in order to maintain sufficient data for statistic analysis. Thirdly, statistic
analysis was conducted based on the experimental results collected from about 70 papers
that were related to nanolubricant additives, as listed in Table 1.10. Correlation between
the parameters and performance was calculated using the JMP software. Using this
approach, not only we could identify the key factors such as chemical composition and
morphology to improve the tribological performance, but also we could establish a
relationship between the key factors and lubrication mechanisms. In this study we
defined morphological parameters as the molecular structure and shape of nanoparticles.
In addition, we defined the size as a separate factor that belonged to the physical
properties of nanoparticles. This review is more than a replenishment of the current
knowledge. As a result, it substantially facilitates our fundamental understanding in
nanolubrication that enables us to design nanolubricants with superior tribological

performance.

23



Table 1.10 Summary of nanolubricant additives

Nanoparticle Reference
Ag doped MoS; nanoparticles [53]
Ag nanoparticle [54, 55]
Al20s [56, 57]
Al;O3 and CuO [58]
Al;03/SiO, composite [59]
Al;,O3/TiO, nanocomposites [60]
Bismuth nanoparticles [61]
BN [62]
Calcium carbonate nanoparticles [63]
CeO; [64]

Cu [65-69]
Cu nanoparticles in serpentine powders [70]
Cu/SiO2 nanocomposites [71]
CuO [72]
CuO, TiO; and nanodiamond [73]
CuS [74]
Diamond and SiO; [75]
diamond nanoparticles [76]
Fe, Cu, Co NPs [77]
Fes04 magnetic nps [78]
fullerene-like MoS; nanoparticles [79]
graphene and MoS, comparison [80]
h-BN [81]
hydroxides NPs (Mg/Al/Ce LDHs) [82]
IF-MoS; nanoparticles [83, 84]
IF-WX; [85]

La doped Mg/Al layered double hydroxide (LDH) [86]
LaFs [87]
MoS; [88-92]
MoS; and SiO, [93]
Diamond and graphene [94]
nano-Cu/graphene oxide composites [95]
nano-PTFE [96]

Ni [97]
NiMoO,S; [98]

Ni based nanolubricants [99]
OA/La-TiO, [100]
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Table 1.10 Summary of nanolubricant additives, continued.

Pd [101]
Pd and Au nanoparticles [102]
PTFE [103, 104]
Rhenium doped MoS; [105]
SA/CeBO:3 [106]
serpentine ultrafine powders [107]
serpentine, La(OH)s and their composites [108]
single wall carbon nanohorns (SWCNH) and TiO» [109]
SiO; [110]
Sn and Fe nanoparticles [111]
TBP-LaFs [112]
TiO; [113-116]
TiO., CuO, Al;03, MWNTSs [117]
Titanium nanoparticle [118]
Zeolite [119]
ZnAl,O4 [120]
ZnO [121]
ZnO and CuO [122]
ZrO; [123]
ZrP [124]
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1.2.1 Effects of chemical composition of nanoparticles on lubricating performance
Nanoparticles with various chemical compositions possess different chemical
and physical properties, affecting the interaction between lubricants and surfaces. There
are three questions to be answered. Which elements are favorable for nanolubrication?
What are lubrication mechanisms of the specific element (the role it played) in each
lubricating regime? How important is the chemical composition in determining a
nanolubricant’s tribological performance? As discussed earlier, we focus on three

aspects, the minimum friction coefficient (MFC), maximum friction reduction (MFR)



and maximum wear reduction (MWR). Through this literature review and statistical
correlation coefficient analysis, we aim to reveal insight from nanolubricants.

Based on the Table 1.10, we divided reported nanoparticles into seven types
based on their characteristic chemical elements: carbon and its derivatives, metals, metal
oxide, sulfides, rare earth compounds, nanocomposites and others. Detailed information
about each category is listed in Table 1.11. For carbon and its derivatives, molecular
structures (sheet, tube, onion) played a dominant role in determining their tribological
behavior. The effects of carbon-containing additives would not be elaborated in this
section. For metals and metal oxides, the majority elements were located in the transition
metal group. For sulfides, the representative one was MoS, others included WS;, Cus,
and NiMoO>S.. For rare earth elements, Y, La, and Ce were considered as favorable
elements for lubricant additives. For nanocomposites, they were the combinations of the
aforementioned several categories. Others included CaCOs, ZnAl>O4, Zeolite, ZrP, SiO,

PTFE, Hydroxide, BN, serpentine, among others.

Table 1.11 Different types of nanoparticles as lubricant additives

Types Nanoparticles

Carbon and its derivatives Graphene, diamond, SWCNT, MWNTSs

Metals Sn, Fe, Bi, Cu, Ag, Ti, Ni, Co, Pd, Au

Metal oxide Zr0,, TiOy, Fes0y4, AlLO3, Zn0O, CuO

Sulfides WS, CuS, MoS;, NiMoO,S;

Rare earth compounds LaFs, CeO,, La(OH)s, Y203, CeBO;

Nanocomposites Cu/SiO,, Cu/graphene oxide, Al,O3/SiO,,
serpentine/La(OH)s, Al,Os/TiO;

Others CaCO0s, ZnAl;04, Zeolite, ZrP, SiO,, PTFE, Hydroxide, BN,
serpentine
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Among all listed, some compounds were more popular than others. Based on all
the literature we collected (in Table 1.10), the number of reports about one particularly
type was plotted in a pie chart as shown in Figure 1.2. As seen that the majority of
nanolubricants consisted of metal oxides, metals and sulfides. In order to elucidate the
lubrication mechanism, we only discussed the correlation between the chemical elements
and tribological behavior, irrespective of other nanoparticles characteristics, morphology
wise. The correlation coefficient was calculated using JMP software. It measured the
strength of the relationship between two parameters. A positive/negative correlation
coefficient means that the two parameters are positively/negatively related. If the
absolute value of correlation coefficient is close to 1, two parameters are strongly
related. Conversely, if the absolute value of correlation coefficient is close to 0, two

parameters weakly related.

nanocomposites
6

%
rare earth
compounds
7%

Figure 1.2 Statistics of nanoparticles worked as lubricant additives



1.2.1.1 Sulfide

Metal sulfides have been used in lubrication industry for decades, including solid
and liquid lubricant additives. Lubrication mechanisms of MoS; have been studied
extensively. Apart from their laminar structure, sulfur played an important role in the
interaction between particles and lubricant molecules. Under the heat generated by
friction and high contact pressure, tribochemical reaction would take place between
nanoparticles and their environments (substrate, lubricants, atomosphere, among other).
As a result, a tribofilm was formed on the friction surface. It is expected that different
substrates would have tribofilms of various chemical composition. The unique properties
of a tribofilm include hardness, adhesion, and roughness, often outperformed their
substrate. The presence of a tribofilm facilitated adsorption [88]. The adsorption layer is
composed of MoSy, lubricants, and their chemically bonded compounds. A complex of —
S-Mo-S-OCOR was produced after nano-MoS; reacted with lubricants to form fiber-like
substances. Subsequently, some lubricant molecules would be anchored in this network
to form adsorption film as illustrated in Figure 1.3. The tribofilm formed a metal surface
played an important role in their excellent tribological performance [93]. In the same
report, a tribofilm on magnesium alloy was found to be composed of MoO3 and MgS

verified by XPS spectrum.
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Figure 1.3 The formation of adsorption layer using MoS; nanoparticles (Adapted
from [88]).

1.2.1.2 Nanocomposites

Nanocomposites have been reported to be used as lubricant additives. Due to the
synergetic effects of more than one type of nanoparticles, composites usually show
superior performance than the individual one. Lubrication mechanisms associated with
nanocomposites are listed in Table 1.12. It is worth to mention that Silica (SiOz) is one
of the most common nanocomposites as lubricant additives. Nanoparticles are inherently
not miscible in oil. Silane is a widely used coupling agent to improve dispersion of
nanoparticles. The surface properties of nanoparticles alter from hydrophilic to

lipophilic, that is favorable for tribological performance.
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Table 1.12 Summary of lubrication mechanisms of nanocomposites

Nanocomposites Lubrication mechanism

Al>O3/TiO2 nanocomposites[60] Friction mode change: from sliding movement to
rolling movement

Cu/SiO; nanocomposites[71] 1. Formation of tribofilm: tribofilm composed of
FeS, FeSO,4 and SiO;.
2. surface repairing effect of Cu nanoparticles
released from the composite

Cu/Graphene oxide Synergic effect of Cu and graphene oxide.

nanocomposite[95]

Al>,O3/SiO, hanocomposites[59] Synergic effect of Al,Os and SiO;
Serpentine/La(OH);3 Tribofilm formed containing Fe, Si, and O. La
nanocomposites[108] worked as a catalyst accelerating tribochemical

interactions.

1.2.1.3 Metals

Metallic nanoparticles have the unique chemical and physical properties as
lubricant additives [65]. For example, Cu has low shear stress and is softer than ceramics
(oxides). It has been used as lubricant additive. Lubrication mechanisms of metallic
nanoparticles could be grouped into the following: a) formation of a tribofilm or an
adsorption film. These films could change the surface properties and separate two
contacting surfaces, yielding promising tribological performance; b) with the addition of
nanoparticles, they rolled within two sliding surfaces resulting decreased friction and
wear; ¢) nanoparticles would be compacted on the wear track due to heat and pressure
generated during friction process. This phenomenon was called sintering or repair effect.
The representative metal nanoparticles and associated lubrication mechanisms are listed

in Table 1.13.
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Table 1.13 Summary of lubrication mechanisms of metallic nanoparticles

Nanoparticles

Mechanisms

Sn and Fe[111]

Sn is effective on friction reduction; Fe is effective on antiwear
performance. A tribofilm was formed on the wear track with low shear
stress and hardness result in promising performance (low friction and
wear).

Bi[61] A protective film was formed through particle’s sintering effect. The film
separates contacting surfaces and leads to lower friction.

Ag[54] A protective film was formed by deposition of Ag nanoparticles. The soft
metal film possesses low shearing stress and avoids the steel-steel
contact from severe failure through wear.

Cu[69] Formation of a self-repairing film on a wear track.

Pd and Au[102] Formation of a transfer film containing Pd and Au resulting separation
counter faces

Ni[97] A protective film was formed by the deposition of Ni nanoparticles.

Cu[68] Formation of a cooper protective film separates two contact surfaces. The

film has lower elasticity and certain hardness on the wear track increased
the elastic deformation and reduces wear.

Fe, Cu, Co[77]

Formation of an ultrathin copper film with lower shear strength. It
reduced the friction force. Nanoparticles roll within two sliding surfaces.

Pd[101]

Formation of a protective film composed of Pd providing low shear
strength.

1.2.1.4 Oxides

Various metal oxides have been applied as lubricant additives, including TiO»,

CuO, Fe30q4, ZnO and Al>Os. Their lubrication mechanisms are similar to metallic

nanomaterials, including tribofilms or adsorption film formation, rolling effect and

sintering or repair effect. Proposed mechanisms of lubrication are listed in Table 1.14.
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Table 1.14 metal oxides and mechanisms of lubrication

Nanoparticles Lubrication mechanism

TiO[118] 1. Friction modification: nanoparticles roll within two sliding surfaces
2. surface repairing effect

CuO and Tribo sintering effect of CuO

Al205[58]

La doped A boundary lubricating film was formed that was composed of iron

TiO-[100] oxide and titanium oxide.

Fes04[78] Friction mode change: nanoparticles roll

ZnQO[121] Deposition of ZnO on wear track

Zn0O and Tribofilm formation with low surface roughness and more compact on

CuO[122] the wear track

Al>0O5[56] Friction mode change: nanoparticles roll

1.2.1.5 Rare earth compounds

The tribological behavior of rare earth elements on lubrication has been studied
extensively. The most popular elements were La and Ce. They could be either applied as
lubricant additives, or be doped into other nanoparticles, such as TiO». Their lubrication
mechanisms mainly included the formation of tribofilm or adsorption film. The

associated lubrication mechanisms are listed in Table 1.15.

Table 1.15 Rare earth compounds and the associated lubrication mechanism

Nanoparticles Lubrication mechanism

LaF;[87] Formation of tribofilm composed of Fe;Os, FeFs; and LaFs.
LaF;[112] Formation of adsorption film containing LaFs;
CeBO3[106] 1. Formation of tribofilm composed of B,O3, CeO, and Fe;Os
2. formation of adsorption film
Ce0,[64] Formation of tribofilm composed of Ce**, TiO,, Ce**, FeS(FeS;), iron

oxide and other organic compounds
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Figure 1.4 shows the tribological performance of nanoparticles in terms of
minimum friction coefficient (MFC), maximum friction reduction (MFR), and maximum
wear reduction (MWR). According to the results, sulfides exhibited the lowest MFC and
the highest MFR and MWR. In this case, sulfur was believed to be the most important
element for improving tribological performance. Despite the effectiveness, the high
content of sulfur is a major drawback and would be discarded in the near future due to
the environmental concern[89]. The role of morphological parameters on lubrication of

MoS2 would be discussed in the following section.
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Rare earth compounds showed similar MFC and MFR with composite
nanoparticles. But for MWR, composite outperformed rare earth compounds. In the case
of nanocomposites, the favorable elements were Cu, Al (Fe may come from the
substrate). In the case of rare earth elements, the favorable elements were La and Ce.
Considering the chemical composition and physical property of a tribofilm, the metal
elements seemed to be more beneficial than rare earth elements.

Metals outperformed oxides. Lubrication mechanisms of metal nanoparticles
included tribofilm formation and adsorption film formation. During lubrication, it was
desirable to avoid oxidation of metal nanoparticles in order to ensure their chemical
activity. The activity was important for the formation of tribofilms. Oxides were
chemically inertial than pure metal particles. Lubrication mechanisms reported included
rolling contact and adsorption film formation.

According to the statistical correlation data listed in Table 1.16, chemical
composition showed a relatively higher correlation with MWR (0.21), compared to
MFC(0.13) and MFR(0.16). It means the effects of chemical elements is subtle on
frictional performance while is more related to wear resistance. Chemical composition
played an important role in determining the properties of tribofilm, which might affect
the antiwear performance indirectly. The effects of chemical composition on tribological
performance lied on the properties of a tribofilm. The physical and chemical properties
of a tribofilm were critical to nanolubrication. Regardless there is few paper found

reporting properties of a tribofilm. It is believed that contact angle, adhesion, hardness,
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modulus, thickness, roughness, and micron and crystal structure are all relevant to

triboperformance. Future study on this aspect is recommended.

Table 1.16 Correlations between chemical composition and tribological performance

Correlations Chemical MFC MFR (%) MWR (%)
composition

Chemical 1.0000 -0.1609 0.1301 0.2169

composition

1.2.2 Effects of particle size

Characteristic size of nanoparticles, such as the diameter of a spherical or tubular
particle, or the thickness of a lamellar, is less than 100 nm. The small size allows them
easily enter into the contact interface for load bearing and lubricating. Furthermore, a
high surface-to-volume ratio enables them to react with their environment. In this
section, we discussed the effects of size on tribological performance.

Optimized particle size is closely related with working conditions. A report has
been found that for CaCOs nanoparticles[63], larger sizes exhibited optimal performance
under higher frequency (different lubrication regime), while smaller ones were more
suitable for higher load and lower frequency(Figure 1.5). In case of IF-MoS; [79], once
the proper recirculation occurred, nanoparticles of various sizes exhibited a similar
behavior. This indicated a feeding effect of the nanoparticles in the contact region.
Smaller nanoparticles showed a high probability to penetrate into the interface[125],

yielding much lower friction coefficient than larger nanoparticles.
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Figure 1.5 Schematic transmission processes of nanoparticles with different size
(Adapted from [63]).

To summarize the published data, Figure 1.6 showed the tribological
performance of nanoparticles with different sizes in terms of MFC, MFR and MWR.
Table 1.17 showed the correlations between size and tribological performance.
According to the calculated correlation coefficient, size exhibited relatively low
correlation with friction and wear performance. The correlation coefficients with MFC,
MFR and MWR are around 0.1. With the combination of data analysis and literature

review, nanoparticles size has a subtle effect on tribological performance.
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Figure 1.6 Tribological performance of nanopartilces with different size: (a)
MFC, (b) MFR, (c) MWR

Table 1.17 Correlations between size and tribological performance

correlation Size MFC MFR (%) MWR (%)

Size 1.0000 -0.1002 0.1535 0.1303

1.2.3 Effects of morphology of nanoparticles
Considering the morphology of nanoparticles in Table 1.10, there are 5 types:

granular, onion, sheet, spherical, and tube. The statistics of nanoparticles morphology is

shown in Figure 1.7.
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Figure 1.7 Statistics of the nanoparticles morphology

In Figure 1.7, the majority of nanoparticles’ morphologies are spherical, followed
by granular, sheet, onion and nanotube. After nucleation, the crystal structures of
particles tend to evolve to minimize the surface energy when they reach the equilibrium
state. If the surface energy is isotropic, sphere will be the ideal solution [126-128].
Onion, sheet and spherical morphology showed superior tribological performance than

others as shown in Figure 1.8.
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Figure 1.8 Tribological performances of nanoparticles with different morphology

Onion morphology is described as the spherical shape outside and lamellar
structure inside. The stability of onion morphology is crucial to the particles tribological
performance. If the onion morphology is stable, it is more close to spherical
morphology. Otherwise, it will exfoliate and turn to be a sheet like morphology[129]. Its
structure-performance relationship has been studied extensively[79, 83, 85, 88, 130].
The advantages of onion structure lied in the absence of dangling bonds and the
spherical shape [85]. The spherical shape was favorable in rolling mechanisms.
Furthermore, the number of atoms in each particle was not the same in two adjacent

layers, which will facilitate the generation of dislocation. The absence of dangling bonds
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promoted chemically inertial, which would weaken the interaction between the particle
and environment. In this case, fewer particles would stick on the substrate. Moreover,
from the chemical reaction point of view, the dangling bonds showed higher tendency to
be passivated by the environment, which resulted in friction. The lubrication mechanism
would be dominated by rolling other than sliding.

The lubrication mechanism of IF NP are threefold: rolling, sliding, and
exfoliation[131]. Rolling friction means NPs will roll between two sliding surfaces,
which requires the spherical shape and stable structure. For the sliding friction, which
also requires stable structure and low adhesion to the sliding surface. For the exfoliation
mechanism, the multilayered IF NP will provide low friction and wear due to the
movement between the adjacent layers. Under low contact pressure, rolling friction
dominated. Sliding occurred at slightly higher contact pressure, while exfoliation ruled
under high contact pressure. M. Kalin [90] and coworkers proposed the lubrication
mechanism of MoS; was attributed to the exfoliation and deformation of nanotube in
boundary-lubrication regime. Rapport[132] proposed that the lubrication mechanism of
IF-WS; depended on the different lubrication regimes. When the thickness of the film
was in the size of nanoparticles, the spherical outer shape would preserve. The sliding-
rolling contact should be the dominate lubrication mechanism. If film thickness was less
than nanoparticle size, a transferred film would be formed. The inner sheet-like structure
was believed to dominate. MoS> with defects was highlighted with better lubrication
performance[83]. IF- MoS; with defect would enable exfoliation of external layer under

external pressure. The contact pressure needed to exfoliate the external layer of perfect
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crystalline structure was much higher than structure with defects. The exfoliated layer
could work as a third-body friction. The ideal situation was more like a rolling friction
effect. In fact, its performance was closely related with time (gradually exfoliation).

Different cycles determined. Friction coefficient gradually decrease could be observed.

Figure 1.9 The three main friction mechanisms of multilayered IF NP (redraw
from [131]): (A) sliding[133], (B) rolling[134], (C) exfoliation[135, 136]

The crystal structure of the particles played important roles in lubrication.
Tirbological performance of well crystallized and poorly crystallized IF-MoS; particles
have been compared[83]. The better lubricating property of poorly crystallized particles
was attributed to their tendency to exfoliate forming a tribofilm composed of sheet-like
particles on the surface.

The sheet like particle include Graphene[137], MoS: nanoplatelets[138], BN,
Y203[139] and ZrP[124]. In fact there are two types of interactions considered in order

to understand the lubrication mechanisms of the sheet like nanoparticles[140].
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Interaction between the adjacent layer plays a critical role in determine the frictional
behavior of nanoparticles. For Graphene, MoS;, due to their weak interlayer van der
walls force, two adjacent layers are easily exfoliated under a shear force. Sliding
movement of adjacent layer will lead to lower friction. For other 2D nanoparticles which
exhibits relatively strong interlayer van der walls force[124], including Y203 and ZrP, it
is difficult for them to exfoliate. Authors proposed that nanoparticles align with the fluid,
which will reduce the fluid drag. Another interaction related with the outer layer and the
substrate, which is an example of the surface energy of the basal plane as well as the
property of the environment.

The number of layers and the interlayer spacing are reported to affect tribological
performance. When the number of layers decreased, it will raise other issues, including
the puckering and wrinkle effect, inclination angles[139], interlayer spacing[141]. ZrP,
with lower interlayer spacing, provided promising effect in reducing friction in boundary
lubrication regime.

To summarize, Table 1.18 showed the correlations between morphology and
tribological performance. Morphology exhibited a high correlation coefficient with
MFR, which indicated its effect on frictional performances. However, the low
correlation coefficient with MWR leads to subtle effect on antiwear behavior.
Alternatively, we could calculate the correlation coefficient and matrix between aspect
ratio and tribological performance, as listed in Table 1.19 shows. It provided a similar

trend with morphology relationship.
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Table 1.18 Correlations between morphology and tribological performance

correlation Morphology MFC MFR (%) MWR (%)

Morphology 1.0000 0.0823 -0.3012 0.0001

Table 1.19 Correlations between aspect ratio and tribological performance

correlation Aspect ratio MFC MFR (%) MWR (%)

Aspect ratio 1.0000 -0.0808 0.2653 0.0556

1.3 Performance characteristics of lubricants
Viscosity is one of the most important properties of liquid lubricants, which
influences their rheological properties and tribological performance. If we imagine the
liquid is a deck of cards, viscosity is a measure of the resistance between adjacent cards
during flowing. Dynamic viscosity is defined as the shear stress per unit velocity
gradient in the flow direction.
=ty (1-1)
Where 1 is dynamic viscosity, T is shear stress and vy is velocity gradient.
Kinematic viscosity is defined as the ratio of dynamic viscosity to density.
Kinematic viscosity=Dynamic viscosity/Density (1-2)
Viscosity of Newtonian fluid is constant under different velocity gradient. Some
liquid lubricants with relatively simple molecular structure fall into this category. Others
are non-Newtonian fluid. In SI system, units of shear stress and velocity gradient are
N/m? (Pa) and s, respectively. So the unit of dynamic viscosity is Pa.s or Ns/m?. Other
commonly used units are centipoise (cP) and reyn, which follows that:

1 reyn = 68.95*10° cP = 68.95*10° poise = 68.95*10° Pa.s = 68.95*10° mPa.s (1-3)
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For kinematic viscosity, unit in SI system is m2s™. In practical use, kinematic
viscosity are usually quoted in centistokes (cS):
1 ¢S =1*102 stoke = 1 mm?s™ (1-4)

In order to measure the viscosity of lubricants, two types of instruments are
employed. One is the Ostwald viscometer, which measures the viscosity of Newtonian
fluid. A given amount of fluid flows out of a container via a narrow capillary tube and
the flowing time multiplies by a calibration factor to determine its viscosity. Figure 1.10
shows a typical setup of the Ostwald viscometer. The other one is rheometer, which
measures the viscosity of non-Newtonian fluid. Fluid is added into the gap between the
upper plate and lower plate. Shear stress is measured and fluid velocity gradient is
controlled by the rotational speed of upper plate. Basically, there are three types of
rheometer: concentric cylinders, cone and plate, and parallel plates, which corresponds
to different fluid viscosity range. Concentric cylinders usually measure the fluid with
very low to medium viscosity. For the fluid viscosity ranging from very low to high (like
soft solids), cone or parallel plate are more suitable. Typical setup of three rheometer

models are shown in Figure 1.11.
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Figure 1.10 A typical setup of Ostwald viscometer

(a) (b)

(c)

Figure 1.11 The typical setup of rheometer: (a) concentric cylinders (b) cone and

plate (c) parallel plate

In order to categorize the frictional performance of lubricants under different

working conditions (Load, velocity, and viscosity), Stribeck curve is present to describe

the correlation between friction and Sommerfeld number in 1902. Standard Sommerfeld

45



number is the dimensionless characteristic number in fluid bearing design. It is defined
in the following equation:
Sommerfield number = (r/c)? nN/P (1-5)
Where r is the shaft radius, c is the radial clearance, 1) is the absolute viscosity, N
is the shaft rotating speed and P is the load per unit area. To extend the concept to a
general surface contact (not just bearing contact), the simplified Sommerfeld number
was adopted, which is:
Simplified Sommerfield number = nN/P (1-6)
Where 1 is the absolute viscosity, v is the sliding velocity and P is the load. A
typical Stribeck curve could be found in Figure 1.12. Three lubrication regimes could be
divided based on the lambda value (A). A is defined as:
A=hmin/(Rq1® +Rg2%)°° (1-7)
Where hmin is the minimum oil film thickness between the surfaces, Rq1 and Rq2
are surface roughness of the two counterparts respectively. (Rq? +Rq22)%? is the
composite surface roughness. When A is far less than 1, which means two surfaces are
closely contact with each other. High friction coefficient will occur in this regime
because of the interference of surface asperities. When the oil film thickness is
comparable with composite surface roughness (1<A<3), it indicates the mix lubrication
regimes. Friction coefficient will gradually decrease with the increase of Sommerfeld
number. Higher Sommerfeld number will give rise to thicker oil film, which in turn

weaken the interference effect of surface asperities. When the two surfaces are
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completely separated by a relatively thick oil film (A>3), the lowest friction coefficient

could be achieved.
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Figure 1.12 A typical Stribeck curve
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CHAPTER II

MOTIVATIONS AND OBJECTIVES

As discussed in Chapter I, lubrication is essential to industries and applications
involving mechanical systems in motion. Nanoparticles play important roles in
overcoming frictional loss as lubricant additives. In order to improve the performance of
a lubricating system, the better understanding of interfacial behavior and tribological
properties of nanoparticles is highly desired. This research focuses on novel
nanoparticles and their effects on tribological permance as lubricant additives. In this
research, there are three major objectives: (1) Tribological performance and rheological
properties of nanoparticles; (2) Investigation of lubricating kinetics; (3) Investigation of

lubricating dynamics. The research approach is illustrated in Figure 2.1.

Performance Kinetics Dynamics
Tribology & Rheology Chemical interaction Physical interaction
Friction & Viscosity Perfor- | Reaction .Pa rtlcl? Surface

wear mance rate distribution| texture
Effects of morphology & Tribofilm growth Drag reduction
chemical composition model mechanism

Roles of nanoparticles in lubrication

Figure 2.1 Research flow chart
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2.1 Tribological performance and rheological properties of nanoparticles
Conventional lubricants are not favorable for the environment. There is a strong
desire to develop environmental friendly and high efficiency lubricants. Tribological
performance and rheological properties of nanoparticles in oil will be evaluated in term
of friction, wear and viscosity. The mechanism of lubrication will be revealed via the

characterization of wear tracks.

2.2 Investigation of lubricating kinetics

Tribofilms play an important role in lubrication. They are the products of
tribochemcial reactions. However, the mechanism of formation and growth of tribofilms
is still unknown. There is no universal method to monitor the tribochemical reactions. A
novel approach will be proposed to in situ characterize the formation and growth of
tribofilms. The model and driving force of growth of tribofilms will be discussed as

well.

2.3 Investigation of lubricating dynamics

The majority of lubricating system are closed system. The interaction between
the lubricants and interfaces could not be directly observed. With the help of fluorescent
nanoparticles, we are able to “see”” how the lubricant works in a mechanical system.
Nano diamond particles will be employed to study the lubricating mechanism of

sharkskin like surfaces. The distribution of particles will be characterized using a laser
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scanning microscope. The drag reduction effect of sharkskin like surfaces will be

interpreted in a different perspective.
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CHAPTER 111
MATERIALS AND METHODS
Experiment details in the present research are provided in this chapter. Firstly,
synthesis of materials and fabrication of shark-skin-like surfaces are discussed in the
first section. Then the tribological and rheological evaluation are introduced

successively. Finally, approaches of lubricating kinetics and dynamics are provided.

3.1 Materials
3.1.1 Synthesis of a-ZrP

The a-ZrP nanoplatelets were synthesized by hydrothermal method reported by
Sun and coworkers[142], and it has been described in our previous reports[143, 144].
Zirconyl chloride octahydrate (>99.0 wt. %) was purchased from Fluka. Phosphoric acid
(85 wt. % in H20) was purchased from Fisher-Scientific. In summary, 4.0 g of
ZrOCl+8H>0 was mixed well with 40.0 mL 12 M H3POgs in a sealed Teflon®-lined
pressure vessel and heated at 200°C for 24 h. The product was washed with deionized
water and isolated by centrifuging five times at 5000rpm, and dried at 70°C for 24h. To
study the performance of a-ZrP, the base oil and ZDDP was kindly provided by Shell
Global Solutions (US). The concentrations of nanoplatelets and ZDDP in the base oil are
0.2 wt% and 0.8 wt%, respectively, corresponding to 0.02 wt% and 0.08 wt%

phosphorous content.
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3.1.2 Synthesis of V205

The fabrication process of V20s particles has been reported by Pan[145]. In
summary, Immol V>0s micro powders (Sigma Aldrich) were mixed in 22.5 ml DI
water. Then 2.5 ml 30% H20: (Sigma Aldrich) was dropped slowly into the solution and
stirring for 2h. After that, 0.5g PEG 600 (polyethylene glycol 600) (Sigma Aldrich) was
added into the transparent orange solution. Then the solution was kept in a hydrothermal
vessel at 200 °C for 6h. Particles were washed with ethanol and DI water subsequently
and dried at 70°C for 12 h. Finally, particles were annealed in oven at 350°C for 30 min.
Figure 3.1 shows the TEM image of the particles. It appears a rectangular morphology.
The length and width for those particles of VV.Os are 100nm and 50 nm respectively.
Figure 3.2 shows the Raman spectrum of V2Os, which reveals the characteristic peaks at
397.7 cm-1, 467.8 cm™, 522.2 cm™, 691.1 cm™, and 987.8 cm™, respectively. Light
mineral oil (Sigma Aldrich) was utilized as the base oil for tribological test. It composed
of hydrocarbon molecules without any lubricant additives. The density is 0.84g/mL at
25°C, and viscosity is 14.2 ~ 17 cst at 40°C and 0.18 ~ 0.2 cst at 100°C respectively. It
belongs to API (American Petroleum Institute) Group I. In order to make sure the good
suspension of nanoparticles, concentration of sheet like V20s was configured from

0.05% (wt) to 0.2% (wt). No surfactant was added.
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Figure 3.1 TEM images of sheet like V205
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Figure 3.2 Raman spectrum of sheet like V205
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3.1.3 Fabrication of Shark-skin-like surface

Performance of 3D printed shark-skin-like surfaces were studied. Design and
dimensions of a single shark skin scale were illustrated in Figure 3.3. The height of
ridges was 400 um. The diameter of textured surface was 25mm. Scale orientation was
defined as the angles between the ridges and fluid flow direction. To evaluate the
sharkskin performance with different scale orientation, three textured surface were
designed using SolidWorks (SolidWorks Corp., Waltham, MA, USA) as shown in
Figure 3.3. The smooth surface was measured as well for comparison. Shark-skin-like
surfaces were fabricated using a FlashForge Dreamer dual extrusion 3D printer. Nozzle
size is 400 pm and layer thickness is ranging from 100 pm to 400 pm. The polymer for
3D printing is acrylonitrile butadiene styrene (ABS). Melting temperature is 105 °C and
tensile strength is 34~38 GPa. Rigid surface will maintain the shape during the fluidic

test. Printing temperature is around 220 °C.
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(b)
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Figure 3.3 Design and dimensions of shark-skin-like surface: single scale of
sharkskin: (a) a simplified model of shark-skinned surface (b) a smooth surface for
comparison (c) a textured surfaces with parallel shark-skin scale orientation (0 degree)
(d) a textured surface with shark skin mix scale orientation (45 degree) (e) a textured

surfaces with perpendicular shark-skin scale orientation (90 degree).
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3.2 Tribological evaluation
3.2.1 Tribological evaluation of a-ZrP

Tribological evaluation of a-ZrP was conducted using a pin-on-disk tribometer.
Bearing steel E52100 was used as pin (ball) (p=6mm) with surface roughness Ra; of 1.2
pm. The same material was used as a substrate and has Ra, of 0.01 pm, resulting in a
composite surface roughness of 1.2 um. Reciprocating sliding motion was configured in
order to evaluate the wear behavior under a 5N load (which corresponds to a maximum
Hertzian pressure of 1GPa) and a 1Hz oscillation frequency. Wear track and sliding
distance were set to 10mm and 5000m, respectively. The calculated oil film thickness is
0.04 pm based on Hamrock and Dowson formula [146].Therefore, the theoretical
lambda ratio is 0.03, which ensures boundary lubrication. Wear volume was measured
using a profilometer (KLA Tencor). Each test was repeated for at least three times for

statistical analysis.

3.2.2 Tribological evaluation of V205

Tribological performance of sheet like V20s was evaluated in terms of friction
and wear under different working conditions. Tribology test was performed using a pin-
on-disk tribometer (CSM). Both the pin and substrate materials are E52100 bearing
steel. The pin is a bearing ball of 6mm diameter. Their corresponding root mean square

of surface roughness are 1.2 um (Rqy) and 0.01 um (Rq2), respectively. As such, the

composite surface roughness could be calculated as /Rch2 + Rq,%=1.2 pm. Rotational

mode was set up to evaluate the friction behavior under different loads of 0.15~1N and
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at sliding speeds ranged in 0.004~0.4m/s. Friction performance of the boundary
lubrication regime, mix lubrication regime and hydrodynamic regime were provided to
plot the Stribeck curve. On the other hand, wear test was conducted in the boundary
lubrication regime via reciprocating sliding mode. Load and oscillation frequency was
set up as 5N (1GPa) and 1 Hz, respectively. The length of wear track was 10 mm and
total sliding distance was 5000m. Therefore, the maximum oil film thickness was 0.05
pm and theoretical lambda value is 0.04, which indicates the boundary lubrication
regime. Wear volume was measured using a profilometer (KLA Tencor). After
measuring cross-sectional area of 8 different positions of wear track, the average value
could be calculated. Volume of wear track would be the product of average cross-

sectional area and total length. Each test was repeated for at least three times.

3.2.3 Tribological evaluation of NaYF4

Friction experiments of NaYF4 were conducted using a pin-on-disk tribometer at
room temperature. Both pin and substrate were made of 52100 bearing steel. The
diameter of the pin was 6mm and the maximum Hertzian contact pressure was 1 GPa.
The roughness of the pin and substrate were 1.2 um and 0.01 um, respectively. Before
tribotesting, samples were cleaned using DI water and acetone in succession. The
volume of liquid lubricant for each test is 200 microliter and the contact area is fully
submerged throughout the experiment. Utilization of a small amount of lubricant will
prove the high efficiency of NaYF; as additives. A reciprocating sliding motion was

used for experiments and the frequency was set at 1 Hertz with the amplitude 10mm.
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Sliding distance was 5000 meters and the wear volume was measured through the

change in surface profile. Each test was repeated for least three times.

3.3 Rheological evaluation
3.3.1 Rheological evaluation of nanoparticles

Viscosity measurement was conducted on an AR-G2 rheometer (TA Instruments)
under ambient temperature (25°C). The gap between the spindle (®=25mm) and lower
plate was 200 pm and filled with test solution. Shear rate of the spindle ranged from 1 s
to 7500 s™t. Shear stress, viscosity, and other parameters were recorded in real time. Each

test was repeated for at least three times.

Figure 3.4 The schematic illustration of the rheometer

3.3.2 Rheological evaluation of shark-skin-like surface
Effects of drag reduction were studied through measuring the viscosity of fluid

flowing over various surfaces. The viscosity of deionized (DI) water containing 0.1 wt%
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diamond particles was measured using an AR-G2 rheometer (TA instruments) under the
ambient temperature (25°C). DI water will avoid the interference of impurity during
viscosity measurement. Diamond particles are florescent and were used as markers
representing the fluidic performance. Particles were uniformly distributed in water.
Textured surfaces were fixed on the lower plate. The gap between the spindle
(®=25mm) and the textured surface was set at 3 mm and was fulfilled with water. The
shear rate is ranged from 0 ~ 700 s to cover the regime from laminar flow to turbulent
flow. The shear stress and other parameters were recorded simultaneously. Water
viscosity was calculated as the ratio of shear stress to shear rate. Each experiments was
repeated for at least three times. The schematic illustration of rheometer was shown in
Figure 3.5. We found some solution would splash out of textured surface under high
shear rate in the old design (Figure 3.4). In this case, liquid volume would decrease and
air gap would exist between the upper spindle and textured surface, which leads to large
error to the shear stress and viscosity. A new design for textured surface viscosity
measurement was shown in Figure 3.5. The extra container would make sure there was a
constant liquid volume during the viscosity measurement. Each test 10 ml solution was
added in the container to eliminate the air gap. Under the high shear rate (>400 s2),
liquid level will become a cone shape due to the centrifugal force as shown in Figure

3.5.
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Figure 3.5 A new design of surface viscosity measurement

3.4 Methods of lubricating kinetics and dynamics
3.4.1 Wear track characterization

Wear track surfaces were carefully cleaned with ethanol and kimwipes to remove
the residual oil and wear debris. In order to identify the lubrication mechanism, the wear
tracks were then characterized using SEM (Vega Tescon, accelerating voltage is 10KV),
profiler (KLA-Tencor P-6 Stylus). The Raman spectra was collected with iHR550
Spectrometer (HORIBA Scientific) at 532 nm with a 50x Nikon objective (NA 0.45)
from the position within the wear tracks. The laser power at the sample was ~0.08 mW
and the acquisition time for all spectra was 10s. Deconvolution of Raman spectrum is
based on a multi-peak Gaussian-fitting function from Origin software. Samples were
further characterized by Oxford EDS system. Raman FWHM CCD resolution is in the
order of 1 nm and EDS spatial resolution is in the order of 100 nm. EDS results has been

repeated at least three times in different locations to make sure the repeatability.
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3.4.2 Lubrication kinetics

In this research, lubrication kinetics is correlated with the contact reisistance The
electrical contact resistance between the pin and disk was monitored using a multimeter
during sliding, as illustrated in Figure 3.6. The accuracy of the multi-meter is 0.1 Q for
contact resistance measurement. The coefficient of friction and contact resistance were
recorded simultaneously. In this measurement, experimental parameters are the same

with that in wear tests.

Multimeter

I Bearing steel plate — — —

E—

Figure 3.6 The setup of the contact resistance measurement.

Wear track of NaYF4 was characterized ex situ by using a scanning electron
microscope(Vega Tescon). The surface profile was obtained by using a profilometer. At

least 8 different positions on the wear track was measured and the average cross-
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sectional area was calculated. The wear volume is the product of the average cross-
sectional area and the wear track length. The Raman spectra were obtained ex situ using
the Spectrometer(HORIBA Scientific) at 532 nm with a 50x objective (NA 0.45) within
the wear tracks. The laser power was set at ~0.08 mW with an acquisition time of 10s.
Deconvolution of Raman spectrum was one through multi-peak Gaussian-fitting
function using Origin software. Samples were preserved after various sliding time (0.5h
to 3h) in order to study the evolution of Raman spectrum correlating to a tribofilm.

Samples were characterized ex situ using the EDS system (Oxford).

3.4.3 Lubrication dynamics

In order to study the fluid behavior of NaYF4 and diamond particles during
sliding motion, optical images of wear track were obtained using a home-made confocal
laser scanning microscope as shown in Figure 3.7. In order to scan over a large area
(Imm X 1mm), it was necessary to use a low magnification microscope objective with
relatively wide field of view (10x motoyota long working distance (35mm)). Samples
were scanned with a 532 nm laser excitation with low power 10 mW. The optical images
were collected and analyzed using a homemade spectrometer equipped with a starlight

camera and a photon counter.
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Figure 3.7 Setup of a home-made confocal laser scanning microscope.
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CHAPTER IV
TRIBOLOGICAL PERFORMANCES AND MECHANISMS OF LUBRICATION

USING NANOPARTICLES AS ADDITIVES?

In this chapter, the lubricating characteristics of a-ZrP and V.0Os nanoparticles
are investigated. Tribological and rheological behavior of nanoparticles are discussed in
the first section. Then wear track characterization of a-ZrP and V20s nanoparticles are

introduced successively. Finally, lubricating mechanism of nanoparticles are proposed.

4.1 Roles of a-ZrP in oil lubrication

Since its discovery, Zinc dialkyl-dithiophosphate (ZDDP) has been used as the
main anti-wear lubricant additive for almost a century. However, its potential poisoning
to the vehicle emission catalyst raised environmental concerns and prompted the need
for eco-friendly lubricants. In general, lubricant additives include antioxidants, anti-wear
additives, corrosion inhibitors, dispersants, defoamants, pour point depressants, viscosity
modifiers, among others [147], and are used to compensate for the deficiencies of the
base oil. Among those, ZDDP has been widely used because of its antiwear

characteristics[148], which is largely due to the formation of a phosphate-based

2 Part of this chapter is reproduced by permission of “Formation of Anti-Wear Tribofilms via a-ZrP
Nanoplatelet as Lubricant Additives” by Wei Dai, Bassem Kheireddin, Hong Gao, Yuwei Kan, Abraham
Clearfield and Hong Liang, Lubricants 4. 3 (2016): 28. (Copyright © 2016 MDPI, all rights reserved);
and from "Effects of Vanadium Oxide Nanoparticles on Friction and Wear Reduction" by Wei Dai,
Kyungjun Lee, Alexander M Sinyukov and Hong Liang. Journal of Tribology 139.6 (2017): 061607.
(Copyright © 2017 ASME, all rights reserved);
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tribofilm. Phosphorous, however, has been reported to be damaging not only to the
converter catalyst in engine emission, but also to the environment in general. Efforts
continue to be made to find suitable alternatives or reduce its content. In addition, its low
thermal stability leads to staining of metal surfaces [148]. Therefore, it is highly
desirable to develop new lubricant additives with reduced phosphorous content.

In recent years, various novel lubricant additives have been developed, including
nanoparticles, ionic liquids, and organic additive derivatives. Under different working
conditions, those additives form tribofilms. A brief review was conducted, and a list of
such additives is summarized in Table 4.1. As seen, the majority of the additives
contains phosphate and sulfur compounds, which are not favorable for the environment.

In this section, the tribological performance of a-ZrP is studied and compared to
ZDDP. We have recently investigated the lubricating behavior of amine intercalated a-
ZrP nanoparticles and found that they reduced friction by more than 60% in a mineral oil
[143, 144]. In this work, we study their effects on wear protection. The knowledge
gained from this study is of great importance to the design of novel nanoparticle

additives aimed at improving tribological performance.
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Table 4.1 Properties of tribofilm formed by different additives.

Materi  Base Counte Chemi Film Mecha Tribolo Charac Refere
als stock  rpart cal thickne nical gical terizati  nce
compo  ss propert perfor on
sition ies mance  method
boron 5W-30 E5210 Ca, O, 15nm friction atom-  [149]
based 0 S, B, and probe
additve Cr and wear tomogr
S ~40 at. reducti aphy
% Fe on and
TEM
Phosph trietha GCrl5 P is in friction XPS [150]
ate nolami  bearing the and and
additiv.  ne steel form of wear XANE
es, AD aqueou phosph reducti S
andJD s ate or on
solutio polyph
n osphat
e; S
mainly
exists
as
FeSO4
and
FeS2
S- PAO nc- WS2 hardne  Superi  XPS [151]
based WCl/a- or SS or low- and
EP C(Al) MoS2 (H)=18 friction TEM
additiv carbon + .3GPa, and
e and -based  WS2- elastic  anti-
MoDT nanoco contain modul  wear
C mposit  ing us behavi
additiv e tribofil (E)=21 ors
e coating m 3.1GPa

66



Table 4.1 Properties of tribofilm formed by different additives, continued.
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Table 4.1 Properties of tribofilm formed by different additives, continued.
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Table 4.1 Properties of tribofilm formed by different additives, continued.
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4.1.1 Friction reduction

A significant reduction in friction was observed during pin-on-disk tribotests, as
shown in Figure 4.1. In the case of the base oil (black squares), the process can be
divided into three regimes. First, friction coefficient increases and reaches 0.22 at 1500m
which indicates the running-in regime. It provides the highest friction coefficient
throughout the process. With increasing sliding distance to 3500m, the friction
coefficient decreases gradually to 0.16 due to the increase in contact area. Under a
constant load, the contact pressure decreases resulting in a lower friction. Eventually, the
friction coefficient stabilizes, reaching a steady state. The base oil + ZDDP did not show
the improved performance as seen in the case of a-ZrP. In fact, the friction coefficient
actually increased after a certain time. This is consistent with the report that the ZDDP
increases friction due to the formation of a non-uniform tribofilm [160]. While in the

case of base oil + a-ZrP, as labeled by blue triangles, it is clearly seen that the friction is
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reduced by nearly 50% compared to the base oil + ZDDP case. We have recently
reported the effective reduction of friction using sheet-like a-ZrP nanoparticles in both
mineral oil and water[143]. Within the boundary lubrication regime, two surfaces are
closely in contact with each other. The sheet-like particles are able to separate the
surfaces, thereby avoiding direct contact. The weak van der Waals force between the
discs is responsible for providing the load bearing capacity and shear force reduction.
Similar results have been observed by other sheet-like particles, such as MoS; [161] and
H-BN [162]. The present research further proves the effectiveness of nanosheets with

weak interfacial bonding.

0.26 - —&— base ol
F —e— base oil with 0.8 wt% ZDDP
0.24 - w —&— base oil with 0.2 wt% o-ZrP

Friction Coefficient
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Figure 4.1 Friction coefficient changing with sliding distance
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4.1.2 Wear Reduction

The wear of rubbing surfaces with various lubricants was evaluated using optical
microscope. Figure 4.2 shows the optical images of the wear scar and wear track. The
diameter of the wear scar matches the width of the wear track, indicating stable friction
condition. A deep grove appeared on the wear scar of base oil sample with a diameter of
1.47mm. With the addition of ZDDP, wear scar diameter decreased to 1.12 mm and
many scratches could be found along with the sliding direction. However, base oil + a-

ZrP yielded a much smaller wear scar diameter (~ 0.27 mm).

Figure 4.2 Optical image of wear scar and wear track: (a) (d) base oil; (b) (e)

base oil + ZDDP; (c) (f) base oil + a-ZrP

To further study the morphology of worn surface, the wear tracks were

characterized by SEM, as shown in Figure 4.3. Patch-like surface was observed in the
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deep groove of base oil sample, which indicates sever adhesive and abrasive wear. With
the addition of ZDDP, no deep groove was observed except some shallow scratches and
pits, which suggests less wear. In contrast, the wear track of base oil + a-ZrP exhibits no

obvious wear, resulting in a relatively smooth surface.

Figure 4.3 SEM image of wear track: (a) base oil, (b) base oil + ZDDP, (c) base

oil + o-ZrP

To compare the antiwear properties of ZDDP and a-ZrP quantitatively, wear
track volume was measured by profilometer as seen in Figure 4.4. Base oil + a-ZrP
shows nearly 30% wear reduction as compared with base oil + ZDDP. Therefore,

combining the friction and wear results, a-ZrP shows superior tribological performance.
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4.1.3 Lubricating mechanisms

To understand the superior tribological performance of a-ZrP, AFM was
conducted on the wear track. The AFM scanning images are shown in Figure 4.5 and
include: height images (Figure 4.5a-c), phase images (Figure 4.5d-f), and linear scan
surface profiles across the wear track (Figure 4.5g-i). To compare the morphology of the
wear track, the average surface roughness (Ra) and root mean square roughness (Rq) are
listed in Table 4.2. As shown in Figure 4.5 (a), several grooves and a deep pit could be
seen. The depth of the pit-like feature is about 600 nm (Figure 4.5g)). The wear track of
base oil gives the highest surface roughness (271.03 nm). The height image of base oil +

ZDDP shows fewer asperities than that obtained from the base oil alone with the peak-
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to-valley value of 448.3 nm. This surface has a slightly reduced surface roughness of

81.47 nm. The base oil + o-ZrP, on the other hand, has the smoothest surface with no

visible asperities. Its phase image shows that this surface is smoother and more uniform

than that obtained from base oil + ZDDP (Figure 4.5d-f) with an average surface

roughness of 40.89 nm. Based on this observation, both ZDDP and a-ZrP could

effectively reduce the surface asperities during the sliding process, but the wear track

obtained in base oil + a-ZrP shows significant effect on surface roughness reduction.

The low and consistent friction coefficient is most likely to be related to the smooth wear

track, as seen in Figure 4.1.

Table 4.2 Surface roughness parameters of the wear track.

Roughness Base oil Base oil + ZDDP Base oil + a-ZrP
parameter

Roughness Avg. 271.03 nm 81.47 nm 40.89 nm

(Sa)

Root mean square 315.73 nm 97.56 nm 59.02 nm

(Sa)
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Figure 4.5 AFM height images, phase images and linear scan profiles of the wear
track: (a)(d)(g) base oil; (b)(e)(h) base oil + ZDDP; (c)(f)(i) base oil + a-ZrP

In order to analyze the chemical composition of the tribofilm, XPS analysis was
conducted on the wear track. Figure 4.6 shows the XPS peaks of C 1s, O 1s, Fe 2p, Zr 3d
and P 2p for the tribofilms formed in base oil + a-ZrP. Peaks were deconvoluted using
XPSpeak 4.1 with asymmetric Gauss-Lorentz profile after subtracting a Shirley
background. The spectrum was calibrated by C 1s peak at 284.6 ev. The iron spectrum
can be deconvoluted as Fe 2pz2 and Fe 2p1. Two peaks in the Zr spectrum are due to Zr

3ds2 and Zr 3ds2. Combing the O 1s peak at 529.5 ev and Fe 2p peak at 711.6 ev, the
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presence of Fe>Os3 could be confirmed. The O 1s peak at 529.5 ev and Zr 3d peak at

184.5 ev prove the presence of ZrO2[163]. Furthermore, the P 2p peak at 133 ev and Zr
3d peak at 184.5 ev show the existence of Zr(POs)2[164]. ZrO; and Zr(POs): is a result
of tribochemical reaction. Thus the chemical composition of the tribofilm generated on

the wear track may be composed of Fe2O3, ZrO2 and Zr(POa4)>.
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Figure 4.6 XPS spectrum of base oil + a-ZrP wear track. (a) C 1s, (b) O 1s, (c) Fe
2p, (d) Zr 3d and (e) P 2p.

In the following, the mechanisms of tribofilm formation are discussed. The sheet-
like nanoparticles of a-ZrP are found to be effective in friction and wear reduction. Due
to their two-dimensional nature, the particles entered into the spatial area of contacting
surfaces in the boundary lubrication regime. Due to their relatively large size on the disk
surface, these particles are expected to effectively carry a load while the weak van der

Waals force is responsible for a low shear force. According to the XPS spectra, the
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presence of a tribofilm was confirmed with the presence of tribochemical reaction
products resulting from the reaction between the lubricant and steel substrate. The
composition of ZDDP tribofilm has been studied extensively and its major components
are iron oxide, zinc oxide, phosphate compounds and sulfides[165]. In the case of a-ZrP,
due to the low phosphorous content (200 ppm), zirconium compounds played an
important role in wear protection rather than phosphate compounds. ZrO, has been
reported as lubricant additives previously, but its tribological performance is worse than
ZDDRP in terms of friction coefficient and wear volume [166]. In the present work, the
superior antiwear performance of the tribofilm is due to the synergetic effect of Fe>Og,
ZrO; and Zr(POa)2. The sheet-like a-ZrP is expected to effectively separate the two
contacting surfaces in the boundary lubrication regime, thereby leading to less wear.
Moreover, the reduced contact area indicates better load bearing capacity of the
tribofilm. The summary comparison of the ZDDP and o -ZrP tribofilms is illustrated in

Figure 4.7.
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. . a-ZrP tribofilm Zirconium oxide

ZDDP tribofilm Zinc oxide Zirconium phosphorus
Phosphate compounds phosp!

Sulfides
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Figure 4.7 Schematic tribofilm composition of ZDDP and a-ZrP
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4.2 Roles of V20s in oil lubrication

Harsh working conditions and technological developments continually call for
high-performance lubricants. Additives with a variety of functions are of paramount
importance to improve the lubrication performance, such as viscosity modifier, friction
modifier and antiwear additives[5]. Developing high efficiency and cost-effective
additives are always the goals of tribologists. New additives are always sought after in
order to further improve performance and reduce environmental impacts. In an effort to
overcome the limitation, the application of nanoparticles as lubricant additives has
attracted great attention. Their characteristic size in nanometer length scale allows them
to enter the lubrication regime easily and high surface-to-volume ratio leads to rapid
chemical reactions. The promising tribological performance makes them favorable
candidates for the traditional substances.

The role of nanoparticles in oil lubrication has been reviewed in our recent study
[167]. Their tribological performances are found closely associated with the
nanoparticles’ chemical compositions, sizes, and morphologies. In addition, the
correlation coefficient has been calculated to indicate how important each factor is. We
found that morphology plays an important role in improving tribological performance in
oil lubrication. Among the different morphologies, sheet-like particles show promising
effects on friction reduction and wear resistance. The well know examples are
graphene[137], M0S2[138], h-BN[168], ZrP[124, 169] and Y203[139]. The relative
motion between the adjacent layers promotes easy slipping between the two

counterparts, which in turn provides outstanding lubrication properties.
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In the present work, we study the feasibility of using V20s nanoparticles as
potential lubricant additives. Vanadium has various oxide phases, such as vanadium
monoxide(VVO), vanadium trioxide(V20s3), vanadium dioxide(VO) and vanadium
pentoxide(V20s). Among those, V20s is most stable. This oxide has been extensively
applied to industrial catalysts[170], battery cathodes[171], and electronic devices[172].
V205 with various nanostructures have been fabricated, including nanosheet[173],
nanotube[174], nanowire[172] and nanorods[175]. We chose sheet like V2Os for this
study. This type V205 has a crystal structure composed of multiple V2Os layers stacked
via van der Waals force. Each V.Os layer composed of weak V-O bonds[176]. V20s has
been reported as solid lubricants which shows low friction due to the crystallographic
slip system[177, 178]. In addition, nanowire V20s as part of composite coatings shows
improved tribological performance[179, 180]. Sheet like V20s, however, has not been
reported as a lubricant additive. In this research, we evaluate the tribological
performance of sheet two-dimensional V20s and its lubricating mechanism. This

material was proposed as a potentially effective lubricant additive.

4.2.1 Friction reduction

In order to study the friction performance of V>Os, Stribeck curve was plotted by
the coefficient of friction changing with the simplified Sommerfield number (the ratio of
the sliding speed to the load)(Figure 4.8). The standard Sommerfield number should
consider the parameter of fluid viscosity, sliding speed and contact pressure. From the

aforementioned viscosity results, the maximum difference is less than 6%. The ratio of
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the sliding speed to the load could substitute the standard Sommerfield number in a
tolerable error. X axis has been divided into three lubrication regimes (from left to right)
based on lambda value: (1) Boundary lubrication regime (A<1), (II) Mix lubrication
regime (1<A<3), and (IIT) Hydrodynamic lubrication regime (A>3). Each regime has
been differentiated by background color. In the boundary lubrication regime, the quick
drop of friction coefficient could be observed with the increase of simplified
Sommerfield number in all cases. For the light mineral oil samples, friction coefficient
was around 0.12. However, with the addition of 0.05 wt% V>0s, friction coefficient
could be reduce to 0.1. This is attributed to the effect of nanoparticle sheet-like
morphology that is consistent with our previous report [6-8, 21]. In the boundary
lubrication regime, surfaces of pin and disk are closely contacted. Due to the rectangular
sheet-like morphology, V.05 nanoparticles could lay down on the surface, which could
weaken the effect of asperities and valleys. This would lead to lower contact pressure
and friction reduction. When the nanoparticles concentration was 0.1 wt%, the minimum
friction coefficient could be achieved, which was 25% lower than the base oil. However,
0.2 wt% V205 shows increased friction coefficient. This is attributed to the
agglomeration of nanoparticles. Excessive nanoparticles piled up on the surface
increased the fluid drag, which leads to higher friction force[181]. In the mix lubrication
regime, the minimum friction coefficient (0.06) was achieved by light mineral oil with
0.05 wt% V20s, which is 33% lower than the base oil. Higher concentration shows
deteriorate results. This could be partly explained through fluidic behavior. According to

Figure 4.8, in the mix lubrication regime, relatively low Reynold number corresponds to
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laminar flow. The addition of V205 could reduce the fluid viscosity, which could
effectively reduce the momentum transfer between the adjacent fluid layers. In this case,
friction could be reduced. Nevertheless, higher concentration would lead to aggregation.
Therefore, light mineral oil with 0.1 ~ 0.2 wt% V-0Os did not show promising result in
this regime. The friction reduction effect seems to be offset by the particles aggregation.
In the hydrodynamic regime, the addition of V20s did not show the friction reduction as
much as the other two lubrication regimes. This is attributed to the change of fluidic
behavior by nanoparticles. Two friction surfaces were separated by a relatively thick oil
film in the hydrodynamic regimes. Unlike the boundary and mix regimes, V20s would
be allowed to transition and rotate freely. In hydrodynamic regime, oil film thickness is
larger than 3.6 um, which will allow free particle rotation. Furthermore, high Reynold
number corresponds to turbulent flow. High aspect ratio of V2Os are capable to change
the streamline of fluid and makes the flow more stable. It still works under the high
Sommerfield number scenario (0.6~0.7). After calculating the overall friction reduction

in three regimes, light mineral oil with 0.1 wt% nanoparticles were more efficiency.
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4.2.2 Wear Reduction
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Figure 4.8 Stribeck curve of light mineral oil samples with different

In order to study the wear performance, SEM imaging and profiler were

conducted on the wear track of all samples. Figure 4.9 shows the surface morphology

and corresponding profile of wear tracks. In the case in base oil, both adhesive wear and

abrasive wear could be observed as labeled. Adhesive wear shows some debris adhered

on the surface while abrasion with visible scratches. A deep groove could be seen at the

center where surface underwent the highest contract pressure. Wear track width and

82



depth from base oil samples are 692 um and 11um respectively. With the addition of
0.05 wt% V20s, less adhesive wear could be observed at the edge. Surface appeared to
be smoother. Wear track width and depth were reduced to 600 pm and 9 pm
respectively. The existence of V20s could effectively avoid the direct contact of friction
surfaces. Sheet—like particles possess load-bearing capabilities leading to lower contact
pressure. With the increase of additives concentration, shallower groove at the center of
the wear track could be observed (Figure 4.9 b ~ d). Moreover, less adhesive wear was
observed at the two edges of the wear track. From Figure 4.9(b) to Figure 4.9(d),
concentration of V20s increased from 0.05 wt% to 0.2 wt%. Width and depth of the
wear track decreased from 600 pm to 514 pm and 9 pm to 5 pum, respectively. Wear

behavior of light mineral oil was greatly improved due to the existence of V20s.
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Figure 4.9 Surface morphology and profile of wear tracks from different (a) light
mineral oil (b) light mineral oil with 0.05 wt% V20s (c) light mineral oil with 0.1 wt%
V205 (d) light mineral oil with 0.2 wt% V20s

The antiwear performance was compared qualitatively by measuring the volume
of the wear tracks (Figure 4.10). With the addition of 0.05 wt% V.Os, volume of the
wear track slightly decreased from 0.00883 mm? to 0.0078 mm?, compared with the base
oil samples. It is 11% wear reduction. With the increase of additives concentration, wear
volume was further decreased to 0.00494 mm?, which is 44% lower than the volume of

base oil sample wear track. In the case of 0.2 wt% V20s, it shows a similar behavior

with the case of 0.1 wt% V20s. The wear volume is slightly decreased. It seems that 0.1
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wt% is the optimized concentration for V2Os in light mineral oil. Higher concentration

could not improve the performance any further.

0.010 [ wear volume of wear tracks

wear volume (mm®)

base oil 0.05 wt% 0.1 wt% 0.2 wt%

concentrations of V205 in base oll

Figure 4.10 Volume of wear tracks from light mineral oil with different V2Os
concentrations

4.2.3 Mechanisms
In order to identify the mechanisms of lubrication of V20s in light mineral oil,
Raman spectroscopy was conducted on the wear tracks. Under the heat and high

pressure generated in the sliding process, tribochemical reactions might occur on the
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surface and results in new molecular bonds. These bonds appear different vibrational
frequencies, which corresponds to the characteristic peaks in Raman Spectrum. Figure
4.11 shows the Raman spectrum of wear tracks from different samples. It has been
calibrated by a standard silicon sample. Blue line represents the data from the unworn
surface. All the wear tracks have been cleaned with ethanol to avoid the residual oil

before characterization.

Unworn surface
700 4 —— Wear track of light mineral oil
—— Wear track of 0.05 wt% V,0,

Wear track of 0.1 wt% VZO5
Wear track of 0.2 wt% VZO5

Intensity (a.u.)

550 \W«n /"I\PJ A%WW

500 - MMW

! | ! | ! | ! I
800 1000 1200 1400

Raman shift (cm™)

Figure 4.11 Raman Spectrum of wear tracks from different samples
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The majority of bearing steel is iron with the rest of chromium, carbon, and
magnesium, among others. There is no molecular bond vibration existence in metals, so
no characteristic peak could be observed in Raman spectrum of steel. On the other hand,
it is proved that the original surface has not been oxidized. From the spectrum of wear
track from base oil samples, four characteristic peaks could be found. D band was found
at 1312 cm™. Considering the low carbon content in substrate, sp3 carbon should be
attributed to the base oil. Peak center at 605 cm™ was attributed to Cr,03[182], which
indicated that the chromium in steel has been oxidized during the sliding process. In
addition, peaks at 655.8 cm™ and 705 cm™ are attributed to the molecular vibrations of
Fe>O3 and Fe304[183], respectively. Wear track of the base oil was mainly covered the

oxides and the reactions occurred during the sliding process could be conclude as
follows:2Cr + 20, — Cr;03, 3Fe + 20, > Fe;0, and 2Fe + 0, — Fe,03. After

adding 0.05 wt% V20s, peak intensity of FesO4 and Fe2O3 decreased compared with the
base oil spectrum, which indicates the less iron oxides deposited on the wear track.
When the concentration of VV20s continue increases from 0.1 wt% to 0.2 wt%, peak
intensity of FesO4 and Fe2Oz gradually become lower. On the other hand, less sp3
carbon could be observed in the spectrum with the increase of V.05 concentration as
well. The deconvolution results of spectrum could be observed in Figure 4.12 and Table
4.3 provides Raman spectrum Peak position comparison of literature and current
research. The four characteristic peaks of wear tracks were found to shift to different
degree compare to the literature. The peak shift could be due to the elevated temperature

and contact pressure induced by the sliding process. In this research, the highest contact
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pressure reaches 1GPa, which might induce the stress to the molecular bond vibration. In
the boundary lubrication region, asperities from the ball and the disk contacted closely,
where high temperature might change the vibrational frequency of the molecular bonds
during the sliding process. However, wear track from 0.02 wt% V>0s shows the lowest
peak shift compare to others, which means the molecular vibration has not been
influenced by the pressure and temperature too much. This could be explained by the
effect of nanoparticles morphology. The presence of sheet-like V20s could weaken the
effect of surface asperities, thereby leading to lower contact pressure and working
temperature. On the other hand, oxides including Cr.03z, Fe2O3 and Fe3O4 were found
upshifted while D peak was found downshifted. This might be attributed their different
molecular vibrational mode and plane. It is worth to mention that the characteristic peak
of V20s, such as 691.1 cm™ and 987.8 cm™, has not been detected in the wear track.
Reasons could be threefold: a) V20s did not involve the tribochemical reactions during
the sliding process; b) concentration of V20s in base oil is too low to be detected, and c)
V205 involved the tribochemical reactions and existed in the form of intermetallics,

which is not sensitive to Raman.
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Figure 4.12 Deconvolution results of Raman spectrum from different wear
tracks: (a) Base oil, (b) Base oil + 0.05 wt% V05, (c) Base oil + 0.1 wt% V20s (d) Base
oil + 0.2 wt% V20s.

Table 4.3 Raman spectrum Peak position comparison of literature and current research

Wear tracks from

different samples

Raman peaks

Peak position in the

Peak position in

Base oil

assigned to literature current research
Cr203 553 cm™ [182,184] 605.4 cm™
Fe203 612 cm™ [185,186] 655.9 cm™
FesOq 662 cm™ [185,186] 705.7 cmt
Carbon sp3 (D peak) 1350 cm™ [187] 1312.7 cmt
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Table 4.3 Raman spectrum Peak position comparison of literature and current research,

continued.

Base oil + 0.05 Cr,0s3 553 cm™ [182,184] 586.9 cm™

wit% V20s Fe203 612 cm™ [185,186] 653.7 cmt
FesO4 662 cm™ [185, 186] 692.9 cm™”
Carbon sp3 (D peak) 1350 cm™ [187] 1349.3 cm™*

Base oil + 0.1 Cr,03 553 cm™ [182,184] 567.4cm’t

wt% V205 Feo03 612 cm™* [185,186] 656.9 cm™
FesOa4 662 cm™* [185,186] 719.3cmt
Carbon sp3 (D peak) 1350 cm™ [187] 1305.6 cm

Base oil + 0.2 Cr,03 553 cm™ [182,184] 567.1cm’t

wt% V205 Feo03 612 cm?* [185,186] 612.3cm
FesOs 662 cm™ [185, 186] 663.6 cm™
Carbon sp3 (D peak) 1350 cm™ [187] 1347.7 cm™?




Figure 4.13 EDS scan area of wear track from Base oil + 0.2 wt% V>0s.
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Figure 4.14 EDS spectrum of wear track from Base oil + 0.2 wt% V20s.

Effects of nanoparticles on lubrication likely involve physical and chemical
interactions. Physical interaction includes the effect of particle’s shape, rolling contact,
sliding contact, adsorption film formation. Chemical interaction includes the
tribochemical reactions. Sheet like nanoparticles were found to improve lubrication
performance, such as graphene, h-BN, MoS.. In this case, the sheet like morphology of

nano V20Os should be beneficial to its antiwear properties. Other than that, V2Os was
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found to inhibit corrosion in the literature[188, 189]. The addition of V20Os would
facilitate the formation of stable structure on the substrate interfacial, which improved
the corrosion resistance significantly[188]. V.Os could react with the substrates and
formed intermetallic alloy V-Fe-Cr. It works as an interfacial physical barrier to further
alloy penetration[189]. In this research, low background of the spectrum indicates less
oxidation of the wear track. It seems that the existence of V20s prohibits the oxidation
process of the steel surface. This result indicated the promising antiwear performance.

Figure 4.15 shows the illustration of V20s lubricating mechanism.
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Figure 4.15 Illustration of the lubricating mechanism of V20s

4.3 Summary

In the first section, an alternative nanolubricant is developed to replace
commercial ZDDP-containing lubricants. We investigated the effects of a-ZrP
nanoparticles as additives in lubricants. Tribological studies were carried out using a pin-
on-disk configuration in a reciprocating motion. Experimental results showed superior
tribological performance of the sheet-like nanoparticles: when compared with ZDDP, a-

ZrP showed 50% reduction in friction and 30% in wear. XPS spectroscopic analysis
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indicates that a uniform anti-wear tribofilm composed of Fe2O3z, ZrO and Zr(POa)2 is
formed. This zirconium based tribofilm is characterized by a lower surface roughness
and improved load bearing capability than ZDDP tribofilm. The low-phosphorous-
content-lubricant additives have strong potential as a substitute for ZDDP.

In the second section, the feasibility of using V20s nanoparticles as a lubricant additive
has been studied. Rheological properties and tribological performance show promising
results. The amount of 0.2 wt% V-Os could reduce the viscosity of base oil for 5.9%.
According to the experimentally generated Stribeck curve, light mineral oil with 0.1
wit% V20s shows the lowest overall friction coefficient. Viscosity and friction reduction
were found being attributed to its sheet like morphology. In the case of antiwear
performance, 0.2 wt% V20s shows the lowest wear rate, which is 44% reduction
compare to the base oil. Through Raman spectrum and EDS analysis, it has been
postulated that vanadium oxide nanoparticles interacted with steel surface forming

intermetallic alloy V-Fe-Cr resulting in enhancement of wear protection.
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CHAPTER YV
IN SITUCHARACTERIZATION OF NANOPARTICLE-ENHANCED

GROWTH OF TRIBOFILMS?

This chapter investigates the kinetics of a tribofilm formed on a pair of bearing
steels (E52100). Strategically-selected-illuminative nanoparticles of NaYFs were added
to a base oil in order to enable their tracking. Electrical conductivity was monitored
during sliding that was found to be linked to the state of the interface and the tribofilm.
Further characterization identified tribochemical reaction products of Y203 that
exhibited superior tribological performance. In comparison with mineral oil as the base
lubricant, the addition of NaYF4 resulted in the reduction of wear of 82%. This work
discovered three stages to form a tribofilm: running in, reactive, and growth.
Interestingly, the formation of a tribofilm was more dominated by frictional force than
applied load. This is significant because we can now use alternative strategies to

generate quality tribofilms.

5.1 Tribofilm formation
In order to observe the status of the tribofilm, we firstly tracked the evolution of

friction and contact resistance against time. Results of the base oil and the base oil + 1

3 Part of this chapter is reproduced by permission of "In situ Investigation of the Growth of a Tribofilm
Consisting NaYF4 Fluorescent Nanoparticles” by Wei Dai, Yunyun Chen, Kyungjun Lee, Alexander M.
Sinyukov, Masfer Alkahtani, Philip R. Hemmer and Hong Liang. Tribology Transactions, accepted
(2017). (Copyright © 2017 Informa UK Limited, all rights reserved)
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wt% NaYF4 are shown in Figure 5.1. In the case of base oil (Figure 5.1 (a)), friction
coefficient was found to increase linearly to 0.32 from 0 to 25 min. It then fluctuated
from 25 min to 50 min. Eventually, it decreased gradually after 100 min. The decrease in
friction was due to the formation of a tribofilm and its composition would be revealed by
Raman spectrum discussed in the tribochemical interaction section. Simultaneously,
contact resistance fluctuated from 0 min to 100 min and was then followed by a sharp
increase from 0.3 Q to 25 Q within 12 min. After sliding for 130min, contact resistance
of base oil samples turned out to be stable. The value was around 100 Q. Likewise,
NaYF4 demonstrated a similar trend with base oil (Figure 5.1 (b)). However, the friction
coefficient of NaYF4 was lower than that of the base oil, while contact resistance was

much higher. Further investigation was carried out and discussion was provided next.
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Figure 5.1 Friction coefficient and contact resistance change during the sliding
process: (a) base oil (b) base oil + 1 wt% NaYFa.
5.2 The performance of a tribofilm
5.2.1 Friction reduction

Interestingly, the correspondence between friction coefficient and contact

resistance was observed as shown in Figure 5.1. When there was an increase (or
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decrease) in friction, a decrease (or increase) of the contact resistance was observed
accordingly. The change in friction could be due to the tribofilm formed on the wear
track. There is an inverse correlation between friction coefficient and contact resistance.
The quantitative relationship was revealed in Figure 5.2. In the case of base oil, the
friction coefficient shows a linear correlation with the contact resistance. A higher
contact resistance leads to lower friction. However, the contact resistance of the system
containing NaYF4 shows a logarithmic correlation with friction. When the contact
resistance is higher than 100 €, friction tends to be stable. Such different correlation

indicates potential variation in the characteristics and performance of tribofilms.
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5.2.2 Wear reduction

To understand the nature of tribofilms, SEM characterization was conducted on
the wear track. Figure 5.3 shows the SEM images and cross sectional profile of the wear
track obtained through base oil with a series of NaYF4 concentrations. Lower
magnification images show the whole picture of wear track while higher magnification
images exhibit the surface morphology of center and edge of the wear track. According
to the result of base oil (Figure 5.3 (a) (b) (c)), a deep groove could be observed from the
center of wear track with the characteristics of severe abrasive wear. The edge of wear
track seems to have been subjected to severe adhesive wear with the evidence of
material removal and deformation. The width of the wear track is 550 pm. With the
addition of 0.3 wt% NaYF4 (Figure 5.3 (d) (e) (f)), the deep groove disappeared and less
abrasive and adhesive wear was seen. When additive concentration reached 0.6 wt%
(Figure 5.3 (g) (h) (i)), the width of the wear track was reduced to 408 um and the
dominant mode was abrasive wear. When the concentration further increase to 1 wt%
(Figure 5.3 (j) (k) (1)), a smaller width of wear track could be overserved and wear track
surfaces were very smooth. As a result, the sample with 1 wt% NaYFs demonstrates the
best antiwear performance in terms of wear track width and surface morphology. Wear
volume could be reduced as much as 82% compared with the base oil, as shown in
Figure 5.4. The following discussion will focus on the base oil with 1 wt% NaYF4, since
it demonstrates the best tribological performance. It is noted that we did not provide
wear scar images due to their similar surfaces with smooth morphology and matching

diameter with the width of wear tracks.
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Figure 5.3 SEM images and cross section profile of wear track from samples
with different NaYF4 concentration. (a) base oil (d) base oil + 0.3 wt% NaYF4 (g) base
oil + 0.6 wt% NaYF4 (j) base oil + 1 wt% NaYFa. (b)(e)(h)(k) and (c)(f)(i)(I) show the
center and edge images of the corresponding wear tracks under higher magnification.
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5.2.3 Sliding-induced redistribution of nanoparticles

Because of their illuminating properties, NaYF4 nanoparticles were observed

using a laser confocal scanning microscope and their distribution was mapped
throughout sliding, as shown in Figure 5.5. This figure exhibits the wear track images of
base oil containing 1 wt% NaYF; after sliding up to 3 hrs. Blue color shows higher
intensity while red color shows lower intensity (unit a.u.). Due to the fluoresce
properties of NaYFa, light intensity reflects the concentration of nanoparticles. Blue or
red colors correspond to the high or low concentration of NaYFs, respectively. At the
initial state, sliding at 0 hr, uniformly distributed nanoparticles were observed on the
surface. After sliding for 0.5 h, light intensity of inside of wear track appeared higher
than that outside the wear track. After sliding for 3 hrs, light intensity difference between
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that on wear track and outside was more significant, indicating less particles inside of the
wear track. They clearly show the evolution of nanoparticles distribution during the
sliding process. For the base oil and samples with lower concentrations, the distribution
of nanoparticles could not be seen clearly due to the low fluoresce intensity. These
images proved that NaYFs was gradually consumed with the increase in sliding distance.
This might be the result of the tribochemical reaction that occurred during the sliding. To

prove this, further investigation was conducted.

Figure 5.5 Confocal scanning microscope images of wear track of base oil + 1
wt% NaYF; after different sliding distance: (a) 0 h (b) 0.5 h (c) 3 h.

To prove the motion of nanoparticles, EDS was conducted on the wear track of
base oil + 1 wt% NaYF4. The EDS spectrum (Figure 5.6) revealed that the wear track,
i.e., where the tribofilm was formed containing C, Fe, O, and Y. The C and Fe are
attributed to the substrate while Y comes from nanoparticles. It indicates that NaYF4

might be broken down due to tribochemical reaction during sliding.
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Figure 5.6 EDS spectrum of wear track of base oil + 1 wt% NaYF4 (a) SEM
image of wear track (b) EDS spectrum.

5.3 Tribochemical interaction

In order to identify the tribochemical reactions occurred in sliding process,
Raman was conducted on the wear track. Figure 5.7(a) and (b) show the spectrum
deconvolution of base oil and base oil containing 1 wt% NaYFa. In the case of base oil,
characteristic peaks of 545 cm™, 655 cm™, 1145 cm™ and 1325 cm™ correspond to
Cr203, Fe30a4, C-C and Fe203 respectively[182, 184-186, 190]. Among them, Cr203,
Fe304 and Fe20s are the products of tribochemical reactions while C-C is attributed to
the mineral oil. In the case of NaYF4, the tribofilm contained not only Cr.03, FesO4, C-C
and Fe20Oz, but also characteristic peaks of Y203 and oleic acid. Peaks located at 655 cm’
1706 cm™ could be found in the fluoresce spectrum of Y203[191-194]. In addition, peak
located 900 cm™(C=0), 980 cm*(C=C), 1067 cm™}(C-C), and 1262 cm™(C-C) could be
attributed to oleic acid[195-197]. Y203 has a 2D morphology. The van der Waals force
between adjacent layers of Y203 will enable the relative motion during the sliding
process, which is beneficial to improve lubrication [139, 193]. The formation of Y20z in
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the tribofilm could explain the superior tribological performance of NaYF4. On the other
hand, Y203 itself is not luminescent such that it will not affect the NaYF4 distribution
measurement during sliding. Figure 5.7(c) and (d) show wear track spectrum of both
cases after sliding for 0.5h, 1h, 2h and 3h respectively. In the case of base oil, peak
intensity of FesO4 and Fe2O3z increased with time from 0.5 h to 2h while spectrums of 2h
and 3h were similar. It indicates that the tribofilm of base oil started to grow from 0.5h
to 2h and became stable after 2h. However, based on the deconvolution results, peaking
intensity of Y203 was found continued increase. This leads to the spectrum change on
wear tracks obtained through NaYF; sliding for 0.5h to 3h. The continued growth of the
tribofilm in the duration from 0.5h to 3h resulted in higher contact resistance and a

thicker film.

(a) Fe;0,
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Figure 5.7 Raman spectrum of the wear track (a) deconvolution of base oil wear
track spectrum (b) deconvolution of base oil + 1 wt% NaYF4 wear track spectrum (c)
wear track spectrum of base oil after sliding for 0.5h, 1h, 2h and 3h (d) wear track
spectrum of base oil +1 wt% NaYF4 after sliding for 0.5h, 1h, 2h and 3h.
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5.4 Kinetics of tribofilm formation

The kinetic mechanisms of tribofilm formation and growth are discussed in this
section. According to Figure 5.1, the start point of the tribofilm formation for a base oil
and a base oil + NaYF4 have been labeled. In case of base oil, the film started to form at
100 min, while the system containing NaY F4 nanoparticles showed formation at 25 min.
This means that the tribofilm formation is accelerated by NaYF4 for at least four times
than that in base oil. In addition, we could observe that when the contact resistance
reaches 100 Q, it became stable. In case of base oil, the final contact resistance will be
stable at around 100 Q with the increase in sliding distance, while in case of NaYF4, the
contact resistance continued to increase. Even after reaching a high value of 1,000 Q, the

resistance continued to increase. The high contact resistance reflects the nature of the
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tribofilm. Raman characterization earlier showed evidence of oxide Y203. The more
oxide and thicker layer, the higher contact resistance. The tribofilm formed through
NaYF4 resulted in the decrease in friction coefficient.

Based on discussion above, the correlation of friction (f) and contact resistance
(R) of tribofilm containing NaYF4 could be formulated as: R o exp(—f) .The contact
resistance reflects the formation of a tribofilm, which is the product of tribochemical
reaction. The value of resistance is related with the materials and shape: R=pl/A, where
p is the electrical resistivity of the material, 1 is the length and A is the cross-sectional
area. On the other hand, friction is an energy dissipation process. The physical meaning
can be explained as NaYF4 derived tribochemical reaction is induced by input
mechanical power during sliding. In order to prove this, the correlation between reaction
rate and mechanical power was obtained as shown in Figure 5.8. The tribochemical
reaction rate was calculated as the first derivative of contact resistance versus time.
Based on our previous study, we assume the reaction rate is uniform on the wear
track[169]. Moreover, mechanical power was calculated as the product of frictional force
and sliding speed. Correlating with the results shown in Figure 5.8, it was found that at
the moment when the mechanical power achieved 0.015w, tribofilm started to form and
then grow at a high reaction rate. However, the continuously increased mechanical
power would lead to the excessive removal of the tribofilm. This indicates two
competing mechanisms, the tribofilm formation and subsequent wear. This process is
important to maintain a kinetically balanced tribofilm that undergoes formation,

tribochemical interaction, and wear. A question arose regarding the surface morphology
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of the tribofilm. Based on the SEM images of the wear track, and our previous
study[169], the effects of roughness is believed to take lesser role because of the smooth
surface. The higher the surface roughness, the higher the contact resistance, and the
higher the friction coefficient. In our results, however, the COF becomes lower as soon
as the tribofilm is formed. This is consistent with our previous study [169] where the
roughness of a tribofilm formed due to addition of nanoparticles was around 50 nm. The
addition of nanoparticles will not increase the surface roughness of the wear track. Our
results proved otherwise. It means that the surface roughness of a tribofilm formed NPs

would not increase during the sliding.
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Figure 5.8 NaYF4 derived tribochemical reaction rate as a function of input
mechanical power.

To better understand the behavior in the reactive regimes, further data analysis
was conducted. The running in and growth regimes were dominated by the tribofilm
removal and formation, respectively. However, the reactive regime was the synergic
effect of both removal and formation. The data in the reactive regime could be
decomposed to two curves: one is for tribofilm removal and the other is for tribofim
formation, as shown in Figure 5.9. With the decrease of mechanical power, the removal

effect was weaker while the formation effect was stronger.
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Figure 5.9 The formation and removal of tribofilm in the reactive regime

In order to understand the effects of contact pressure and/or shear stress on the
fate of tribofilm, we further analyzed the results. The contact pressure was estimated
using Hertzian contact theory while the surface shear stress was calculated using
measured frictional force divided by the contact area. Results are shown in Figure
5.10(a). It is apparent and understandable that the contact pressure was found to
decrease with time. While the frictional shear stress increased at the beginning due to
running-in period, and then decreased continuously (as shown in Figure 5.10(a)). Figure
5.10(b) shows the 3D plot of NaYF4 contact pressure, shear stress and reaction rate

against time. At the beginning, i.e., the running period, the reaction rate was low due to
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the dominance of material removal under a high contact pressure and shear stress. After
the running period, the tribofilm formation and materials removal were competing with
each other, entering the second stage where the contact pressure and shear stress were
found fluctuating. In this period, tribochemical interaction was continuously triggered as
evidenced in the increased electrical contact resistance. The high resistance means more
oxides or ceramics to be formed due to tribochemical reactions. One interesting
ephemeron was observed that the surface frictional shear stress correlates the reaction
rate much more closely than that of contact pressure. This indicates that the
tribochemical reactions and subsequent tribofilm formation are dominated more by
rubbing than applied force. This is different from what has been previously

reported[198].
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Figure 5.10 NaYF4 contact pressure and shear stress as a function of sliding time.
(b) NaYF4 3D plot of contact pressure, shear stress and reaction rate changing with
sliding time.

Based on the discussion above, the nature of formation and growth tribofilms can

be illustrated in Figure 5.11. There are three characteristic stages of the evolving

tribofilm: (a) Initial stage where running in was observed: the contact resistance is lower
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than 1 Q when the substrate was not covered by a film leading to low contact resistance.
In this period the tribochemical reaction and tribofilm formation were lower than
material removal due to wear. (b) Tribochemical reactive stage where formation and
wear compete: at the second stage the contact resistance reached between 1 Q and 100 Q
where the surface was partially covered. The tribofilm starts to be formed completely
and the film formation is competing with removal. (c) Growing stage where formation of
the tribofilm dominates over wear: the contact resistance was higher than 100 Q. In this
period, a fast increase in contact resistance was observed and rubbing surface was fully
covered by the film. The tribofilm is mainly composed of oxides. The formation of the
tribofilm would increase the contact resistance as illustrated in Figure 5.11. This was
further proven by the reduction in friction due to introduction of Y20s. There was a
tendency to achieve a kinetic balance between the tribofilm formation and wear. The
value of contact resistance might be different for various lubricants, but the three stages

could be universal any tribofilms that contain oxides.
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Figure 5.11 Illustration of three periods during the sliding process: (a) Running in
stage: contact resistance < 1 Q (b) Reactive stage: 1 Q < contact resistance < 100 Q (c)
Growing stage: contact resistance > 100 Q.
5.5 Summary

In this chapter, a kinetic study of tribofilm formation and growth was conducted
using an in situ approach via electrical contact resistance and illuminative nanoparticles
during pin-on-disk experiments. Characterization using EDS and Raman spectroscopy
identified the chemical composition of tribofilms. Some interesting new behavior were
observed. In particular, the formation and growth of a tribofilm is more sensitive to
frictional force than applied load. It means that to form a smooth and uniform tribofilm,
controling friction is recommended.

The correlation between friction and contact resistance has been established. In

the case of NaYFs-containing tribofilm, there is a logarithmic relationship. The
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tribochemical reaction rate was found exponential to the input mechanical power. The
formation and growth of the tribofilm has three characteristics stages. Running in stage:
where contact resistance < 1 Q. Reactive, i.e., competing stage: where 1 Q < contact
resistance < 100 Q. Finally, the growing stage, where contact resistance > 100 Q. The
tribochemical reaction products contain oxides that were responsible for the increased
electrical resistance.

This chapter presented a powerful tool to study the behavior of lubricant additive
particles. Via measuring the electrical contact resistance during the sliding process, the
formation of NaYFs-containing tribofilm was monitored and the kinetic of film-growth
was revealed. Due to its fluorescence properties, confocal scanning image of NaY Fs-
containing wear track showed transportation and tribochemical reactions occurred on the
substrate. The formation of Y203 during the sliding process leads to the superior
performance of NaYF4 with the reduction of wear as much as 82% compared to the base
oil. Based on the understanding obtained in this study, it is highly possible to control the
formation and growth of a kinetically balanced tribofilm through input mechanical
power and design of additive chemistry. The discovery about the behavior of tribofilms
is anticipated to be similar to many other material systems consisting oxides. Metal
nanoparticles are prone to be oxidized. This would be a good material system for future

study.
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CHAPTER VI
MECHANISMS OF FLUID-DRAG REDUCTION VIA 3D-PRINTED SHARK

SKINS

This chapter investigates the lubricating dynamics between nanoparticles and
textured surfaces. A methodology was developed to evaluate morphological parameters
and to enable studying in the effects of scale orientation on fluidic behavior of water.
The scale orientation of a shark skin was defined as the angle between the ridges and the
direction of fluid flow. Textured surfaces with a series orientation of scales were
designed and fabricated using 3D printing of acrylonitrile butadiene styrene (ABS). The
fluidic performance was evaluated using a rheometer. Results showed that the shark—
skin-like surface with 90 degree orientation of scales exhibited the lowest viscosity drag.
Its maximum viscosity reduction was 9%. A viscosity map was constructed based on
fluid dynamic principals. It revealed that the drag reduction effect of a shark-skin-like
surface was attributed to the low velocity gradient. This was further proven using
diamond nitrogen-vacancy sensing where florescent diamond particles distributed evenly
when the velocity gradient was at the lowest. The understanding could be used as

guidance for future surface design.

6.1 Morphological characteristics
First of all, morphological characteristics of shark-skinned surfaces were

analyzed based on the spacing and height of ridges. Three-dimensionally (3D) printed
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shark-skinned surfaces were shown in Figure 6.1. Designed features were clearly
printed. Other than the smooth surface, 3 shark-skinned surfaces with different shark
skin scale orientation were designed considering the flowing direction of rheometer
spindle. The performance of shark-skinned surface was closely related with the height
(h) and spacing (s) of ridges. The height of ridge is uniform for all the shark-skinned
surface, which is 0.4 mm. Spaces of ridges vary for the shark-skinned surface with
different orientation of shark skin scale. For the parallel and mix ones, the space between
ridges is 1 mm. For the perpendicular one, spaces between ridges are not uniform,
ranging from 1~2 mm. Therefore, the average height versus spacing ratio (h/s) for

parallel and mix surface is 0.67. The average h/s ratio for perpendicular surface is 0.27.

118



(a) (b)

sSmm

(c) (d)

Smm

Figure 6.1 3D printed shark-skinned surfaces with different scale orientation: (a)
smooth, (b) parallel (0 degree), (c) mix (45 degree), and (d) perpendicular (90 degree).

6.2 Fluidic performance

The next step we investigate the fluidic performance of shark-skinned surfaces to
reveal the effect of scale orientation. Figure 6.2 shows the viscosity of water flowing
over different shark-skinned surfaces under different shear rates. Generally speaking,
water is Newtonian fluid, which indicates that its viscosity is constant under various
shear rates. Due to the new set up of rheometer, however, centrifugal force will increase
with the increase of shear rate, thereby leading to higher shear stress. Therefore, the

viscosity of water will increase with the increase of shear rate. In Figure 6.2, when the
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shear rate was lower than 300 s, smooth surface showed lower viscosity than shark-
skinned surfaces, which indicated the regime of laminar flow. The surface with parallel
shark skin scale showed the highest viscosity. When the shear rate was higher than 300
s, smooth surface showed a much higher viscosity than shark-skinned surfaces, which
indicated the turbulent flow regime. The shark-skinned surface with perpendicular shark
skin scale showed the lowest viscosity. In the regime of laminar flow, ridges of the
shark-skinned surface block the movement of fluid, which leads to higher drag. Drag
reduction effect of shark skin shark-skinned surface could only be found in the regime of
turbulent flow. Drag of fluid increased dramatically due to the existence of the vortices.
Formation of vortices is complicated and not fully understood. The higher contact area
between the vortices and surface, the higher shear stress and fluid drag. In the case of
shark-skinned surface, vortices usually exist on the top of the ridges, other than the
valleys of ridges. Therefore, vortices only contact with the edge of ridges instead of the
whole surface, leading to less fluid drag compared with the smooth surface. This

mechanism has already been proved by the visualization of fluid flow[199].
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Figure 6.2 Viscosity of water flowing over different shark-skinned surfaces under
different shear rate
6.3 The mechanism of drag reduction

To reveal the mechanism of drag reduction of shark-skinned surfaces, the
distribution of diamond particles was studied using laser scanning microscope. After the
viscosity test under the shear rate of 400 s, the distribution of diamond particles on
shark-skinned surfaces with different shark skin orientation were provided in Figure 6.3.
The 3D distribution of particle (using ImageJ software) could be found in Figure 6.4.
The peak intensity corresponds to the amount of diamond particles on the surface. From
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the four images, we found the majority of diamond particles were located at the center of
the surface. This is due to the rotational movement and centrifugal force of the spindle.
Spindle center shows the lowest velocity while spindle edge shows the highest velocity.
In this case, more diamond particles (higher peak intensity) indicated lower fluid
velocity while less diamond particles (lower peak intensity) indicated higher fluid
velocity. As a result, diamond particles distribution could be correlated with fluid
velocity gradient on the shark-skinned surface.

In order to quantitatively analyze the uniformity of particle distribution, line scan
was conducted across the center of the shark skin surfaces. Profiles could be found in
Figure 6.5. The uniformity of particle distribution was calculated as the reciprocal of
deviation of light intensity. Lower deviation of light intensity indicated higher
uniformity of particle distribution and lower gradient of velocity. At least 4 different line
scan of each sample were collected and results could be found in Figure 6.6.
Perpendicular scale orientation showed the highest uniformity of particle distribution,
which indicated the lowest gradient of velocity. The drag is, in fact, a measure of the
energy required to transfer momentum between the fluid and the surface. Velocity
gradient will create in the adjacent layers of fluid. The lower gradient of velocity will
indicated less energy required for momentum transfer between adjacent layers of fluid,
which leads to lower drag and viscosity of fluid. The distribution of diamond particle
could explain the good reduction effect of viscosity of shark-skinned surfaces
experimentally. It is a powerful tool to study the performance of other shark-skinned

surfaces as well.
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Figure 6.3 Diamond particle distribution on shark-skinned surface with different
scale orientation after the viscosity test under 400 s: (a) smooth, (b) parallel (0 degree),
(c) mix (45 degree), and (d) perpendicular (90 degree).
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Figure 6.4 3D diamond particles distribution on textured surface with different
shark skin orientation after the viscosity test under 400 s-1: (a) smooth, (b) parallel (0
degree), (c) mix (45 degree), and (d) perpendicular (90 degree)
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different scale orientation after the viscosity test under 400 s.
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Figure 6.6 Diamond particle distribution uniformity comparison of textured
surface with different shark skin orientation after the viscosity test under 400 s™: (a)
smooth, (b) parallel (0 degree), (c) mix (45 degree), and (d) perpendicular (90 degree)

To study the fluidic performance of smooth surface, Reynolds number is

examined against surface parameters. To differentiate the laminar flow regime and
turbulent flow regime: Re = u?L where u, L and v are fluid velocity, characteristic linear

dimension and fluid kinematic viscosity, respectively. For the fluid flow over a flat plate,
the transition Reynolds number is around 500,000. For fluid flow with lower Reynolds
number, the flow is in the laminar regime. For that with the higher Reynolds number, jt

is in turbulent regime[200]. Likewise, in order to evaluate the drag reduction
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performance of shark-skinned surface with different dimensions, the dimensionless
parameter S+ was introduced. It represents an effective Reynolds number considering

ridges’ spacing[201]: S* = %E , Where S, p, v and t,, are the spacing between
adjacent ridges, fluid density, fluid kinematic viscosity and average shear stress of the
whole shark-skinned surface.

Eventually, in order to analyze the effect of viscosity reduction quantitatively,
performances of shark-skinned surfaces compared with the smooth surface under various
S+ number were provided in Figure 6.7. X axis showed the S+ number ranging from 0.3
to 0.9, and Y axis showed the ratio of shark-skinned surface viscosity to smooth surface
viscosity. A ratio is higher or lower than 1, indicating the viscosity increase or decrease
effect of shark-skinned surface respectively. All the three shark-skinned surfaces showed
a similar trend. Viscosity reduction effect was getting more and more significant with
the increase of S+ number. In the case of parallel oriented shark-skinned surface, the S+
transition number was 0.6. Mix orientated shark-skinned surface didn’t show too much
viscosity reduction effect, the S+ transition number was around 0.55. For the case of
perpendicular oriented shark-skinned surface, the S+ transition number was 0.52.
Considering the orientation of shark skin ridges upon the fluid flow direction, we can
label the parallel, mix and perpendicular pattern as 0 degree, 45 degree and 90 degree,
respectively. Due to the orientation symmetry, O degree and 45 degree should have the
same behavior with 180 degree and 135 degree, respectively. Eventually, the viscosity

map of shark-skinned surface considering orientation and S+ number could be concluded

in Figure 6.8. In the red regime, viscosity of shark-skinned surface would increase
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compared with smooth surface while it would decrease in the blue regime. Shark-
skinned surface with 90 degree orientation showed the largest viscosity reduction. In this
viscosity map, we could estimate the behavior of shark-skinned surface with different
dimensions, scale orientation, and flow conditions. Moreover, a design of shark-skinned

surface with better performance could be achieved using this map.
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Figure 6.7 The viscosity reduction effect of shark-skinned surface compared with
smooth surface under various S+ number: (a) parallel, (b) mix and (c) perpendicular.
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Figure 6.8 The viscosity map of shark-skinned surface with different shark skin
orientation (from O degree to 180 degree)
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6.4 Summary

In this chapter, the physical interaction between the nanoparticles and sharkskin
like surface was investigated. Effects of scale orientation on the performance of shark-
skin-like surfaces were studied. Compared with the smooth surface, the shark-skinned
surface with 90 degree orientation of scales showed the lowest viscosity drag. The
maximum viscosity reduction was 9%. This was further proven by the diamond
nitrogen-vacancy sensing experiments. Diamond particles worked as tracking particles
in fluid. Their distributions were found closely related with surface velocity gradients.
The shark-skinned surface with 90 degree orientation scale showed a more uniform
particles’ distribution, which indicated to a lower velocity gradient. Less momentum
transfer between adjacent fluid layers leads to a lower fluid drag. Eventually, a viscosity
map of shark-skinned surface with different scale orientation was created. It will
facilitate the design of shark-skinned surface with better performance. The
understanding generated in this study could be used as guideline for future study in

surface design and texturing.
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CHAPTER VII

CONCLUSION AND RECOMMENDATION

7.1 Conclusion

This research investigated the tribological characteristics and roles of
nanoparticles in lubrication. Tribological performance and rheological properties of
nanoparticles were discussed in terms of friction, wear and viscosity. Moreover,
chemical and physical interaction between the nanoparticles and lubricating system were
interpreted in terms of kinetics and dynamics, respectively.

Tribological performance and rheological properties of a-ZrP and V.Os were
evaluated as additives in lubricants. In the case of a-ZrP, it showed 50% reduction in
friction and 30% in wear compared to ZDDP. The promising performance was due to the
tribofilm formation on the wear track, which composed of Fe2Os, ZrO, and Zr(PO4). . In
the case of V20s, nanoparticles could reduce the viscosity, friction and wear of base oil
for 5.9%, 33% and 44%, respectively. Through Raman spectrum and EDS analysis, it
has been postulated that vanadium oxide nanoparticles interacted with steel surface
forming intermetallic alloy VV-Fe-Cr resulting in enhancement of wear protection.

Tribofilms play an important role in lubrication. A Kinetic study of tribofilm
formation and growth was conducted using an in situ approach via electrical contact
resistance and illuminative nanoparticles during pin-on-disk experiments. The
correlation between friction and contact resistance has been established. In the case of

NaY Fs-containing tribofilm, there is a logarithmic relationship. The tribochemical
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reaction rate was found exponential to the input mechanical power. The formation and
growth of the tribofilm has three characteristics stages. Running in stage: where contact
resistance < 1 Q. Reactive, i.e., competing stage: where 1 Q < contact resistance < 100
Q. Finally, the growing stage, where contact resistance > 100 Q. The tribochemical
reaction products contain oxides that were responsible for the increased electrical
resistance. Based on the understanding obtained in this study, it is highly possible to
control the formation and growth of a kinetically balanced tribofilm through input
mechanical power and design of additive chemistry. The discovery about the behavior
of tribofilms is anticipated to be similar to many other material systems consisting
oxides. Metal nanoparticles are prone to be oxidized. This would be a good material
system for future study.

For the lubricating dynamics, the physical interaction between the nanoparticles
and lubricating systems were investigated. Effects of scale orientation on the
performance of shark-skin-like surfaces were studied. Compared with the smooth
surface, the shark-skinned surface with 90 degree orientation of scales showed the
lowest drag. The maximum reduction of viscosity was 9%. This was further proven by
the diamond nitrogen-vacancy sensing experiments. Diamond particles worked as
tracking particles in fluid. Their distributions were found closely related with surface
velocity gradients. The shark-skinned surface with 90 degree orientation scale showed a
more uniform distribution of diamond particles, which indicated to a lower gradient of
velocity. Less momentum transfer between adjacent layers of fluid leads to a lower drag.

Eventually, a viscosity map of shark-skinned surface with different scale orientation was
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created. It will facilitate the design of shark-skinned surface with better performance.

The understanding generated in this study could be used as guideline for future study in

surface design and texturing.

To summarize, there are three key achievements in this research.

1)

2)

3)

As additives in lubricants, nanoparticles exhibited promising performance in
terms of tribology and rheology. For example, a-ZrP nanoparticles exhibited
50% reduction in friction and 30% in wear compared to conventional toxic
additive ZDDP. The V20s nanoparticles could reduce the viscosity, friction
and wear of base oil for 5.9%, 33% and 44%, respectively.

A universal method using electrical contact for in situ monitoring of the
formation of tribofilms was developed and the mechanisms of tribofilm
growth was revealed. It was discovered that the growth of a tribofilm was
triggered by the input mechanical power. The growth involves three stages,
running-in, reactive, and growth.

A novel approach to track nanoparticles particles was developed. Using this
method, mechanisms of drag reduction of sharkskin like surface was studied.
The distribution of particles on textured surface was found closely related
with surface velocity gradients. The shark-skinned surface with 90 degree
orientation scale showed a more uniform distribution of diamond particles,
which indicated to a lower gradient of velocity. Less momentum transfer
between adjacent layers of fluid leads to a lower drag. It will enable the novel

design of textured surface.
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7.2 Future Recommendation

Based on the discoveries of this work, recommended future study are:

1)

2)

3)

Effects of various working environments: most experiments of this research
are conducted under the room temperature. In industry, lubricants are applied
under a wide temperature range. For example, vehicle engine lubricants are
employed under 200 ~ 300 °C. Moreover, lubricants in this research are tested
in oil. The water based lubricants should be developed as well, which could
be applied on machinery. Therefore, it is necessary to evaluate the
nanoparticles in various working environments.

Tribofilm models of other lubricants: in this research, the tribofilm model of
nanoparticles has been developed. Likewise, tribofilms models of other
lubricants, including ionic liquids and organic compounds, could be built via
contact resistance measurement. Moreover, this characterization method
could be extended to other interfacial kinetic study.

Design and evaluation of textured surface: based on the viscosity map,
sharkskin like surface with lower drag could be designed. The evaluation
method should be further improved to mimic the real working environment,
such as evaluating the performance under the linear motion and sea water

condition.
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