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Abstract

This Ph.D. thesis addresses two crucial materials engineering aspects. They are: 1) non-
availability of kg scale production strategies for nanocarbons and 2) improving lubrication
using nanocarbons (that are produced using sustainable methods) as additives. Nanocarbons
are well-known for their unique and unsurpassed properties, making them potential materials
in various applications, including lubrication. However, most of these envisaged applications
are hindered by the non-availability of sustainable production strategies for these nanocarbons.
These nanocarbons are primarily prepared on only a gram scale. On the other hand, it is well-
known that friction and wear losses in terms of energy savings, CO> emissions, and incurring
costs are alarming. It is known that these undesired losses can be minimized through effective
lubrication. One way of improving lubrication is to use efficient lubrication additives. This
Ph.D. thesis reports the investigations on novel and sustainable production strategies of
different nanocarbons (i.e., 0D, 1D, and 2D nanocarbons) and their use as additives in
lubricants to improve lubrication. 0D nanocarbons, namely tyre pyrolysis waste (TPW) and
onion-like carbon (OLC) particles, 1D multiwalled carbon nanotubes (MWCNTs), and 2D
multi-layer graphene (MLG) particles, are produced on a large-scale using sustainable
processes. These nanocarbons are then thoroughly characterized for general material
characteristics and tested as lubricant additives in different lubricating oils following the
specified ASTM standard. Ultrasonication was used to prepare the lubricant samples with
additives. Comprehensive rheological and tribological tests are carried out to determine the
effect of nanocarbon concentrations on the lubricating performance of the oils. Experimental
studies have demonstrated and verified that employing carbon soot created by controlled
burning of waste tyre tubes in lubricating oil (group-2 N500 de-waxed oil) can lower the
coefficient of friction (CoF) and wear scar diameter (WSD) by 48.93% and 28.12%,
respectively. TPW and OLC particles, as additives in low concentrations, can aid in reducing
abrasive and WSD (12-20% by TPW and 17-30% by OLC). The dispersions of low
concentrations (0.1wt.%) of 0D nanocarbons exhibited good stability (visually) for 30 days. As
the concentrations increased, their sedimentation accelerated. Adding 0.1wt.% of the
MWCNTs in a base oil (BO) improved the anti-friction property by 64%, and when dispersed
in a commercial oil, the CoF was lowered by 48%. Due to the addition of 0.1wt.% of
MWCNTs, the wear-preventive properties of the base and commercial oils were also improved
by 60% and 30%, respectively. However, the dispersion stability of MWCNTs in the base and

commercial oils is significantly lower than that of the considered 0D nanocarbons. MLG added



BO, reduced CoF by 25%, and reduced wear by 50%. Adding MLG to commercial oil increased
CoF and wear resistance by 16% and 50%, respectively. The desired properties are effectively
improved when these particles are used at low concentrations (0.1wt.% to 0.3wt.%), beyond
which problems such as quicker agglomeration, related sedimentation, and property
deterioration become more severe. The dispersion of nanocarbons in lubricating media (oils)
caused abnormal changes in rheological properties. In most cases, a non-Einstein-like reduction
in viscosity is found, which warrants further exploration through in-situ experiments that could
shed light on particle-fluid interactions and aid in understanding fluid mechanics at the
nanoscale. The underlying mechanism of wear-preventive behavior was also explained in each
additive case. The produced nanocarbons in this work may be highly successful in other
lubricating media, such as greases, where sedimentation and agglomeration are not significant

concerns.
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Chapter 1 Introduction

1.1 Tribology

Tribology is the scientific understanding and assessment of friction, lubrication, and wear. It
aims to understand the underlying mechanisms and factors that influence friction, lubrication,
and wear and to use this knowledge to design and develop materials, components, and systems
with improved performance and reliability [1]. Tribology is an important area of research
because friction, lubrication, and wear significantly impact the performance and efficiency of
various engineering systems, such as internal combustion engines, gear systems, bearings, and
tribo-electrochemical devices. In these systems, friction and wear can cause increased energy
consumption, decreased efficiency, and reduced lifespan, while effective lubrication can
improve performance and prolong the components’ lifespan. Over the past few decades, there
have been significant advancements in tribology, particularly in the exploration of new
materials as additives for lubricants, as well as the application of novel methods for tribological
testing and analysis. However, there is still much to be learned about the fundamental
mechanisms and factors that influence tribological behavior, and opportunities for further
research and innovation in this field are abundant. Tribology is of great significance for various
industries, including transportation, manufacturing, and energy, where improved tribological

performance can lead to significant improvements in efficiency, reliability, and sustainability.
1.2 Lubrication and Lubricants

Lubrication is a critical aspect of tribology, and its proper implementation can substantially
remediate the performance and reliability of engineering systems. Lubrication refers to
introducing a substance or substances between two surfaces subjected to contact and relative
motion, with the primary objective of reducing friction and wear. Reduction in friction can
improve energy efficiency, extend the lifespan of components, and reduce the risk of failure
due to excessive wear. There are several mechanisms by which lubrication minimizes friction
and wear [2]. The most important mechanisms are boundary, mixed, and hydrodynamic
lubrication [3]. In boundary lubrication, the lubricant forms a thin film at the contacting
interfaces, lowering friction by separating the surfaces and preventing direct contact. This type
of lubrication is generally provided through the use of solid or liquid lubricants that form
continuous films at the interfaces [4,5]. Mixed lubrication occurs when the tribo-film formed
by the lubricant is not continuous, leading to direct contact of the surfaces in relative motion.

In this situation, boundary lubrication mechanisms and boundary lubricants can still reduce
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friction by providing a protective film between the surfaces [6]. Hydrodynamic lubrication is
characterized by generating a pressure-driven fluid film at the contacting interfaces. In
hydrodynamic lubrication, the lubricant is thrust into the interface between the two surfaces,
generating a barrier of fluid that separates the surfaces, preventing direct contact [7]. Several
factors, including the lubricant characteristics, the service conditions, and the design of the
components in relative motion, can influence the effectiveness of lubrication.

The lubricant's viscosity plays a key role in determining its effectiveness, as it affects the
flow properties of the lubricant to form a continuous protective layer at the interfaces. The load
on the system can affect the lubricant film, as higher loads can lead to increased contact
pressure and reduced lubricant film thickness. The speed of relative motion also influences
lubrication, as higher speeds can reduce the effectiveness of the lubricant film. The system's
temperature affects the viscosity and other properties of the lubricant, and high temperatures
can reduce the effectiveness of lubrication. The surface finish of the components in relative
motion can also impact the lubrication’s effectiveness, as rough or damaged surfaces can do
not allow the lubricant to build a continuous film. Selecting an appropriate lubricant is a critical
factor in achieving effective lubrication. There are several factors to consider when selecting a
lubricant, including compatibility with the materials of the components in relative motion,
viscosity, and other properties relevant to the operating conditions, cost, availability, and
environmental impact. The most commonly used lubricants are mineral oils, synthetic oils, and
greases. The choice of lubricant is governed by the system's specific requirements like the
operating conditions, materials of the components, and other factors.

Lubricants have been used for thousands of years to lower friction and associated wear [8].
Over time, the development of lubricants has evolved to meet the increasing demands of
industrial and technological advancements. The use of lubricants dates back to ancient
civilizations. Simple substances such as animal fats were applied over surfaces for lowering
friction and wear. Lubrication was mentioned in the Vedas, i.e., as early as 1500 BCE and 1200
BCE. These texts describe how oils and fats can be used for lubrication purposes. Verbal
sources describe use of sesame oil as a lubricant in the textile industry to prevent friction
between the fibers during the spinning process. The Arthashastra, which is a treatise on
economics and politics written by the philosopher Kautilya in the 3™ century BCE, contains
detailed descriptions of the lubrication practices used in the metalworking industry. According
to the text, various oils and fats were used to lubricate the tools used in metalworking, such as
chisels and saws. The text also describes how oil could be used to prevent rust on metal objects

[9]. In ancient Greece, olive oil was commonly used as a lubricant for machinery and vehicles.
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In ancient Rome, olive oil was also used as a lubricant, and was widely recognized for its effect
on tribological properties.

Modern lubricants’ development began in the 19™ century, with the advent of the industrial
revolution [10]. The increased demand for improved lubricants for machinery and vehicles led
to the developing of new and improved lubricant products. One of the first modern lubricants
was petroleum jelly, which was developed in 1850 and quickly became popular for providing
effective lubrication and safety against wear and corrosion. The development of the internal
combustion engine (ICE) in the late 19'" century also influenced lubricants’ advance. ICE’s
high operating temperatures and extreme pressures required advancing lubricants with
improved thermal stability and wear preventive properties. The development of synthetic
lubricants began in the early 20™ century with the advent of chemical synthesis. In the mid-20%
century, the formulation of synthetic lubricants for automotive applications led to the
widespread use of synthetic EOs [11,12]. Compared to traditional petroleum-based EOs,
synthetic EOs offer improved performance, such as increased fuel efficiency and better wear
protection. The increasing demand for improved fuel efficiency and reduction in emissions has
led to the development of new low-viscosity lubricants, which offer improved fuel efficiency
without sacrificing protection against wear. In addition, the development of bio-based
lubricants, such as vegetable-based lubricants, has also gained popularity in recent years. These
lubricants offer improved environmental performance compared to traditional lubricants and
are widely used in agriculture and food processing applications [13]. The history of lubricants
dates back to ancient civilizations and has evolved to meet the increasing demands of industrial
and technological advancements. The development of modern lubricants, such as petroleum
jelly, synthetic lubricants, and bio-based lubricants, has significantly impacted the performance
and efficiency of machinery and vehicles. Today, lubricants are vital as they have a critical role
in reducing parasitic friction and related wear in components and, thereby, improving the
performance and durability of machinery and vehicles.

Engine oil (EO), a commonly used lubricant, is a critical component of ICE, and its proper
selection and use can significantly impact engine’s performance and longevity. EO serves
several key functions in an engine, including lubrication, cooling, and cleaning. The primary
function of EO is to provide lubrication between the engine's moving parts, reducing friction
and wear. EO is designed to form continuous lubricanting film at interfaces, lowering friction
and preventing direct contact between the surfaces. It is also engineered to guard against wear
and corrosion, thereby prolonging the life of engine parts. In addition to lubrication, EO also

plays a critical role in engine cooling. It absorbs heat generated by the engine, helping to
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regulate engine temperature and prevent overheating. It has a high thermal capacity, allowing
it to absorb and transfer heat efficiently. It also plays a role in cleaning the engine by removing
contaminants and deposits that can accumulate over time. It is formulated with detergents and
dispersants that help to keep the engine clean, removing deposits and preventing the formation
of new ones. There are different types of EOs. They are are classified according to several key
factors, including viscosity, performance level, and application. Some of the most common
EOs based on viscosity are SW-30, 10W-30, 10W-40, and 15W40. The choice of EO heavily
relies on its viscosity, as it influences the oil’s flow and lubricating properties under various
operational conditions. EOs are also classified according to their performance level, with
common classifications including American Petroleum Institute Service Categories and
International Lubricant Standardization and Approval Committee ratings. Performance level
classifications indicate the oil's ability to meet specific performance standards and
requirements, such as fuel efficiency and emission control. EOs are also classified according
to their intended application (passenger car, diesel, or high-performance engines). Oils tailored
for specific applications are crafted to fulfill the unique needs of various engine types,
encompassing performance and operational conditions. The selection of an appropriate EO is
critical in ensuring engine performance and longevity. When selecting an EO, several factors
should be considered. When choosing an EO, one should take into account the engine type and
its specific needs, including performance, emission levels, and fuel economy. Also, the
engine’s working conditions, including factors like temperature, load, and speed, should be
taken into account while picking an EO. The engine manufacturer may provide specific
recommendations for the type and performance level of EO to use. Proper selection and use of
EOs can significantly impact engine performance and longevity. Understanding the
classification of EOs and the factors that influence selection is an important aspect of ensuring
optimal engine performance. EOs are specially formulated lubricants designed to provide
lubrication and protection for internal combustion engines. Base oils (BOs) are the foundation
of lubricants and are used to create various lubricant formulations for different applications.
They are derived from crude oil and are produced through various refining processes [14],
including solvent extraction, hydrotreating [15], and hydrocracking [16]. BOs are classified
based on their viscosity index, level of saturation, and molecular weight [17,18].

The most common types of BOs include:
- Mineral oils: These are the most widely used type of BOs and are produced by refining

crude oil. They have a low viscosity index and are typically used in applications requiring

a low-cost lubricant.
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- Synthetic oils: These are synthetically produced BOs, created through chemical procedures,
and are engineered to exhibit enhanced performance traits compared to mineral oils. They
possess a high index of viscosity, exceptional thermal stability, and minimal volatility,
rendering them apt for utilization in applications demanding high temperatures and
performance.

- Semi-synthetic oils: These are a blend of mineral and synthetic oils and are designed to
provide a balance between performance and cost.

- Bio-based oils: These are BOs derived from renewable resources such as vegetable oils and
animal fats. They are typically used in applications where an environmentally friendly
lubricant is required.

The choice of BO for a specific application depends on several factors like operating
temperature, load, and application requirements. Group 2 dewaxed oils are a type of mineral
oil base stock that are commonly used as a BO in the formulation of lubricants. They are
produced through a refining process that removes the wax from the crude oil, resulting in a
high-quality BO with improved low-temperature properties. Group 2 dewaxed oils are
characterized by their high viscosity index, low pour point, and good oxidative stability. This
makes them suitable for use in various applications, including automotive lubricants, industrial
gear oils, and hydraulic fluids. In comparison to Group 1 mineral oils, Group 2 dewaxed oils
have a higher viscosity index and better low-temperature performance, making them suitable
for use in regions with severe winter conditions. Their improved oxidative stability also
provides better protection against corrosion and wear, making them ideal for use in high-load
and high-temperature applications. The production of Group 2 dewaxed oils involves a
combination of hydrotreating and solvent dewaxing processes. In the hydrotreating process,
crude oil undergoes treatment with hydrogen under the influence of a catalyst to eliminate
contaminants, wax included. The resulting product is then subjected to solvent dewaxing,

where it is mixed with a solvent, such as hexane, to remove any remaining wax.
1.3 Additives in Lubricants

In addition to the BO, EOs contain various additives that enhance their performance and
provide additional benefits [19]. The use of additives in EOs is an important aspect of EO
technology and has been widely used for many decades to improve the performance of EOs.
Several different EO additives are designed to provide specific benefits to EO performance

[20]. Some of the most common types of EO additives include:
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- Viscosity Improvers: Viscosity improvers are additives used to improve EO flow
characteristics at low temperatures. This helps to prevent engine damage and wear during
cold weather starting.

- Anti-wear (AW) Additives: These protect against metal/metal contact and reduce wear in
high-stress engine components. These additives can include compounds such as zinc
dialkyl dithiophosphate (ZDDP) and molybdenum compounds.

- Detergents: Detergents are additives that keep engine components clean and prevent
deposits from forming. This helps to maintain engine performance and improve fuel
efficiency.

- Dispersants: Dispersants are additives that help to keep EO clean by preventing the
formation of sludge and varnish deposits.

- Antioxidants: Antioxidants are additives that help to prevent oxidative degradation of EOs
and maintain their performance over time.

- Friction Modifiers: Friction modifiers are additives used to reduce friction between engine
components, improving fuel efficiency and reducing emissions.

- Corrosion Inhibitors: Corrosion inhibitors are additives that help to prevent corrosion of
engine components and protect against rust and other forms of corrosion.

The use of additives in EOs is carefully regulated to ensure that the additives do not
adversely affect engine performance or emissions. Organizations such as API and ILSAC
generally standardize and specify additive levels. The use of additives in EOs is an important
aspect of EO technology and has been widely used for many decades to improve the
performance of EOs. Additives provide a range of benefits, including improved viscosity, AW
protection, cleaning, and corrosion protection.

Anti-friction (AF) and AW additives are key components of EOs [21]. These additives
protect against metal/metal contact and reduce wear in high-stress engine components.
Incorporation of AF and AW additives is crucial in EO technology. Their usage, which spans
several decades, has been instrumental in enhancing the performance of these oils. There are
several different types of AF and AW additives that are commonly used in EOs. ZDDP is one
of the most widely used additive in EOs. ZDDP effectively reduces friction and wear in engine
components and provides excellent AF/AW protection [22,23]. Molybdenum compounds, such
as molybdenum disulfide (MoSz), are also commonly used as AF and AW additives in EOs.
These compounds provide excellent AF/AW protection and help to reduce friction between
engine components. Boron compounds, such as boron nitride, are sometimes used as AF and

AW additives in EOs [24]. These compounds provide excellent AF and AW protection and
8
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help to reduce friction between engine components. Sulfur compounds, such as sulfurized fatty
acids, are sometimes used as AF and AW additives in EOs. These compounds provide good
AF and AW protection and help to reduce friction between engine components [25]. The use
of AF and AW additives in EOs is carefully regulated to ensure that they do not adversely affect
engine performance or emissions. Calcium sulfonate is a newer type of additive that is
becoming increasingly popular in industrial lubricants [26]. It effectively reduces wear and has
good resistance to high temperatures and water washouts. However, it can be expensive and
not as effective as other additives in extreme pressure conditions. Using ZDDP can be
problematic as it can degrade the effectiveness of the catalyst, leading to increased emissions
[27]. MoS; is a solid lubricant that can be added to oils to reduce friction and wear. However,
it can be difficult to disperse evenly in the oil and settle out over time, leading to uneven
lubrication and potential damage to the equipment. Polytetrafluoroethylene (PTFE) is a solid
lubricant that is commonly used in greases and other lubricants to reduce friction [28].
However, it can be difficult to incorporate into oils and can settle out over time, leading to
inconsistent lubrication. Additionally, PTFE can react with some metals and cause increased
wear and damage. Dimethylpolysiloxane (DMPS) is a silicone-based lubricant additive that is
commonly used in industrial applications to reduce friction and wear [29]. However, it can be
expensive and may not be effective in extreme high-temperature or high-pressure conditions.
Additionally, DMPS may not be compatible with certain types of metals and can cause
corrosion or other types of damage. These compounds provide good AW protection and help
to reduce friction between engine components. The use of AW additives in EOs is carefully
regulated to ensure that the additives do not adversely affect engine performance or emissions.
AW additive levels are generally standardized and specified by industry organizations like the
API and the ILSAC. Sulfur and phosphorus compounds are commonly found in AF and AW
additives in EOs and other lubricants. These additives interact with metallic surfaces to create
a protective layer that aids in warding off wear and tear. However, they can harm catalytic
converters and cause increased emissions in some types of engines [30].

Many lubricant additives are derived from non-renewable resources, such as petroleum.
This can lead to concerns about the sustainability of these resources and the impact of their
extraction on the environment. Additionally, some lubricant additives contain substances that
can harm the environment if they are not disposed of properly. Certain additives can be toxic
to aquatic life if they enter waterways [31]. Lubricant additives are designed to work with
specific types of oils and metals. If the wrong type of additive is used, or if the additive is not

compatible with the oil or metal in the equipment being lubricated, it can result in decreased
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performance or even damage to the equipment. While the current AF and AW lubricant
additives can boost the efficiency of lubricants, their effectiveness in preventing wear and
friction under extreme operating conditions is still limited. Some high-performance lubricant
additives can be expensive, making them prohibitive for some applications. In some cases, the
cost of the additive may be greater than the cost of the oil or equipment being lubricated. There
are currently no industry-wide standards for lubricant additives, which makes it difficult for
manufacturers and users to compare the performance of different products. This can result in
confusion and uncertainty when selecting lubricants and additives. Certain additives in
lubricants might include materials that are controlled or limited by regulatory bodies namely
Environmental Protection Agency and Occupational Safety and Health Administration. This
can result in additional compliance and reporting requirements for manufacturers and users,

adding to the cost and complexity of using these additives.
1.4 Nanoadditives in Lubricants

In recent times, the incorporation of nanoparticles (NPs) as lubricant additives has garnered

considerable interest owing to their capability to boost the lubricants’ efficiency. NPs have

structures (with dimensions of 1-100 nm) and properties on a nanoscale [32-34]. The distinctive

characteristics of NPs render them appealing for incorporation as additives in lubricants. The

following variety of NPs have been explored for their potential use as additives in lubricants:

- NPs: NPs, such as nanotubes, graphene, and metal NPs, have been used as lubricant
additives. These particles have high specific surface areas and can form strong bonds with
metal surfaces, reducing friction and wear.

- Nanocomposites, composed of a matrix material and a dispersion of NPs, have also been
used as lubricant additives. These can enhance performance compared to conventional
lubricants by virtue of their unique properties and larege specific surface area.

- Nanofluids: Nanofluids are suspensions of NPs in a liquid and have been used as lubricant
additives. Nanofluids have been shown to have improved thermal stability and reduced
friction compared to conventional lubricants.

The use of NPs as lubricant additives is still in the infant stage, and much research is still
needed to understand their potential benefits and drawbacks fully. However, initial results have
been promising, and there is significant potential for using NPs to enhance the performance of
lubricants in various applications. Despite the potential benefits of using NPs as lubricant

additives, several challenges and limitations must be addressed. These include:
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- Synthesis and Purification: Synthesis and purification of high-quality NPs can be
challenging and expensive. This is an important factor to consider when developing NPs as
lubricant additives.

- Stability: NPs can be unstable in certain environments, such as high temperatures and high
pressure, which can limit their use as lubricant additives.

- Toxicity: The toxicity of NPs is a major concern, and their potential impact on human health
and the environment must be carefully evaluated.

Nevertheless, the use of NPs as lubricant additives has significant potential and is an area
that warrants further investigation. Adding NPs to EOs can affect their viscosity and viscosity-
temperature behavior. NPs are particles smaller than 100 nm, significantly smaller than the
average size of conventional lubricant additives. The effect of NPs on viscosity is influenced
by their size, shape, surface properties, and concentration [35]. NPs with a high aspect ratio,
such as long and thin nanorods or nanotubes, can align with each other under shear and form
ordered structures, known as NP chains, that can reduce the overall viscosity of the oil. On the
other hand, NPs with a low aspect ratio, such as spherical NPs, tend to disperse randomly and
increase their viscosity due to their Brownian motion and interparticle interactions. Another
factor that affects the viscosity of EOs with NPs is their surface properties. Due to the reduced
interaction with the oil molecules, NPs with hydrophobic surfaces tend to have a lower
viscosity than NPs with hydrophilic surfaces. The surface modification of NPs with surfactants
or stabilizers can also affect their viscosity by modifying the oil-NP interactions. The
concentration of NPs in the EO also plays a role in determining the viscosity. At low
concentrations, NPs tend to disperse randomly and have a limited effect on the viscosity.
However, the NPs can form aggregates or clusters that significantly increase the viscosity at
high concentrations. Nanocarbons (NCs) have been studied as potential lubricant additives.
When added to lubricants, carbon NPs can form a protective layer on metal surfaces, lowering
friction and preventing wear. NCs’ functioning as additives in lubricants is based on their
distinctive physical and chemical attributes. NCs, with their high aspect ratio, mechanical
robustness, and extensive surface area, can establish potent interactions with surfaces at the
interface. This enables them to serve as a shield, preventing direct contact between metal
surfaces, consequently lowering friction and wear. Additionally, the high thermal conductivity
and thermal stability of NCs allow them to effectively dissipate heat generated by friction,
further reducing wear and improving the lubricant's overall performance. The high specific
surface area of NCs also enables them to adsorb and trap contaminants and wear debris, further

reducing friction and wear [36]. Numerous studies have investigated the potential benefits of
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using NCs as lubricant additives [37]. These studies have demonstrated improved friction and
wear reduction, extended lubricant life, and energy efficiency in mechanical systems.
Furthermore, NCs can be used in combination with other lubricant additives to improve
their effectiveness. Studies have shown that adding carbon nanotubes to lubricants containing
traditional AW additives, such as ZDDP, can enhance their AW performance [38]. Despite
these promising results, some challenges are associated with using NCs as lubricant additives.
One of the main challenges is their tendency to agglomerate or form large structures, which
can negatively impact their performance [39]. Additionally, the high cost of production and the
difficulty of dispersing NCs evenly in the lubricant are barriers to their widespread use. The
percentage of phosphorus, sulfur, and metals in lubricants can vary depending on the specific
AW and AF additives used. These additives are typically used to enhance the lubricating
properties of oils and reduce friction and wear in mechanical systems. Additives based on
phosphorus, such as ZDDP, which are commonly used as AF and AW additives in lubricants,
create a protective layer on metallic surfaces. This reduces friction and avoids direct contact
between metals. Due to these additives, the phosphorus content in lubricants can range from
0.05% to 0.2% or higher, depending on the application and performance requirements. Sulfur-
containing compounds, such as organosulfur compounds or sulfurized fats, may be added to
lubricants as extreme pressure (EP) additives. These additives provide additional protection
under high loads and temperatures by forming a sacrificial layer on metal surfaces. The sulfur
content in lubricants due to EP additives is typically in the 0.1% to 0.5% range. Lubricants may
also contain certain metals (such as molybdenum, zinc, and calcium) as additives for their AW
and AF properties. The concentration of these metals in lubricants is generally low, usually less

than 0.1%. Some of the most widely studied NPs as lubricant additives are shown in Fig.1 [40].

other
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Figure 1. Various NPs used as lubricant additives (Reproduced with permission from [40]).

Excessive phosphorus levels can lead to catalyst poisoning in specific emission control
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systems, particularly in vehicles equipped with catalytic converters [41]. Phosphorus can coat
the catalyst surface, reducing its effectiveness and potentially causing increased emissions.
Phosphorus-containing lubricants can leave behind ash deposits when they burn or degrade.
These ash deposits can accumulate in critical areas, such as piston rings or exhaust gas
recirculation systems, leading to increased maintenance requirements and potential
performance issues. Sulfur can contribute to the formation of corrosive by-products, such as
sulfuric acid, during the combustion or oxidation of lubricants [21]. These by-products can
damage engine components, including bearings, cylinder walls, and valve train components,
leading to increased wear and reduced engine life. Similar to phosphorus, high levels of sulphur
in lubricants can poison catalytic converters by coating the catalyst surface and inhibiting its
ability to reduce harmful emissions. This is particularly relevant for vehicles equipped with
advanced emission control systems. Metallic contaminants, such as copper, lead, or iron
particles in lubricants, can act as abrasives and cause increased wear on engine components,
reducing efficiency and potential damage. Certain metals can accelerate the oxidation process
in lubricants, promoting the formation of sludge and deposits. These deposits can clog oil

passages, reduce lubricant flow, and impair the overall lubrication performance.
1.5 Problem Statement

Minimizing friction and wear between contacting engineering surfaces is crucial for their
sustainable functioning. Lubrication is a commonly used methodology in this context. It is
well-known that lubricant additives enhance their rheological and lubrication properties,
thereby minimizing tribological (mainly friction and wear) losses. Various (metal, metal oxide,
metal sulfide, carbonaceous, graphenaceous, etc.) nanoparticles have emerged as excellent
lubricant additives in the last decade. High specific surface area, enhanced specific strength,
and other specialized functions make them excellent lubricant additives. Metal-based NPs have
significant limitations restricting their usage as lubricant additives. These NPs are found to
experience agglomeration issues, restricting their uniform dispersion and lowering their
effectiveness in reducing friction and wear on the contacting surfaces. Compatibility issues
with other lubricant constituents are found to cause phase separation or undesired reactions,
lowering the overall performance. Some metal NPs pose even health and environmental
hazards, necessitating careful handling and disposal. Costly production procedures, processing
difficulties, and harsh operating environment restrictions contribute to their limited commercial
viability. As a practical alternative, metal oxide (such as TiO2, ZnO, etc.) and metal sulfide

(such as MoS2, WS,, etc.) NPs are commonly used. However, the capacity of these NPs to
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create stable, protective layers on contacting surfaces remains a considerable challenge because
they tend to agglomerate. Some of these additives have abrasive qualities under high-pressure
conditions. Concerns about their environmental impact and potential health concerns need even
more careful handling and disposal. NPs with sulfur and phosphorus compounds are used as
lubricant additives to decrease wear under high-pressure conditions. These elements, however,
can harm vehicle catalytic converters by generating sulfates and phosphates that deposit on the
catalyst surface, lowering efficiency and leading to catalyst deactivation. Lubricant
formulations are constantly evolving to minimize or eliminate these components to decrease
catalytic poisoning, particularly in formulas suited for use in automobiles equipped with
contemporary emission control systems. Manufacturers are developing low-sulfur and low-
phosphorus lubricants to provide adequate protection while lowering the risk of catalyst
poisoning in modern engines equipped with catalytic converters. Recently, in the modifications
made for motorcycle EOs (JASO T903:2023) by the Japanese Automotive Standards
Organization, the upper limit of phosphorus has been lowered from 0.12% to 0.1% (limit 0.08%
-0.1%). The limit was not further lowered as it would require lower amounts of phosphorous-
containing additives, which could compromise the wear performance of the lubricant.
However, the limits will narrow with time as more countries introduce newer norms similar to
JASO T903:2023. In this direction, NCs could be vital in addressing the tribological issues and
sustainably mitigating the sulfur/phosphorus/metal-free additives. NCs have been studied as
potential lubricant additives. Numerous studies have investigated the potential benefits of using
NCs as lubricant additives. These studies have demonstrated improved friction and wear
reduction, extended lubricant life, and energy efficiency in mechanical systems. Furthermore,
NCs can be used with other lubricant additives to improve their effectiveness. For example,
adding carbon nanotubes to lubricants containing traditional AW additives, such as ZDDP, can
enhance their AW performance. Despite these promising results, some challenges are
associated with using NCs as lubricant additives. One of the main challenges is the potential
for these NCs to agglomerate or form large structures, which can negatively impact their
performance. Additionally, the high cost of production, lack of bulk-quantity production
strategies, and the difficulty of dispersing these NCs uniformly in the lubricants are also
barriers to their use as lubricant additives. This thesis explores the sustainable large-scale
production of various NCs and their usability as lubricant additives. Considering all the
challenges and issues associated with NCs as lubricant additives, this thesis’s goals (in the

following section) have been established.
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1.6 Objectives of the Thesis

The following are the objectives of this thesis:

¢ To develop unique and sustainable techniques for producing various NCs such as carbon
nanotubes, graphene, and carbon onions, with a focus on large-scale production.

% To reuse industrial by-products by converting them into value-added material and exploring
their application as friction and wear preventive additives in lubricants.

% To conduct comprehensive characterization studies to elucidate the structural and
morphological properties and thermal stability of the prepared NCs.

¢ To optimize the NCs concentration in the lubricants and optimize the dispersion parameters

for preparing homogenous dispersions using probe sonication as the process intensifier.

>

R/
*

To study the rheological properties of the NCs added lubricants.

*,

>

R/
*

To evaluate the lubrication performance of NC additions in different lubricants under the

conditions specified by ASTM D 4172.

*,

s To assess the sustainability aspects in material processing and the impact of the

improvement in tribological properties of the lubricants on factors like energy loss.

1.7 Overview of the Thesis

Chapter 1 discusses tribology, friction, wear, lubrication, and additives and NPs as additives in
lubricants for improving AF and AW properties. This chapter also presents the problem
statement and objectives of this thesis. Chapter 2 presents a comprehensive literature review of
relevant 0D, 1D, and 2D carbon materials to this thesis. Chapter 3 gives details of the
experimental procedures in the large-scale production of various NCs, their characterization
details, and testing of NCs added lubricants. Chapter 4 presents the results and discussion of
this thesis work. This chapter is divided into three sections covering the results and discussion
on 0D, 1D, and 2D NCs as lubricant additives. Chapter 5 contains the conclusions of this work
and the immediate future scope of research. For convenience, the references are cited at the

end of each chapter under the heading ‘References’.
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Chapter 2  Literature Review

2.1 Lubricants, Additives and Nanoparticles

The lubricants are blended using BOs, which are either derived from petroleum or synthetically
formulated. The crude oils are processed using vacuum distillation, solvent extraction,
dewaxing (slack removal), hydro-finishing, and some intermediate steps to remove vacuum
residue and asphalt [1]. These processes are used to produce multi-grade oils with low sulphur
content, low viscosity, and high energy efficiency. The lubricants are typically prepared to meet
the standards of API, SAE, IPLSAC, and EAMA. The lubricants are characterized by studying
the properties, namely viscosity, viscosity index (VI), pour-point and flash point, aniline
content, acidity, sulfur content, carbon content, thermal stability, and volatility. Based on these
properties and standards, API has categorized BOs into five groups (Group I to Group V).
Group I BOs have a saturate of < 90%, sulphur content > 0.03%, and a viscosity index of 80—
120. Group II and Group III BOs have a higher % of saturates (> 90) and a lower concentration
of sulphur (< 0.03). While the Group II BOs have a viscosity index of 80—120, similar to that
of Group I, the Group III BOs possess a higher viscosity index of > 120, making them superior
in viscosity retention at higher temperatures. Group I to Group III BOs are mineral-based oils
produced from different refining techniques. Group IV and Group V BOs are primarily
synthetic and prepared by chemically modifying petroleum products. The synthetic oils can be
tuned as per the requirement by controlling the processing methods to show superior
lubrication, viscosity index, and reduced sulphur content [1].

Various BOs are used in different proportions to prepare an oil formulation for a specific
application. The BOs impart the properties like volatility, flash point, aniline point, carbon
residue, etc., to the final product depending on the molecular structure of their inherent
constituents. However, specific properties like viscosity and viscosity index w.r.t temperatures,
AF characteristics, AW behaviour, oxidation stability, etc., are modified using additives. The
lubricating oils perform various functions simultaneously, requiring multiple additives to be
dispersed in them. Lubricating oils commonly consist of dispersants, detergents, anti-oxidants,
AW agents, friction modifiers, corrosion inhibitors, extreme pressure agents, viscosity index
improvers, pour-point dispersants, etc. AW agents reduce rapid wear on metals like steel by
forming a compound on the surfaces that distributes the load more effectively. ZDDP,

phosphines, di-thiocarbonates, and sulphates are some common AW agents [1].
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Oil-based lubricants have been playing a vital role in the automobile industry for many
years. A wide range of products is utilized in different applications to maintain the life and
performance of the equipment. On average, the additives in these blends comprise 10-20% of
the total volume. Some commonly used automotive and transmission oils are gasoline EOs,
transmission fluids, diesel EOs, two-stroke EOs, rail EOs, and marine EOs. The type and
number of additives to be used are dependent on the application. In diesel EOs, high contents
of detergents, dispersants, anti-wear, and viscosity index improvers are used as additives to
counter the high degree of wear, resulting in incomplete fuel combustion and the diesel
engine’s poor performance.

On the other hand, dispersants, detergents, anti-oxidants, anti-wear, and rust inhibitors are
blended in large volumes in the marine EOs to function in the saline environment effectively.
A similar composition is found in rail EOs as well. The gasoline oils, two-stroke EOs, and
transmission oils have a lower content of additives than the additives mentioned above, but
additives like friction modifiers, VI modifiers, and pour-point depressants will increase in
content. Industrial applications use complex machinery having moving parts like gear,
hydraulics, compressors, turbines, and cutting oils. Such components require lubrication to
prevent breakdowns. In this context, hypoid gear, hydraulic oils (heavy-duty/general purpose),
compressor, turbine, and metalworking oils are used. Industrial oils do not require dispersant
and detergent additives. However, high amounts of anti-wear and extreme pressure additives
and nominal quantities of secondary additives like anti-foam, anti-oxidant, and pour-point
depressants are used.

AF and AW lubricant additives have long been utilized in various sectors to improve the
performance and durability of equipment and mechanical systems. These additives include a
variety of chemicals meant to minimize friction, reduce wear, and increase overall lubrication
efficacy. ZDDP is one of the most often utilized AW additives in engine lubricants. It forms a
safeguarding coating on metallic surfaces that minimizes friction and inhibits direct contact
between surfaces [2]. However, it can cause phosphorus and zinc accumulation, which can
cause problems in contemporary catalytic converters and influence pollution control systems.
MoS: as an AF additive creates a shielding layer between surfaces, diminishing friction and
associated wear [3-5]. However, its effectiveness can diminish under extreme pressure and high
temperatures. Graphite is another solid lubricant known for its AF properties [6]. Challenges
associated with conventional lubricant additives are multifaceted. One major concern is the
balance between improving performance and addressing environmental impact. Certain

additives containing elements like phosphorus, sulfur, or metals can adversely affect emission
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control systems, catalytic converters, and the environment. Moreover, under severe operating
conditions like high temperatures and pressures, some additives might show reduced
efficiency, which in turn lessens their overall dependability. Dispersibility and stability issues
often arise with solid lubricant additives like MoS., graphite, and hexagonal boron nitride (h-
BN), impacting their uniform distribution within lubricants and compromising their efficiency.
Furthermore, the need for continual and sustainable innovation to meet evolving industry
demands and stringent regulations while maintaining cost-effectiveness poses a perpetual
challenge in the realm of conventional lubricant additives. Finding a balance between
performance enhancement, environmental sustainability, regulatory compliance, and cost-
efficiency remains an ongoing challenge for the development and application of these additives
in lubrication technology.

The utilization of NPs as additives in lubricants presents a host of advantages over
traditional additives due to their unique properties and behaviours at the nanoscale. One of the
most significant advantages lies in their ability to form robust and durable boundary films
between moving surfaces [7]. The diminutive size and extensive specific surface area of the
nanoparticles allow them to infiltrate surface inconsistencies and bind firmly to metallic
surfaces, thereby boosting their ability to bear loads, reducing the occurrence of direct contact
between metals. This attribute enhances resistance to wear, prolonging the durability of
mechanical elements like engine components, gears, bearings, and other machines that are
exposed to forces of friction. Moreover, NPs offer a level of customization not typically found
in conventional additives. Engineers can tailor NPs' size, shape, surface chemistry, and
composition to achieve specific application lubrication requirements. NPs with 0D, 1D, or 2D
possess exceptional thermal conductivity, aiding in effective heat dissipation within the
lubricant. This property not only contributes to maintaining the lubricant's stability at high
temperatures but also helps in reducing the risk of thermal breakdown or degradation.

Another critical advantage is the compatibility of NPs with various BOs and commercial
additive packages, ensuring stability within the lubricant formulation. NPs can be engineered
to have a high affinity for the BO, preventing their agglomeration or settling, which might
otherwise compromise the lubricant's efficacy. Furthermore, some NPs possess improved
oxidative stability, prolonging the lubricant's lifespan by reducing its susceptibility to
degradation caused by oxidation, thereby maintaining its performance over more extended
periods [8]. Additionally, the multifunctionality of NPs stands out as a promising aspect. These
materials often possess multiple beneficial properties simultaneously, such as lubrication

enhancement, reinforcement, improved thermal conductivity, and more. This characteristic
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allows us to develop lubricants with tailored functionalities to address specific challenges in
various industries, such as automotive, aerospace, manufacturing, and more. Despite these
advantages, challenges such as scalability for mass production, cost-effectiveness, and a
comprehensive understanding of their long-term environmental impact remain significant
considerations. Nonetheless, ongoing research and technological advancements in
nanomaterial synthesis, dispersion, and application continue to push the boundaries of
nanotechnology, indicating a potential paradigm shift in lubrication technology toward
adopting nanomaterial-based additives for improved performance and efficiency in diverse
industrial applications. Various classes of NPs that have shown potential as lubricant additives

are shown in Fig. 2 [9].
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Figure 2. Tribological performance comparison of various NPs based on different chemical

compositions (Reproduced with permission form [9]).

NPs with varying morphologies form robust boundary films that reduce friction between
moving surfaces, significantly mitigating wear and tear [10]. Because of their increased surface

area, NPs' shape substantially impacts friction and wear reduction, allowing for higher atomic-
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level interactions and decreased real contact areas between surfaces. Certain NPs have unique
mechanical qualities, such as high hardness and strength, which help to reinforce surfaces and
resist wear. Furthermore, some NPs function as lubricants, generating protective layers and
reducing direct surface contact. Furthermore, NPs with self-healing capabilities and
nanostructured surfaces can reduce wear by rearranging or trapping lubricants. Overall, the
morphology of NPs determines their surface features, lubricating abilities, and mechanical
strength, all of which contribute considerably to friction and wear reduction in various
applications. Different morphologies of NPs and their respective tribological performance as

lubricant additives are shown in Fig. 3 [10].
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Certain lubricant additives reduce friction dramatically while simultaneously having
excellent AW properties. Functional polymers, oil-soluble organic compounds, organic friction
modifiers and NPs, which have recently been explored for this role, are examples of such

additives. NPs are a diverse class of materials that have shown promising potential in the field
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of tribology, showcasing exceptional enhancements in properties when used as additives in
lubricants. Despite a vast number of research completed over the previous several decades, the
number of reports exploring NPs as lubricating oil additives has increased steeply [11]. From
Fig. 2 it can be noted that metals, oxides and carbon NPs are highly effective as lubricant
additives and could potentially improve tribological properties of the lubricating media in
which they are used. Metal NPs as lubricant oil additives have exceptional physico-chemical
characteristics [12-15]. Therefore, their excellent AF, AW, and self-healing ability have been
well professed. Metallic NPs (mainly in the form of oxides and sulphides) have been studied
extensively for their lubricating properties. Cu NPs have garnered special attention due to their
extraordinary features [16-18], and they can greatly enhance the tribological properties of
lubricating oil. Cu NPs, when used as lubricant additives potentially decrease energy wastage
in comparison to Co and Fe NPs [19] and were more effective for friction and wear reduction
when added separately [20]. However, the type of oil is worth noting. Cu NPs performed
exceptionally well as AF and AW agents in nonpolar oil, owing to their deposition on rubbing
surfaces. Nonetheless, Cu NPs might potentially harm the lubricating layer of polar oil on the
surface where metal/metal contact occurs [21]. Cu NPs with adequate mechanical properties
have been examined as friction modifiers, and they are effective friction-reducing and wear-
preventive agents with self-healing capabilities [22,23]. Surface-modified Cu particles that
disperse well in oils significantly improved the oil's tribological qualities. As demonstrated
experimentally, cu particles produced a protective coating on the wear track with a slippery
texture. It was argued that the protective layer works as a sacrificial shear layer, mitigating
wear loss on the rubbing surfaces [24-26]. Similarly, Ce, Ni, Pd, Ag, and Zn NPs with
outstanding dispersibility in lubricants have been reported to minimize friction when dispersed
in BOs and properly mixed EOs [27]. Keen interest has been in using Ni NPs as additives [12].
Chen et al. [28] showed the use of Ni NPs in polyalphaolefin (PAO) tweaked into having varied
sizes with good dispersion stability led to improved friction and anti-wear behaviour. Their
study showcased preparation of oil-soluble metal NPs with excellent dispersion stability in oil.
Apart from Cu and Ni NPs, various metal NPs like Ag [29], Sn [30], Fe [30], Co [20], Pb [31],
Au [32], Bi[33], Mo [34], W [34], and Ga [35] have been explored as lubricant additives. The
AW mechanism of soft metallic NPs, is dominated by the superlative hardness and shear
modulus, however, this phenomenon has little effect on the AF properties. Both AW and AF
mechanisms are due to metallic tribo-films forming over the worn-out surfaces. In the case of
harder metallic NPs, the NPs form a protective film or act as rollers. Tribological behaviours

depend on which effect is dominant [33]. Although the metal NPs seem effective, they
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negatively affect the oxidation stability of the lubricating media. Presence of metals is one of
the most prime causes of the degradation of lubricating oil in engines. Many studies have been
carried out to examine the effect of various metals on the deterioration of lubricating oils.
Elements like Fe, Cu, and Pb are well-known catalysts for the degradation of oils. Cu salts, as
well as Cu in bulk form, are efficient catalysts. Furthermore, increasingly metal-based catalysts
that might successfully catalyse the oxidative breakdown of oil have been found. It is thus
important that apart from the tribological qualities, the impact of adding metal NPs on the
oxidation stability of the lubricants must also be focused on [36]. Metal oxides have also proven
effective in reducing friction and wear when added into lubricating blends. PAOG6 oil loaded
with spherical CuO, ZrO», and ZnO NPs as additives helped reduce the friction and wear
through a third body and tribo-sinterization mechanism [37]. Similarly, spherical CuO, TiO»,
and diamond NPs used as additives resulted in a good reduction in friction and wear, with CuO
being the best [38,39]. The friction reduction was due to viscosity effect at low temperature
and rolling effect at high temperature. The wear reduction mechanism was attributed to the
formation of a layer-like deposit of CuO particles on the wear track to reduce the shearing
stress on the surface asperities, eventually enhancing the tribological properties. It was claimed
that nano-rod-like CuO particles dispersed and stabilized in ionic liquids resulted in a friction
reduction of 15-43% and wear reduction by 26-43% compared to polyethylene glycol 200 and
10W-40 EO [40]. Likewise, Cu/CeO2, Al203/S102, and ZrO>/S10, hybrid/composite NPs were
studied as efficient and effective additives in lubricants [41-43].

It was reported that adding MoS: NPs (the inorganic fullerenes) to PAO oil resulted in
substantial reductions in the friction and wear values due to their crystalline order and particle
size [44]. Apart from MoS> and WS», other metal-based sulfides such as CuS and ZnS particles
as lubricant additives have been proven to give excellent friction modification and wear
prevention [45-48]. Metal borate particles have exceptional load-bearing ability, thermal
stability, and anti-wear characteristics and have been studied as additives in lubricant media
[49-51]. It was reported that adding calcium-borate particles to lubricant oils reduced friction
and wear [52,53]. After observing the remarkable solid lubricating capabilities of hexagonal
boron nitride (h-BN), NPs of h-BN were dispersed in lubricants. Improvements in the
coefficient of friction and wear resistance on using h-BN NPs as additives in oil/water/greases
were observed, which was assumed to result from the intermediate tribo-film formed over the
wear tracks by deposition followed by recurring exfoliation mechanism of h-BN [54,55].
Si3N4/DLC thin films revealed super lubricity behaviors with PAOG6 oil dispersed with 1.0 wt.%
of h-BN as lubricant filler [56]. The super lubricity attained could be explained as a reduction
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in the direct contact area. The h-BN particles act as a buffer layer with weak van der Waals
forces between its layers that function like nano ball bearings between point-like contact
surfaces. CaCO3 NPs were used to improve the load-bearing ability, wear resistance, and
frictional properties of PAO. The presence of a boundary tribo-film of CaCOs3, CaO, iron
oxides, and some organic compounds on the worn surfaces was confirmed [57]. Another choice
was the use of CaF» nanocrystals as friction modifiers. Here too, tribo-layers composed of
CaF,, CaO, iron oxides, and some organic compounds were formed on the rubbed wear tracks,

and the thickness of boundary film was about 12 nm [58].
2.2 Nanocarbons as Lubricant Additives
2.2.1 0D Nanocarbons as Lubricant Additives

Materials with spherical morphology that exhibit a rolling mechanism (instead of or in addition
to a sliding mechanism) for lubrication are helpful for tribological applications. Micron-sized
silica spheres [59] and fullerene (Ceo) [60] are two classic examples. However, few
experimental works are available in this context due to shortcomings in synthesizing the
materials adequately and controlling the properties, repeatability, economics, and
environmental viability [61]. Nonetheless, several published reports have inspired advanced
research [59-76]. Adding 0.01 wt.% diesel soot to PAO helped the lubricant reduce friction and
improve the anti-wear characteristics [62]. Carbon nano-onions (CNOs) are excellent additives
to the lubricant [63] and excellent solid lubricants [64]. The absence of dangling bonds on the
surface of CNOs facilitated their easy sliding and rolling-off on friction surfaces when used as
lubricant additives [63]. The size (< 100 nm) of CNOs and their pseudo-spherical morphology
enabled them to behave like ball-bearings at the nano-scale when used as solid lubricants [64].
Additionally, the closed structure (graphitic layers arranged in an onion ring-like form) of
CNOs renders their thermodynamic stability and high mechanical strength. However, the
defects induced in the outer-most layer of the CNOs may increase the chances of bonding
CNOs with the rubbing surfaces’ material, thereby resulting in detrimental friction and wear
characteristics. On the other hand, to support the use of CNOs in tribological applications,
novel CNOs preparation from bio-diesel-soot has also been elucidated. The graphene
fragments [65,66] of high contortion in the bio-diesel-soot facilitated onion-like morphology
[67]. Carbon black and carbon soot (CS) (derived from wasted bio-mass) have also been used
to study the tribological effects when dispersed in various lubricating media [68-75]. Many
efforts have been put into synthesizing and characterizing carbon spheres (CSPs) by chemical

vapor deposition (CVD), pyrolysis techniques [77-80], and hydrothermal processes for
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tribological applications [81-87]. The most common method to synthesize CSPs is the
hydrothermal method [80,81], in which glucose is typically carbonized. In this method, a
specific molar (0.5—-1M) glucose solution is first prepared and then held isothermally (above
the melting temperature and close to the decomposition temperature of 180 °C) in an autoclave
aided with stirring for 6-10 h. Subsequently, after natural cooling to ambient temperature, the
sediment is washed with DI water and alcohol. After washing, the material is vacuum-dried at
60—-80 °C for 4-6 h to obtain CSPs. CSPs can also be prepared by ultrasonication-assisted
copolymerizing resorcinol and formaldehyde solutions [83]. In the hydrothermal method, CSPs
form saccharide precursors through the typical steps, namely dehydration and fragmentation of
sugars, polymerization or condensation of the dehydrated and fragmented species,
aromatization of the polymers, and finally, the nucleation and growth in the solution. The final
step is diffusion and linkage of species from the solution to the nuclei surfaces. Another
interesting method is the non-catalytic atmospheric pressure chemical vapor deposition
method, in which C2H>—H>—Ar gas mixture is reacted at 950 °C to form CSPs in the gas phase
[84]. CSPs are typically made of 98-99% carbon; the rest, metallic impurities, depend on the
impurities in the starting precursors. The diameter of the CSP particles is typically in the sub-
micron range. The CSPs (with spherical shape and a smooth peripheral surface) are anticipated
to act as third body particles that can occupy the spaces between the asperities of contacting
surfaces and minimize the contact pressure, ultimately diminishing friction and wear losses. X-
ray diffractogram of CSPs, when seen, shows a broad (002) graphitic primary Bragg’s peak
typically in the 26 range of 24-26°. This indicates that CSPs typically possess only a low degree
of graphitization [84]. However, suitable post-synthesis, complimenting well with X-ray
diffraction studies. Transmission electron microscopy can also be used to complement the X-
ray diffraction and Raman scattering analyses. heat treatment can improve the crystallinity of
CSPs while minimizing the amorphous content in CSPs [61]. Complimentary Raman scattering
analysis confirms the low degree of graphitization in CSPs. The Raman spectrum of CSPs
shows the typical D peak at 1340 cm™ ! and G band at 1575 cm™!, corresponding to structural
defects and graphitic content present in CSPs. The high ratio of the intensity of the D band and
intensity of the G band shows a low degree of graphitization [84,85]. Due to the smooth outer
graphitic layers, non-hollow structure, and the presence of C—O, C=C, and C—H bonds [84,85],
the CSPs are supposed to exhibit high elastic modulus and hardness values favorable for their
use in tribological applications (especially as additives in lubricants). In this context,
nanoindentation studies have shown that, indeed, CSPs can have elastic modulus and hardness

values of 16.5 GPa (with a standard deviation (SD) of 4.8 GPa) and 1.2 GPa (with an SD of
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0.6 GPa) [83]. Apart from the mechanical properties, it has been suggested that if CSPs are
very small in size (say only few nms.), they fail to contribute to the rolling mechanism. Instead,
CSPs may get trapped in rough asperities on the surfaces, hindering the shearing process at the
contact surfaces [85]. Therefore, CSPs with dimensions larger than the roughness of the
shearing surfaces have been recommended for the role of rolling friction. Several works
reported improved tribological properties using CSPs additives in lubricants by considering the
above recommendations. In one recent work, 0.5 wt.% of CSPs were dispersed in Castrol SW-
40 EO [82]. The CSPs dispersed lubricant was then used to improve the tribological
performance of polyetheretherketone (PEEK). It may be noted that PEEK is now a popularly
used material in engineered sliding components. CSPs prepared using hydrothermal
carbonization have enough functional groups attached to their surfaces, leading to the strong
interactions of CSPs and lubricating oil, resulting in excellent stability of the dispersions. With
the increase in temperature from 10 to 65 °C, adding 0.5 wt.% CSPs had a marginal influence
on the viscosity. Tribological tests were performed on a ring-on-disk (tungsten steel upper ring
block and lower stationary PEEK disk) apparatus at ambient temperature and relative humidity
of 36%. Extreme operating conditions were applied to the CSPs added lubricant during the
tribological tests conducted under a load of 1500 N (contact pressure of 187 MPa), sliding
velocity of 150 rpm for 15 min. Tribological test results showed a reduction in friction
coefficient (23.5-33.2%) and wear rate (24.2%) with CSP dispersed oil compared to the BO.
The observed improvement was attributed to the homogenous blending of BO and the CSPs. It
is understood that during the sliding of friction pairs, surfaces slide against each other, and the
CSPs added lubricant fills the asperities and voids, forming a tribo-film to take the load and
minimize the friction. In the above-discussed study, CSPs have spherical morphology resulting
in rolling movement, thus elevating the tribological performance. Coefficient of friction (CoF)
values recorded using different wt.% of CSPs in Castrol 20W-40 oil [84] showed a maximum
reduction in the CoF, and any other concentration above 0.3 wt.% of CSPs increased CoF
values. It was observed that for lower concentrations below 0.3 wt.% of CSPs, CoF values were
close to that contributed by the neat oil. The CoF values surpassed the neat oil case at very low
concentrations of 0.05 and 0.01 wt.% of CSPs. When the CSPs are added in very low
concentrations, they fail to form a uniform film by adhering to the moving surfaces and create
resistance to the asperities under an applied force. However, at the optimal concentration of
CSPs, a uniform layer of protecting material and the spherical morphology act parallelly and
create a rolling effect called a ‘nano-bearing’ effect. This effect allows the surfaces to slide

smoothly over the CSPs' tribo-layer, thus reducing the direct surface-to-surface contact, which
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minimizes wear. At higher concentrations (higher than the optimal concentration) of CSPs,
agglomeration takes place, causing sedimentation. The sedimented or lump-like CSPs fail to
act as an efficient lubricant additive and, on the contrary, act as barriers to the sliding surfaces.
It was also found that the CoF values fall rapidly during the initial stage of the testing and then
stabilize, attaining a fixed value with time. This characteristic is due to the unstable contact
between the sliding surfaces in the initial stage of the test. In another interesting work, CSPs
dispersed BO showed a similar tribological behaviour as that of the virgin BO, but lower and
consistent CoF values were measured, indicating the enhanced lubricating performance of
CSPs in the BO [87]. Tribological tests were performed using ball-on-disk (52100 chromium
steel ball and 304 stainless steel disks with an RMS surface roughness of 0.1 pm). Over 50%
of wear volume reduction was observed when CSPs dispersed BO was used. The wear track
dimensions on the ball and disk decreased by using the CSPs dispersed BO. Interestingly, post-
testing formed tribo-films (between the sliding friction pairs) were highly graphitic, inferring
that the CSPs were present on the sliding contact area and improved the tribological properties.
CSPs were also used as grease-lubricating additives [86], and excellent results have been
observed. CSPs were dispersed in lithium lubricating grease, and it was experimentally found
that 1 wt.% CSPs in lithium grease delivered the optimal anti-wear and AF properties. CoF
was reduced by 20.43%, and wear volume was decreased by 49.30% when CSPs dispersed
grease was used. The worn surface was relatively smooth with few shadow furrows. This work
indicated that the concentration of the additives is an important aspect, and it is always
recommended to perform percolative studies to determine the optimal concentration. In this
work, when using the CSPs as the additive particles, enhanced lubrication is observed only up
to a threshold value of CSPs concentration and above which CSPs started to show a negative
impact. Here too ‘micro-roller’ effects, repairing and forming the protective film are the
reasons for enhanced tribological properties of CSPs dispersed grease lubricant.

Combustion of standard candles has been the most popular method to prepare CS. Candles
are highly rich in hydrocarbons (paraffin waxes with carbons in the range of C16—-C30) derived
from crude petroleum oil. The CS particles collected from burning standard candles have
graphitic layers with an onion-like core [88]. CS particles collected from the exterior flame of
the candle are fully oxidized NPs of homogenous shape and size. The combustion flame’s outer
zone has a sufficient oxygen supply compared to the following intermediate and core zones.
The combustion smoke from the bio-diesel soot dried at 120 °C for 3 h and subsequently
grounded results in the granular CS particles [89]. However, the yield in the combustion of bio-

diesel soot is meager. 1 kg bio-diesel yields only 13—18 g of CS. It is important to note that
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various factors may render the combustion incomplete, leading to inhomogeneous (in size and
shape) CS particles. Therefore, many attempts have been made to alter and tailor CS particles
to enhance their properties. Several techniques were proposed to prepare oxygen-containing
functional groups by oxidizing the surface of carbon blacks and other carbon nanostructures
[90]. One such technique is to use an organic base and surfactant [91]. By doing so, CS particles
decorated with hydroxyl groups can be prepared on a large scale. These functionalized CS
particles have enhanced dispersion and performance when added to water. Primary (diesel)
soot particles directly collected from a diesel engine’s exhaust pipe with four cylinders of a
typical passenger car exhaust pipe are either spherical or nearly spherical with sizes in the range
of 30—50 nm [92]. The surface morphology of these CS particles is extremely irregular, and
agglomeration of these CS NPs was noticed in the form of long chains due to adhesive
interaction between them [93]. An interesting study showed that hydrophobic CS particles can
be prepared by controlling the atmosphere near the combusting candle [93]. The combustion
was carried out in a perforated chamber that enhanced the air availability by creating a laminar
flow and ultimately facilitating lean combustion. Converting wasted materials into CS particles
has also been taken up by researchers. For example, rubber waste (bicycle’s rubber tube) was
converted into highly homogenous CS particles with sizes of 50-100 nm [94]. The wasted
rubber tube was burnt using the flame of a typical burner in a fume hood, and the combustion
soot was collected on a glass surface. The soot was then ground and annealed in a tubular
furnace at 900 °C for 5 h in an inert (Ar gas) atmosphere to obtain graphitized CS particles
finally. Even though CS and CSPs synthesis processes are divergent, their morphology and
structural characteristics are strikingly similar. The diameter of the CSPs is typically a few tens
of nm to few hundreds of nm. The high-resolution transmission electron microscopy indicates
that the CSPs particles are formed by layer-by-layer deposition and graphitized post-annealing.
A similar morphology is also reported for CS particles synthesized by different methods
[64,95]. Diffraction and spectroscopic studies showed that CS particles have similar crystalline
and bonding/phase characteristics as CSPs [94]. The graphitization level can be controlled
during combustion or by an appropriate heat treatment post-combustion. It is evident from the
spectroscopic studies that the CS particles mainly consisted of carbon and oxygen. The
diffraction studies have established that CS particles are nanosized and are quasi-crystalline.
The studies reveal that concentric graphitic layers constitute CS particles with poor
graphitization. in relative motion slide over each other, reducing the wear and friction. Similar
to CSPs, the spherical morphology can give the nano-bearing effect when deployed in

lubricants used at interfaces of sliding surfaces. The soot formation mechanism involves the
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formation of radicals from hydrocarbon molecules, and eventually, the radicals grow into soot
particles on a suitable substrate [95-97]. The CS particles obtained from bio-diesel soot were
dispersed in water and used as a lubricating medium [89]. Due to the addition of CS particles,
the tribological performance of rubbing surfaces improved at low to high loads, indicating that
the CS particles came in-between the rubbing surfaces and acted as nano-bearings, even under
a high load. This was attributed to the onion-like structure of the soot, causing the reduced
friction coefficient and wear rates. CS particles acted as a spacing agent between the rubbing
surfaces and gave a rolling effect between the moving pairs. At high loads, exfoliated graphitic
layers formed from the CS particles during the sliding. CS particles were also functionalized
by treating them with nitric acid. The functionalization yielded better tribological properties
compared to the as-synthesized CS particles. The additional functional groups helped the CS
to adhere better on the surfaces. The CoF and wear volume for steel—steel contacts lubricated
by neat perfluoropolyether and mixtures with varying mass concentrations of CS NPs were
observed. Polyether performed with meagre AF properties, the CoF being around 0.185. The
AF behaviour of polyether was enhanced by adding CS particles. The mixtures comprise CS
particles and polyether outrun the neat polyether for lubricating properties for steel-steel
contacts under varying test conditions (high temperature, step-loading). The enhanced
properties were attributed to the spherical shape of CS particles, consisting of layered graphene
internal structure. The soot particles act as roller bearing between the surfaces, decreasing the
wear. It has been experimentally observed that for the same concentration of CS particle
addition, the CoF increases with an increase in the CS particle size. During the sliding action
of the contact surfaces, the larger particles are pushed out of the contact area. Also, larger
particles occupy more area (while being less in number), resulting in smaller contact areas with
other particles and higher contact areas with the sliding surfaces, causing an increase in the
CoF [61]. However, it has also been observed that increasing the concentration of CS-sodium
dodecyl sulphate mixture in the lubricant can help to lower the CoF, but much-increased
concentrations will restrict the rolling movement of particles and cause a rise in CoF.

CS particles were also tried as additives in greases. For example, the average CoF of lithium
grease was lowest (0.1076) for a soot content of 1.0 wt.%, reduced by 21.35% as compared to
(0.1368) lithium grease [86]. This indicated that the lithium grease with appropriate soot has
superior tribological properties. As the percentage of soot rises from 0 to 1.0 wt.%, the wear
volume reduces from 0.012734 to 0.006456 mm?, and the reduction rate is 49.28%. However,
the wear volume increased as the soot content surpassed 1.0 wt.%. The improved performance

was also attributed to the ‘micro-roller’ effect when the surfaces slide. High carbon content
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was detected on the wear tracks, indicating that soot can adhere to the surfaces, promoting
rolling friction among the surfaces and eventually reducing the friction and wear by forming a
suitable tribo-film. A unique study involving textured surfaces and diesel-based CS particles
reported lower friction and wear [92]. The PAO oil with CS particles showed a CoF of 0.1
without any texturing on the surface. Even with textured surfaces, there was no significant
reduction compared to the CS-dispersed sample. The PAO without CS (here diesel soot)
samples are seen to have higher wear scar width values. The untextured sample shows the
biggest scar of 1150 pm, which reduces with increased texturing density. However, the addition
of CS into the PAO oil and the texturing effect drastically reduces the scar width, keeping it in
a low range of 280-300 pm. This reduction is due to the prevention of contact by the CS
particles. The CS particles act as nano-bearings between the two surfaces, eventually forming

a tribo-film on the surface. Such films have been confirmed in several reports [72,74,92,95].
2.2.2 1D Nanocarbons as Lubricant Additives

This section summarises the scientific development of 1D NCs production and application as
lubricant oil additives. Carbon nanotubes (CNTs) are the most widely known 1D NCs. CNTs
drew much attention by virue of their unique properties and applications in nanotechnology.
The structure of CNTs is cylindrical, with diameters ranging from a few nm to hundreds of nm.
[98]. Several synthesis methods and structural alterations are currently being developed for
suitable uses. These synthesis processes lack focus on a sustainable and continuous production
of CNTs. CNTs are divided into two types based on the inner wall present in them. Single-
walled carbon nanotubes (SWNTs), which are essentially single-layer graphene sheets with
diameters between 1-2 nm, were first utilized in 1993. The synthesis of CNTs necessitates the
use of a catalyst, and the properties of the CNTs can vary based on the processing parameters.
Double-walled carbon nanotubes (DWNTs) are composed of two separate carbon nanotubes,
where the larger one envelops the smaller one. The diameter of the larger tube ranges from 2-
4 nm, while the smaller tube has a diameter between 1-3 nm. On the other hand, multi-walled
carbon nanotubes (MWCNTs) have diameters varying from 2 to 50 nm, and they are
constructed from several layers of coiled graphene. The Russian doll model is a very common
model of MWCNTs, which involves graphene layers organized in concentric circles, and the
parchment model, where a lone graphene layer is coiled around itself numerous times, giving
it the appearance of a rolled-up piece of paper. Various methods have been used to synthesize
CNTs, but the yield, purity, and structure of the resulting CNTs often fall short of expectations.

Therefore, there is a need for researchers to innovate new techniques for synthesizing CNTs

33



Literature Review

with enhanced features. Various factors, such as the size of the catalyst, can influence the
structure, diameter, purity, and other properties of CNTs. The cost-effectiveness of the carbon
source used in CVD procedures is a critical consideration. The carbon source is used to produce
CNTs, so the cost of the carbon source largely determines the cost of the CNTs. Therefore,
efforts should be directed towards finding new carbon sources, and placed on designing and
developing a continuous synthesis process [99].

CNTs, particularly MWCNTs, have been extensively studied for their superior friction-
reducing properties. MWCNTs, with their unique structure properties of coaxial cylindrical
multi-layer graphene, have demonstrated potential as AF and AW additives [100]. Predictive
theoretical models have suggested that the interfacial shear forces between layers of MWCNTs
are quite low. However, structural defects in non-concentric layers can significantly increase
the shear force, which tends to increase progressively with the length of the CNT. On the other
hand, the chemical inertness of unmodified CNTs results in minimal adsorption on the surfaces
in question. There have been significant advancements in the field of CNTs in recent years. To
counteract the chemical inertness of CNTs, substantial surface functionalization was
accomplished using stearic acid [101], Cobalt [102], carboxyl [103], and many more [104], and
the friction behaviors are influenced by the density of the modifier on the surface [101,105].
MWCNTs with 0.08 wt.% polymeric aryl phosphates (PAPs) improved friction reduction by
approximately 60% and anti-wear performance by about 95% [106]. The mechanism and
rheological behavior of MWCNTs in the lubricating media were also investigated [105-107].
Notably, CNT additives were evaluated in the EO [108]. The research showed that
incorporating CNTs into EO lowered the motoring torque by 7%. It was observed that during
normal operation, the oil’s shear force effectively dispersed the CNTs in the engine, and the
oil filter system successfully removed CNT clusters. Ball on disc tests conducted on COOH-
functionalized MWCNTs dispersed in PAO4 and PAO6 oils in different concentrations (0.025
- 0.15 wt.%) showed significant reduction in the CoF by around 27% and the wear volume by
approximately 88% at 0.05 wt.% and 0.025 wt.% of CNTs in PAO, respectively. In PAO6, the
best CoF and wear volume were achieved with additive concentrations of 0.075 and 0.05 wt.%,
respectively. The results suggested that nano lubricants based on PAO6 had the most effective
frictional properties, while those based on PAO4 showed excellent AW performance. To better
understand the lubrication process of MWCNTs, the worn surfaces were examined using
various analytical techniques [103]. Fly-ash derived from oil was identified as a promising
source to produce CNTs as lubricant additives in BOs (Saudi Aramco 100SN, 500SN, and

150BS), which exhibited superior tribological performance even at very low concentrations.
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These CNTs were more effective in reducing the CoF between two metal surfaces compared
to other NCs. A 20% reduction in CoF at CNTs concentration of 0.1 wt.% was recorded. A
rheological analysis revealed that the viscosity of the S00SN oil impregnated with 0.1 wt.%
CNTs is effectively like the pure oil. It can be recommended that CNTs derived from fly-ash
could be an efficient additive for AF and AW lubrication [104]. An experiment was conducted
where a BO mixed with MWCNTs was used as a lubricant on nodular cast iron surfaces in
contact with steel to evaluate its tribological performance. The study, which utilized a pin-on-
disc method, found that the BO enriched with MWCNTs surpassed the performance of the BO
alone in terms of tribological properties. Furthermore, incorporating MWCNTs into the BO
improved its ability to bear load and its stability as a lubricant. The processes that led to the
enhanced performance of the lubricating oil with MWCNTSs on nodular cast iron were also
explored, scrutinized, and recorded [109]. Experimental trials were carried out on Mobil gear
627 and paraffinic mineral oils, both infused with different quantities of MWCNTs as additives,
to assess their AW, load-bearing ability, and CoF. The outcomes from these trials suggest that
incorporating MWCNTs into BOs aids in friction reduction and enhances AW characteristics.
Wear trials demonstrate that mineral oil with MWCNTs decreases wear by 68% and 39% in
comparison to the base Mobil gear 627 and paraffinic mineral oils, respectively. Moreover,
measurements of friction reduction reveal that mineral oil with MWCNTs reduces friction by
about 57% and 49% compared to the base Mobil gear 627 and paraffinic mineral oils,
respectively. The formation of a tribo-layer composed of elements from the nanoparticles was
confirmed through SEM micrographs and EDX chemical analysis [110]. MWCNTs were
dispersed in SAE 10W40 oil using ultrasonic waves and used as additives. The tribological
properties were evaluated using reciprocating wear tests. The experimental setup replicated the
interaction between the piston ring and cylinder liner under a variety of scenarios, including
diverse contact pressures and sliding speeds. The flow properties of the MWCNT-
nanolubricant samples displayed non-Newtonian traits (shear-thinning), while the SAE 10W-
40 oil showed behavior similar to a Newtonian fluid. The CoF reduced by 4%-34% and 26%-
32% under varying loads and velocities. Furthermore, after a sliding distance of 22.57 km at a
load of 240 N and a speed of 0.33 m/s, the specific wear rate of the surfaces reduced by 29%
and 40%, respectively. These findings imply that MWCNTs could be effective additives in
lubricants. [111]. To address the poor dispersion of MWCNTs they were subjected to ball
milling to reduce the length of the MWCNT and stabilized with surfactant prior to dispersing
in the test oil. Electromagnetic and Raman studies were conducted to determine the effect of

the ball milling. 0.5wt.% of the long and short-lived MWCNT are dispersed in the test oil (EP
35



Literature Review

140 gear oil). Light scattering techniques are utilised to determine the stability of scattered
MWCNTs. The AW, AF, and extreme pressure qualities of test oils are evaluated using a 4-
ball wear tester. Ball milling of MWCNTs has a substantial effect on lubricant stability and
tribological properties. Raman spectroscopy demonstrates that up to 10-hour ball milling did
not generate any flaws on the MWCNT surface. The dispersion of shorter MWCNTSs
considerably increased the lubricant's stability and AF performance. Long-term ball milling
lowers the advantage [112]. Single-walled carbon nanotubes (SWCNTs) and MWCNTs were
incorporated into SAE 10W40 motor oil to evaluate their tribological characteristics. In
comparison to standard EO without SWCNT and MWCNT, the introduction of MWCNTs into
the oil resulted in a 67% reduction in the Wear Scar Diameter (WSD), while the addition of
SWCNTs led to a 38% decrease in the WSD. The average CoF dropped by 56% with MWCNTs
and 48% with SWCNTs, a phenomenon that could be linked to changes in viscosity The
experimental results show that lubricating oil with MWCNTs performs better as an AW and
AF additive than SWCNTs [113]. MWCNTs, employed as nano-additives in varying amounts
together with a surfactant, were experimentally evaluated for their tribological properties using
a conformal block on a disc testing arrangement. The experimental parameters and the sizes of
the block and disc were established based on the Sommerfeld number (0.0025), which suggests
a mixed lubrication regime. The performance of the lubricant was assessed by monitoring the

frictional force and the rise in temperature throughout the experiment [114].
2.2.3 2D Nanocarbons as Lubricant Additives

Based on its physicochemical characteristics, graphene stands out as one of the most robust,
ultra-thin, and lightweight materials [115]. While this description is accurate at the atomic
level, graphene’s behavior varies at the micro level. Graphene is a two-dimensional material,
composed of a single layer of carbon atoms, less than 10 nm thick, arranged in a sp>-bonded
honeycomb lattice. The symmetric arrangement of carbon-carbon bonds in 2D graphene results
in high specific surface area (~2600 m?/g), making it an ideal material for numerous
applications [116]. Major commercial graphene manufacturing remains difficult due to the
various complexities in the processes employed, which vary depending on the application. The
top-down and bottom-up processes are the two routes through which graphene could be
synthesized [117]. For the majority of applications that necessitate the large-scale creation of
graphene, the top-down approach is typically preferred. This strategy encompasses methods
such as peeling, electrochemical procedures, and laser erosion. Conversely, bottom-up

techniques like chemical gas deposition, electric arc discharge, thermal decomposition, and
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plasma formation can yield graphene of superior quality with appealing -electrical
characteristics, but the production rates are not feasibly scalable. In the field of tribology,
graphene exhibits unique AF and AW properties that distinguish it from other materials. In
addition to its renowned thermal, electrical, optical, and mechanical attributes, graphene can
also serve as a lubricant in both solid and colloidal liquid forms. The primary advantages of its
outstanding tribological behavior include its robust chemical stability, remarkable mechanical
durability, and the simplicity with which it can slide on its tightly packed and atomically level
surface. The exceptional mechanical robustness of graphene aids in reducing wear on
interacting surfaces. Furthermore, due to its atomically sleek features and low surface energy,
graphene can replace solid layers that are commonly employed to reduce the adhesion and
friction of interacting pairs [118].

Graphene acts as a component in liquid lubricants such as oil and water, and it is also
employed independently as a solid lubricant [118,119]. The first mechanical peeling of
graphene from large graphite crystals using clear tape has been well-documented [120] and
despite being just a few atoms in thickness, it exhibits remarkable stability and unique
properties. Later, it was shown that AFM cantilever can be used to peel off graphene layers
from graphite crystals on the microscale [121]. Single-layer graphene nanosheets range in size
from nanometres to several tens of micrometers. Ball milling is a less expensive method of
preparing graphene than AFM cantilevers. On a macro scale, Jeon et al. exfoliated graphene
using dry ice and ball milling [122], where edge-selective carboxylated graphite was created.
The graphite was dispersed in various solvents during the ball milling process and self-
exfoliated into single- and few-layer structures. Experiments were done to determine the
inherent properties of mechanically exfoliated graphene. Jeon et al. also developed graphene
nanoplatelets with functionalized edges [123]. Providing enough kinetic energy to graphitic
frameworks in this process broke the C-C bonds, resulting in active (free radicals) carbon
species and graphene nanoplatelets with functionalized edges. Suvarna et al. performed
jaggery-assisted ball milling to synthesize graphene [124]. Arao et al. explored salt-assisted
ball milling to prepare exfoliated graphene [125]. The study discovered that salts, such as
potassium carbonate or sodium acetate, when attached to the active carbon at the graphite’s
edge, assist in creating a stable colloid that reduces the electrical repulsion resulting from ionic
separation. This enables graphene to be evenly distributed in solvents with a low boiling point,
like water. The strong mechanical characteristics, large specific surface area, and chemical
stability of graphene make it an attractive substance for lubrication applications. Although

previous methods produce high-quality graphene with minimal defects, they are restricted in
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terms of complexity and yield. Graphene, being a flat, single-atom-thick sheet of carbon, can
easily penetrate friction barriers, preventing direct contact between sliding surfaces [126]. Due
to its nano-sized effect, graphene exhibits high surface activity, enabling it to adsorb onto the
rubbing surface and form a shielding film throughout the lubrication process [127,128]. This
adsorption phenomenon is primarily composed of physical and chemical adsorption. Graphene
lubricating supplements with minimal chemical reactivity can mend and fill in damaged
surfaces by establishing a protective layer of physical adsorption, dependent on their load-
bearing ability. Moreover, graphene can chemically adsorb onto steel surfaces, facilitated by
reactive free bonds. It attaches securely to original iron surfaces, significantly diminishing their
surface energy. Metal surfaces coated with graphene become almost inactive, exhibiting
extremely low adhesion and shear force during friction [129]. The application of high pressure
and heat during contact can lead to the disintegration of tribofilms and the formation of a new
structural state. Direct examination of the tribo layers formed on the friction contacts, even at
the nanoscale, showed an evolution in their arrangement [130,131]. Graphene that has been
exfoliated, typically achieved through thermal and/or chemical exfoliation methods, usually
possesses a substantial specific surface area, elevated interlayer spacing, and minimal structural
defects. Numerous studies have been carried out on graphene nanosheets with different levels
of exfoliation used as lubricant additives and their nanostructural changes during friction.
Highly exfoliated graphene tends to stack and arrange under pressures and shearing forces,
forming a stable and layered adsorption coating aligned with the sliding direction on the contact
surfaces, markedly improving the tribological characteristics [132]. As a result, the structural
alteration of graphene induced by friction is broadly acknowledged, with the advancement of
structuring and even the process of becoming graphite playing a pivotal role in graphene’s
lubrication. The innate self-lubricating characteristics of graphene are ascribed to its feeble
interlayer contact intensity. When graphene nano-sheets or nano-spheres slide across a
graphene surface, the inherent ultra-low friction of graphene can be realized through interlayer
sliding at non-aligned junctions [133,134]. The frictional forces among graphene layers are not
consistent, and the interlayers can readily shift from a state of minimal friction
(incommensurate) to a state of significant friction (commensurate). The distance between
layers largely influences the interlayer van der Waals force and the sliding obstacle in graphene.
Comprehensive computations using molecular force field statics were performed to examine
the effect of interlayer spacing on the tribological attributes of graphene. Increasing the gap
between layers diminishes the frictional forces between graphene sheets (the inherent layer

spacing of graphene is 0.334 nm). As mentioned earlier, the chemical reduction of SRGO
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results in a larger interlayer spacing of 4.25 A. Due to the ease of interlayer sliding among
SRGO graphene layers, nanosheets with extremely high exfoliation exhibit superior
tribological performance compared to those with low exfoliation [132]. The findings illuminate
the possibility of managing friction between graphene sheets and their potential applications.
Since its discovery [120], graphene has demonstrated enormous potential to revolutionize
various applications [135]. However, each application necessitates a distinct sort of
graphenaceous material. Applications such as electronics and sensors require the use of
carefully controlled mono or bi-layered graphene with minimal surface and edge defects. In
contrast, applications like structural composites, lubricants, and electrode materials necessitate
the use of few-layered graphene (FLG, consisting of 4-10 layers) or multi-layered graphene
(MLG, more than 10 layers). These applications can tolerate a significant number of defects,
as long as the physicochemical properties remain consistent. However, to cater to the needs of
these applications, it’s crucial to produce graphenaceous materials on a large scale, ideally on
a kilogram scale [136]. In this context, liquid phase exfoliation (LPE) has been recommended
as a method for producing substantial quantities of graphenaceous materials [137]. Liquid
Phase Exfoliation (LPE) entails spreading the material to be exfoliated in an appropriate solvent
(or a mixture of solvents) and then applying intense shear forces, leading to exfoliation in a
liquid medium. The process is influenced by several parameters, including surface tension,
Hansen solubility parameters, the types of solvents used, the design of the processing
equipment, and the application of sonication [138-143], help to tailor the exfoliation. As per
fundamental research, elements like surfactants, functionalization, among others, play a
significant role in the successful Liquid Phase Exfoliation (LPE) of graphite into graphene
[144]. Many experiments have described the synthesis of various graphenaceous forms
employing LPE or a combination of LPE and sonication in polar, organic, and polar-clean
[143,145,146] solvents with detailed discussions on dispersion and exfoliation mechanisms
[147,148] and on the compatibility with solvents [149], different methodologies [138] and the
associated challenges [140]. Table 1 lists relevant details from LPE-related works that report
on processing various graphenaceous forms. Even though the papers in Table 1 are hailed as
having the possibility for scaling up, there are no particular reports on the kg-scale sustainable
production of graphenaceous materials. One of the significant hurdles in commercializing
MLG is scaling up its production process from the lab-scale to the pilot-scale and finally to the
industrial-scale. At the same time, the production process should be efficient, cost-effective,
and sustainable. 2D materials (such as MLG, FLG, MoS,, WS>, and h-BN) are held by weak

van der Waals forces along the normal to their basal planes, rendering low shear strength along
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the basal planes. This facilitates consecutive layers to slide over each other easily when shear
forces are applied, creating a self-lubricating effect. The in-plane covalent bonding among

atoms in the basal planes gives these 2D materials high modulus and strength.

Table 1. Reports on LPE leading to the formation of various graphenaceous forms.

Starting End Solvent Surfactant  Yield Application
material material
Purified FLG DI water Sodium gscale [150] Conductive
natural cholate thin films
graphite
flakes
Graphite GO DI water - gscale [151] Medical
flakes nanosheets applications
Natural FLG N-Methyl - g scale [152] High
graphite pyrrolidone electrical
flakes (NMP) conducting
films
Natural FLG N-Methyl - gscale [153] Flexible
graphite pyrrolidone electronics
flakes (NMP)
Pristine FLG Water and N, N- - gscale [154] Applications
expanded dimethylformam requiring
graphite ide high-quality
powder graphene
Graphite MLG Water and - gscale [155] Engineering
flakes Dimethyl applications
sulfoxide

By virtue of their aspect ratio, 2D materials can cover multiple surface asperities on the
contacting surfaces, which eventually reduces the actual contact area of the contacting surfaces,
substantially minimizing the coefficient of friction (CoF) and wear. Graphene, in particular,
has attracted enormous attention as a lubricating material with the ability to deliver very low
CoF and reduce wear between contacting surfaces [156,157]. The concentration of the
graphene, the number of layers of graphene nanosheets, the dispersion stability, and the

lubrication conditions are the most critical elements that determine the lubricating

40



Literature Review

characteristics of graphene-based nano lubricants [ 156-160]. Graphene derived from top-down
processes is more viable for application as lubricant additives, considering the aspects of yield
and sustainability. A unique approach based on concentrated solar radiation was utilized to
exfoliate graphite oxide, yielding ultrathin graphene (UG). The frictional characteristics,
antiwear (AW), and extreme pressure (EP) qualities of graphene-based EO nanofluids have
been studied. Compared to BO, nanofluids enhance their frictional characteristics, AW, and EP
qualities by 80%, 33%, and 40%, respectively. The improvement was ascribed to graphene's
nano-bearing mechanism in EO and graphene's ultimate mechanical strength [161]. However,
the approach used to produce graphene in this study appears exotic but practically
unsustainable. Electrochemically exfoliated graphene diffused consistently in polyethylene
glycol 200 (PEG200) enhanced tribological properties, particularly thinner and smaller
modified-graphene with decreased friction and wear (reduced by 16% and 25.9%,
respectively). The modified-graphene and as-formed protective layer on the mating contacts
provide this important lubricating function. Furthermore, the interfacial contact changed the
additive into an overlapping and ordered-sheet structure [162]. Experimental studies with 3-
dimensional graphene nanosheets produced in an arc-discharge CVD as a lubricant additive
showed tribological improvements. Under low and high loads (4.2 mm/s sliding speed and
roughly 1.0 GPa contact pressure), the reduction in friction and wear were 29.1% and 55%,
respectively, compared to the BO. However, the material failed to lubricate effectively at
higher loads owing to deteriorated structure [163]. Thermally reduced graphite oxide (Gr-O)
was explored as a lubricant additive in a BO. The BO's varying CoF between 0.15 to 0.20 was
significantly reduced by using 0.5wt.% Gr-O in the oil. At larger concentrations (1.0 wt.%),
the Gr-O particles were suspected to aggregate and block the sliding motion, resulting in a
higher friction coefficient. Also, it was concluded that the structural flaws of fold and wrinkling
in Gr-O nanosheets can reduce their lubricating properties [164]. In a study using commercially
procured graphene nano additives in a SW30 oil, CoF was reduced by 15%, and wear scar was
reduced by 33%. The worn surfaces were characterized to understand the tribofilm formation
of graphene nano additives [165]. The tribological behaviour of lubricants (Pongamia oil and
15W40 EO) with and without the addition of commercial graphene nanoplatelets (GNPs) was
studied. Worn surface analysis revealed the polishing impact of GNPs on the surfaces. The
inclusion of 0.05 wt.% GNPs in lubricants reduced friction and wear by 17.5% and 12.24%
(Pongamia oil), respectively, and by 11.96% and 5.14% (15W40 EO), respectively [166].
However, challenges in the sustainable synthesis, dispersibility, and stability of NCs within

lubricant formulations hinder their widespread adoption. Although numerous studies have
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shown that NCs improve lubricity when used as additives in lubricants, little emphasis has been
placed on the sustainable synthesis of carbon-based nanostructures. The synthesis of graphene,
carbon nanotubes (CNTs), and 0D NCs like onion-like carbon holds enormous promise as
lubricant additives, but it faces significant obstacles in terms of scalability, energy
consumption, and environmental impact. Environmental issues are exacerbated by resource-
intensive procedures. Sustainable efforts attempt to decrease energy consumption and waste
output by utilising alternate precursors and optimised synthesis conditions. Controlling
material purity and consistency for scale production is a difficulty in NCs synthesis faces
several hurdles which involves costly precursors and complicated multi-step procedures. To
solve these issues, it is clear from the literature that renewable precursor materials and energy-
efficient synthesis techniques must be investigated. Ultimately, ensuring the sustainable and
eco-friendly production of these NCs and further exploring them as lubricant additives to
improve the wear preventive and AF properties requires innovative approaches to minimise

energy usage, waste production, and reliance on hazardous materials.
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Chapter 3 Experimental Details

3.1 Processing of Materials

3.1.1 Processing of 0D Nanocarbons (RTS and OLC nanoparticles)

The 0D NCs in this work were derived from waste tyre and tubes. Waste cycle rubber tubes [1]
were used to produce spherical soot-like carbon NPs with a diameter of 100-150 nm. The
rubber tubes were first shredded into smaller pieces, washed in hot water, and dried to remove
impurities like mud, oil, etc., which could be present on the tubes. The dried rubber pieces are
then directly subjected to thermal decomposition under atmospheric pressure, and the fumes
produced are allowed to condense on a borosilicate surface uniformly. The condensate was
collected and isothermally annealed at 900 °C in the Ar atmosphere for 120 min to obtain
carbon soot (as revealed by different characterization techniques). The annealing process helps
remove unwanted elements like sulfur, oxygen, or other impurities in the collected condensate.
The entire process was carried out under a fume hood to prevent the burning fumes from
contaminating the room (Fig. 4). A gas filter was used at the exhaust of the thermal
decomposition set-up to trap any particulates and reduce the hazard of exhaust gases, if any.
The prepared CS NPs are named Rubber-Tube Derived Soot (RTS) NPs and were further

characterized and studied for the desired application.
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Figure 4. Schematic of the processing of RTS NPs from waste tyre tubes.
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Other 0D nanocarbons considered in this study are tyre pyrolysis waste (TPW) particles
and onion-like carbon (OLC) particles derived from TPW. Approximately 30-35% of carbon
is obtained after waste tyres are pyrolyzed. This carbon is reused as filler materials in the rubber
industry. However, it has not been utilized as lubricant additives or processed into high-value
material. TPW was procured from a local tyre pyrolysis plant at %3 per kg. 800 g of as-procured
TPW was then filled in a custom-made graphite boat (250 mm %10 mmx 30 mm) with a lid
and placed in a furnace for heating. The material in the furnace was heated in an argon
atmosphere at 10 °C/min (10 cpm) to a temperature of 2200 °C and maintained for 1 h. Then,
the furnace was naturally cooled to room temperature, after which the resultant powder
(subsequently characterized as OLC) was collected. The as-procured TPW and the as-prepared
OLC were characterized using various characterization techniques to understand its
microstructure, crystallinity, bonding structure, and degradation behavior. The conversion of
TPW into OLC has been performed at 2200 °C for 1 h after understanding the structural
changes in amorphous carbon as a function of temperature [2-4]. The conversion efficiency of

the TPW conversion to OLC was calculated as 90-93% by weight after several repetitions.
3.1.2 Processing of ID MWCNTs

A customized fluidized bed reactor (Fig. 5) is used for processing the MWCNTs. The fluidized
bed can be assumed of like an assortment of particles that behave like a fluid when a fluidizing
agent (a gas or a liquid) is purged through it from below. As the velocity of the purged fluid
increases, the friction leads to a drop in the pressure across the bed. The drag force on the
particles due to the purged fluid acting upwards escalates until it equals the perceived weight
of the particles on the bed. This results in the commencement of fluidization at a certain
minimum fluidization speed. This fluidization regime typically exhibits the highest heat and
mass transfer rates. Although the typical heat transfer coefficient from gas to particle is small
(between 5-20 W/m?K) and could possibly be a hinderance for any fluid-solid system, the high
surface area of the fine particles on the bed mitigates this issue. Therefore, the heat transfer
between fluid-to-particle is hardly ever the limiting factor in fluidized-bed arrangements. This
implies that the bed is maintained at a consistent and regulated temperature, allowing for a
more accurate understanding of temperature dependent growth of MWCNTs in fluidized bed
arrangements. Efficient blending in properly engineered fluidized beds results in a consistent
system. As a result, all catalyst particles encounter the feed gases and partake in the reaction,
offering a superior gauge of output per unit mass of catalyst compared to stationary bed

reactors. In the majority of heterogeneous reaction systems, an expanded catalyst contact
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surface is advantageous for the chemical reaction; this is also true during the production of
MWCNTs and will boost the total reaction effectiveness.

The reaction zone in the fluidized bed reactor (Fig. 5) is a stainless steel (SS) tube (107 mm
in inner diameter and 530 mm in height). An SS mesh is used as a gas distributor, while an
electrical furnace equipped with a thermocouple located at the center of the SS tube allows the
fluidized bed temperature to be monitored. The furnace is heated to 750 °C, and then the Ar
gas (at 7.6 SLM) is introduced to maintain an inert atmosphere in the furnace, followed by the
simultaneous introduction of CoH» gas (at 2.5 LPM) and Ni catalysts into the furnace. The
reaction is allowed for 3 min, after which the C2Ha gas flow is stopped. MWCNTs (in g scale)
are formed on the SS gas distributor, which is cooled to room temperature under the Ar gas

flow to avoid the oxidation of MWCNTs.

Figure 5. The vertical fluidized bed reactor used for the production of MWCNTs.

3.1.3 Processing of 2D MLG Nanoparticles

Natural Graphite Flakes (NGF, mesh size +40) were first intercalated using a mixture of
analytical grade H>SO4 and HNOs in the ratio 3:1 by volume. The intercalation was done under
constant stirring to ensure homogeneity of the entry of the intercalant ions into the van der
Waals gaps of graphite layers of NGF followed by diluting the mixture with water to attain a
pH of 7. The intercalated graphite (IG) was dried using bloating paper to remove the residual
water. After drying, the IG was subjected to thermal shock at 1000 °C in a furnace to obtain
expanded graphite (EG). The optical images of NGF, IG, and EG are shown in Fig. 6. The NGF
is flaky and shiny, while distorted flakes constitute the IG. EG has an accordion-like
morphology, and the graphitic layers held along the c-axis of graphite could exfoliate off easily
under the slightest applied shear force.
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i

Figure 6. Optical microscopy images of (a) NGF, (b) IG, (c) EG and (d) MLG.

1 kg of EG was mixed in a mixture of water and isopropanol in an optimized ratio and then
subjected to shear forces in a high rpm stator-rotor-based shear mixer in anticipation of the
exfoliation of EG. The resultant slurry was sonicated (SONICS Vibra Cell probe sonicator) in
on/off mode for further exfoliation. The sonicated slurry was washed using deionized water to
remove any solvent, filtered, and dried at 100 °C, resulting in 0.96 kg of MLG powder, as
revealed by various characterization techniques. For clarity purposes, the schematic of the

preparation process of MLG nanoparticles is shown in Figure 7.
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Figure 7. Schematic showing the processing of MLG from NGF.
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3.2 Materials Characterization

The morphology of the nanocarbons produced in this work was recorded using a field emission
scanning electron microscope (FESEM, Carl-Geiss Gemini 500) and a high-resolution
transmission electron microscope (HRTEM, FEI TecnaiTF20) operated at 2 kV and 200 kV,
respectively. Energy dispersive x-ray analysis (EDXA) was carried out for two samples (TPW
and OLC) using FESEM (operated at 18 kV) to know the elemental compositions. For high-
resolution TEM imaging, the samples were prepared by uniformly dispersing different
nanocarbons in ethanol and carefully dropping the dispersion over holy-carbon grids. The RTS
particles were subjected to high-resolution transmission electron microscopy using the JEM
F200 JEOL from Japan. The TPW and OLC loaded grids were observed using the FEI Tecnai
TF20 microscope with a maximum accelerating voltage of 200 KV. The MLG and MWCNT
samples were imaged using FEI Technai G* S-Twin microscope.

The x-ray diffraction (XRD) technique was used to characterize the prepared nanocarbons
for crystallinity and phase information. Bruker D8 Advance equipped with Cu Ko (A= 1.54 A)
was used to record the diffractograms in the 26 range of 10-100° by using a step size of
0.02°/min. Raman spectrum of the RTS nanoparticles was recorded with a confocal micro-
Raman spectrometer (Alpha 300 WITec, Germany) using a near-field scanning optical
microscope equipped with a 514 nm laser and a spectral resolution of 1 cm™. The Raman
spectra of TPW and OLCs were recorded using a confocal micro-Raman spectrometer (WITec
UHTS 600) equipped with a 532 nm laser. A Labram HR spectrometer (HORIBA Jobin—Yvon,
Japan) using 532 nm laser excitation was used to record the Raman spectra of the produced
MWCNTs, NGF, and MLG. The prepared nanocarbons were studied for their thermal stability
in air using the thermogravimetry technique on Simultaneous Thermal Analyzer (STA 449
Jupiter). Approximately 10-12 mg of the prepared nanocarbons were loaded into AlO;
crucibles with a lid to cover the crucible during the heating. The samples were heated to a
temperature of 1000 °C at a heating rate of 10 °C/min (10 cpm). Air was purged during the

entire process at a flow rate of 150 sccm.

3.3 Preparation of Lubricants with Nanocarbons as Additives

In this work, probe sonication was used to disperse the nanocarbons in lubricants.
Ultrasonication plays an important role in the proper dispersion of nano additives in lubricants.
Ultrasonication generates cavitation bubbles in the lubricant. When these bubbles implode, high

shear forces and microjets are locally generated. These help in contravention of nano additive
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agglomerates, ensuring even dispersion of nano additive particles throughout the lubricant.
Furthermore, ultrasonication speeds up the mixing process, lowering the time required to
achieve a homogenous dispersion compared to other mixing approaches. Practically,
ultrasonication is energy-efficient and scalable. It facilitates easy and precise process control to
optimize the nano lubricant preparation. Even the undesirable hot spots (which can be
detrimental in the case of lubricants) can be easily circumvented by the choice of process
parameters. The additive-free Group-2 dewaxed N500 oil obtained from Hindustan Petroleum
Corporation Ltd., India, was used as the BO in this work. The BO without any additives was
considered to understand the AW and anti-friction properties of the developed nanocarbons as
additives in lubricants. Three test samples of each nanocarbon developed were prepared by
dispersing 0.1wt. %, 0.3 wt.%, and 0.5wt.% of the materials in the BO. The probe sonicator
(SONICS Vibra Cell probe sonicator) was operated at 40% amplitude in on/off mode (15 s
each). A water bath was used to mitigate the heat generated during the process because heating
can impact the rheological properties. All the samples were sonicated for 3 h to ensure
homogenous dispersion of the nanocarbons. The samples are visually observed for any
sedimentation after being left undisturbed for 90 days. Higher concentrations (> 0.5 wt.%)
weren’t prepared due to observable sedimentation in 0.5 wt.% sample. The nanocarbons were
also dispersed in a commercial oil (CO). The CO used is ENI Tristar 15W40, which is an API
CF-4 multigrade diesel engine oil having good AW and anti-corrosion properties. 15W-40
engine oil is a multi-viscosity oil that is extensively used in automobiles, trucks, and certain
heavy machines. The numbers "15W" and "40" in the oil's name refer to its viscosity ratings,
which characterize its flow properties at various temperatures. The digits and the "W" stand for
the following: "W" in this grade stands for "winter," and the number before it (15 in this
example) represents the viscosity of the oil at low temperatures. In chilly conditions, lower
numbers suggest better flow. In practice, this implies that the oil will flow more smoothly in
cold circumstances, giving better protection during cold engine starter. The number after the
"W" (40 in this example) reflects the viscosity of the oil at operating or high temperatures.
Higher numbers imply thicker oil that is more suitable for high-temperature situations. When
the engine is heated, this helps to maintain optimum lubrication and protection. The advantage
of 15W-40 engine oil is that it is designed to function well in a wide temperature range, making
it suited for a variety of climates and applications. It provides exceptional cold-start protection
and keeps the engine lubricated at high temperatures, which is critical for engine durability and
efficiency. Older petrol and diesel engines, as well as certain current diesel engines, agricultural

equipment and heavy-duty trucks, all utilize 15W-40 engine oil. It strikes a compromise
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between cold-weather performance and high-temperature resistance, making it an adaptable
choice for a wide range of vehicles and machines. The TPW and OLC were dispersed in an
additive-free group-II dewaxed N500 BO. Group-II BO is used in formulating commonly used
EOs; hence, studying its characteristic changes in wear and coefficient of friction (CoF) will
help understand the feasibility of the materials as lubricant additives. The additive-free BO will
ensure no synergism or antagonism between other additive compounds and the carbonaceous

materials used as fillers.

3.4 Measurement of Rheological Properties of Lubricant Samples

The rheological properties (i.e., viscosity and shear stress) of the nanocarbons-dispersed
lubricants were evaluated on a Brookfield rheometer R/S-CPS+ working on Searles’s principle
using a co-axial cylindrical spindle CC3 45 DIN by applying a shear rate of 0-1000 sec™. In
the field of tribology, viscosity is used to describe the flow properties of lubricants and is an
important factor in determining the performance of lubricated systems. Viscosity is expressed
in units of centipoise (cP) or poise (P), and is dependent on temperature, pressure, and the
chemical composition of the lubricant. For example, increasing temperature generally leads to
a decrease in viscosity, while increasing pressure often leads to an increase in viscosity. In
lubricants, viscosity is an important factor in determining the load-carrying capacity, film
strength, and friction reduction properties of the fluid. High-viscosity lubricants are typically
better at carrying heavy loads, providing better film strength, and reducing friction. On the
other hand, low-viscosity lubricants are easier to pump and flow through small orifices, making
them more suitable for applications where high fluid flow is required. A viscometer, which
gauges the duration required for a specific volume of fluid to pass through a capillary at a set
shear rate, can be used to ascertain the viscosity of a lubricant. The most used viscometers in
tribology are the Brookfield viscometer and the rotational viscometer. In addition to its
importance in tribology, viscosity is also used in other scientific and industrial fields, including
rheology, fluid mechanics, and chemical engineering. For instance, in rheology research,
viscosity serves as a metric for the mechanical characteristics of intricate fluids like polymer
solutions, suspensions, and emulsions. To sum up, viscosity is a crucial attribute of fluids that
signifies its opposition to flow.

Viscosity measurement of lubricants is an important aspect in tribology and plays a crucial
role in the selection of appropriate lubricants for different applications. A rotational rheometer
is one of the commonly used instruments to measure the viscosity of lubricants. In a rotational

rheometer, the lubricant sample is placed between two parallel plates and subjected to shear
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stress by rotating one of the plates while the other plate remains stationary. The applied shear
rate and the resulting shear stress are used to determine the lubricant’s viscosity. A key benefit
of employing a rotational rheometer to measure viscosity is its ability to assess viscosity across
a broad spectrum of shear rates. This is crucial for understanding how the lubricant’s flow
characteristics vary under diverse conditions. One of the benefits of rotational rheometers is
their ability to measure viscosity at elevated temperatures, which is crucial for analyzing the
performance of lubricants under high-temperature conditions. Additionally, rotational
rheometers can evaluate the viscosity of non-Newtonian fluids, which are fluids whose
behavior deviates from Newton’s law of viscosity. Such fluids, including polymers, display a
stress response that varies with time and have a viscosity that is dependent on the shear rate.
By assessing the viscosity of these fluids at various shear rates, rotational rheometers can yield
valuable insights into their flow characteristics. In summary, due to their capacity to measure
viscosity across a broad range of shear rates and at high temperatures, as well as their ability
to evaluate the viscosity of non-Newtonian fluids, rotational rheometers are extensively
employed for viscosity measurements of lubricants. This is vital for comprehending the flow
properties of these substances.

Rheological tests were conducted using a rotational rheometer, which operates based on
Searle’s principle, utilizing the shear rate sweep method. This technique is widely used in
rheology to ascertain the viscosity and flow characteristics of materials. The process involves
subjecting a sample to varying shear rates while recording the resultant stress or torque. To
execute a shear rate sweep, a small quantity of the sample is positioned in the measurement
gap of the rheometer’s measuring geometry, typically comprising two concentric cylinders or
a parallel plate setup. The sample is then exposed to a sequence of rotational speeds, or shear
rates, and the corresponding stress or torque is measured. The shear rate is determined by
dividing the velocity of the measuring geometry by the gap between the cylinders or plates. As
the shear rate escalates, the material undergoes increasing degrees of deformation, leading to
alterations in its viscosity and flow behavior. The collected data is usually represented as a
curve plotting viscosity against shear rate. This graph can reveal crucial information about the
material’s flow behavior, such as whether it exhibits shear thinning, shear thickening, or yield
stress behavior. Such insights are valuable for predicting how the material will respond under
various processing or handling scenarios. Shear rate sweep is a widely used method for
measuring the rheological properties of materials in rotational rheometers. Some of the
advantages of using shear rate sweep include: Broad Range of Shear Rates: Shear rate sweep

allows for the viscosity measurements to be done over a broad range of applied shear rates,
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from very low to very high. This is important because the viscosity of many materials can vary
significantly over different shear rates. Accurate Measurement of Viscosity: By measuring the
stress or torque as a function of applied shear rate, shear rate sweep provides a direct
measurement of the material's viscosity. This allows for accurate characterization of the
material's rheological properties. Easy to Perform: Shear rate sweep is a relatively simple and
straightforward method that can be easily performed on most rotational rheometers. It does not
require specialized equipment or complex sample preparation. Useful for Quality Control:
Shear rate sweep is often used for quality control in manufacturing processes, as it can quickly
and easily detect changes in the rheological properties of materials. Provides Information on
Material Behavior: Shear rate sweep can provide important information on the flow behavior
of materials, including shear thinning, shear thickening, and yield stress. This information can
be useful for understanding how materials will behave under different processing or handling

conditions.

3.5 Measurement of Tribological Properties using Lubricant Samples

The Four ball wear test is a commonly used method for evaluating the wear and friction
properties of lubricants. The test is performed using a specialized tribometer, which is designed
to simulate conditions similar to those encountered in typical industrial and automotive
applications. The four-ball wear test consists of four steel balls that are placed in contact with
one another, with a lubricant between them. The balls are then subjected to a controlled load,
which is typically in the range of 40-60 kg, and rotated against each other. The test is performed
for a specified period of time, typically 10-60 min, and the resulting wear scar on the balls is
measured to determine the wear preventive characteristics of the lubricant. The coefficient of
friction between the balls is also measured during the test, and is used to evaluate the friction
preventive performance of the lubricating media. The four-ball wear test is used to evaluate the
performance of lubricants in a wide range of industrial and automotive applications. It is
commonly used to evaluate EOs, gear oils, and other types of lubricants that are used in high-
load and high-temperature environments. The test is useful for assessing the ability of
lubricants to reduce friction and wear, and to protect metal surfaces from corrosion and damage.
The four-ball wear test has several advantages, including its ability to provide a rapid and
accurate assessment of the wear and friction properties of lubricants. The four - ball wear test
is an important tool for lubricant developers, manufacturers, and users, and continues to be

widely used in the industry.
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ASTM D4172 is a standard test method for determining the wear characteristics of
lubricants. The test is commonly referred to as the "Four Ball Wear Test" and is used to evaluate
the performance of lubricants in high-load, high-temperature applications. The same has been
used in this work. The test is performed using a specialized tribometer that consists of four
steel balls that are placed in contact with one another, with a lubricant between them. The balls
are then subjected to a controlled load, which is typically in the range of 40 kg (392N + 5N),
and rotated against each other. The tribological test is conducted over a set duration of 1 h, and
the ensuing wear mark on the balls is evaluated to gauge the wear resistance of the lubricant.
The friction coefficient between the balls is also recorded during the test, serving as a measure
of the lubricant’s friction preventive performance. The measurements of the wear scar
diameters formed on the 4-ball wear test specimens is done using an optical microscope with
10X magnification. The test sample should be cleaned and polished before conducting the test
to ensure that the surface is smooth and free from any contaminants. The sample is then placed
in the 4-ball wear test apparatus and the test is conducted. After the test is completed, the
sample is removed from the test apparatus and cleaned to remove any debris or residual
lubricant. The fixed balls along with the die is then mounted onto the microscope. Care should
be taken to ensure that the sample is mounted in a way that allows the wear scar to be viewed
clearly under the microscope. The sample is then imaged using the 10X magnification objective
lens. The microscope should be focused on the wear scar to obtain a clear image. The diameter
of the wear scar can be measured using the in-built image analysis software (TC capture). The
measured wear scar diameter is recorded as per the test conditions such as load, speed, and
duration of the test. In summary, the wear scar diameter measurement of 4-ball wear test
samples using an optical microscope with 10X magnification involves preparing the sample,
mounting it onto a microscope and analyzing the wear scar image to determine the diameter.
This technique provides a reliable and accurate method for evaluating the wear resistance of
materials under sliding or rolling contact. The wear scar depth, h (in mm) was calculated using
Equation 1 [5], where K; =4822 x 10° mm™, K» =3.35 x 10 mm? N!, and K5 = 1.63 x 10*
mm N2 for the steel balls, L is load applied in N and d is the WSD in mm.

h = K,d? + (%) = K,L?/3 (Equation 1)
The average wear volume loss (V) values on the rubbing surfaces (here, surfaces of the steel
balls used for wear testing) in mm? were calculated using Equation 2 [6], where d is the WSD
in mm, W is the load in N, C; = 1.55x 102 mm™ and C,=1.09 x 10°® mm?N"'.
V = (C,;d* - C,wd (Equation 2)
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Chapter 4 Results and Discussion

4.1 0D RTS Particles as Additives in Lubricants

Figures 8 and 9 show the morphological images of RTS nanoparticles as observed using SEM
and TEM. The images (Figs. 8 and 9) reveal that RTS nanoparticles are spherical with 50-100
nm sizes. The sample's HRTEM image (Fig. 9 (b)) reveals a heliocentric-like arrangement of
graphene layers in each RTS nanoparticle. At the same time, a closer observation reveals a
great degree of disorderedness in the arrangement of the graphitic layers. In the XRD pattern
(Fig. 10) of RTS nanoparticles, the broad peak at 20 equals 23.7° is indexed to the (002) plane
in graphite. The (002) diffraction peak in bulk graphite is typically recorded at 26 equals 26.6°.
Another broad diffraction peak at 43.6° is indexed to the (101) plane in graphite. The broadness
of the recorded diffraction peaks indicates a low degree of graphitization (in other words, a
high degree of disorderedness). The interlayer spacing in RTS nanoparticles is calculated to be

0.375 nm, which is higher than that in crystalline graphitic carbon.
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Figure 9. (a) Low magnification TEM image of RTS nanoparticles and (b) HRTEM image of
a single RTS nanoparticle.
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Figure 10. XRD pattern of RTS nanoparticles.

Figure 11 shows the Raman spectrum of RTS nanoparticles. The spectrum exhibits peaks
at 1343, 1583, and 2887 cm™! corresponding to the typical disordered (D), graphitic (G), and
2D bands. The appearance of these bands confirms that sp? hybridized graphitic carbons
constitute RTS nanoparticles. The high intensity of the D band confirms the high degree of
disorderedness complementing well with the XRD and electron microscopic analyses. The
appearance of the blue-shifted 2D peak confirms the multilayer stacking of concentric graphitic
layers in RTS nanoparticles. The multilayer stacking is complementing well with the HRTEM
analysis. The observations made here correlate well with corresponding electron microscopy
[1], X-ray diffraction [2-7] and Raman observations [8] made earlier on carbon soot particles

prepared by various methods.
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Figure 11. Raman spectrum of RTS nanoparticles.
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Amorphous carbon forms degrade around 300 °C while graphitic materials start degrading
around 700 °C. The RTS nanoparticles exhibited an on-set thermal degradation above 460 °C
(Fig. 12), implying a low degree of graphitization. Above 460 °C, the mass loss occurs in a
linear pattern, directly proportional to the increasing temperature. 94% of the total mass of RTS
is degraded from the initial decomposition temperature of 460 °C to the final decomposition
temperature of 828 °C. The thermogravimetric analysis (TGA) curve of RTS consists of no
secondary degradation peaks during the decomposition process, which affirms the absence of
any other elements as significant constituents. The smooth degradation curve also indicates the
absence of any volatile material in the sample, with no residual mass being the direct indication
of the absence of ash in the sample. The absence of any sharp minor peaks is conclusive to
claim that no oxidation reaction occurred until the on-set temperature was reached. The delayed
thermal degradation of the RTS nanoparticles with a low degree of graphitization is attributed
to the heliocentric arrangement of the graphitic layers because the outer layers slow down the
heat transfer to the inner layers. Simultaneously, any amorphous constituents (for example,
organic impurities, sulfur compounds, etc.) in RTS nanoparticles will start decomposing
through oxidative degradation (under air) at a much lower temperature than crystalline
graphite. For convenience and a better understanding of the thermal degradation of RTS
nanoparticles, differential scanning calorimetry (DSC) and difference thermogravimetry

(DTG) curves are also shown along with the TGA curve in Fig. 12.
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Figure 12. Thermal decomposition profiles of RTS nanoparticles.

Fig. 13 shows the viscosity values as a function of the temperature of different RTS-added
lubricant samples. The BO's viscosity (Fig. 13 (a)) is reduced with increasing temperature. The

BO with an initial viscosity of 153 cP at room temperature (RT) exhibited a drastic reduction
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of 64.05% in viscosity at 40 °C. It is a well-known fact that oils tend to lose their viscosity as
temperature increases. The oil molecules exert attractive forces on each other across flowing
layers, resulting in viscosity (viscous force). As temperature rises, viscosity decreases due to
high thermal energy in the liquid molecules, which easily overcomes these attractive forces
prevailing in the oil. At higher temperatures, the additives in oil are expected to help retain the

rheological properties.
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Figure 13. Viscosity values of (a) BO, (b) 0.1 wt.% RTS in BO, (¢) 0.3% RTS in BO, and (d)
0.5% RTS in BO at different temperatures ranging from RT to 70 °C.

Fig. 13 (b) shows the viscosity of BO dispersed with 0.1 wt.% of RTS at different
temperatures. At RT, the viscosity value was almost the same as that of the BO, implying
negligible impact of dispersion of RTS nanoparticles on the viscous forces of BO. As the
concentration of RTS is increased to 0.3 wt.%, a moderate reduction in viscosity value is
observed as the initial viscosity value falls to 126.2 cP at RT. Further reduction in viscosity
was observed with an increase in the concentration of the RTS nanoparticles, as shown in Fig.
13 (d). The viscosity is drastically lowered to 63.4 cP at RT for 0.5 wt.% dispersion of RTS in
the BO, implying that 0.5 wt.% of RTS is undesirable for lubrication because it resulted in the
reduction of the viscosity value by 53.56%. This means that the RTS has to be used cautiously

in optimized concentrations to maintain the viscosity values in the required range.
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The reduction in viscosity with the addition of RTS nanoparticles is attributed to the smooth
surfaces of these nanoparticles, which may lead to reduced cohesive forces among the fluid
layers upon dispersion. The fluid layers experience lower internal resistance to flow due to the
addition of the nanoparticles. When the shear rate is applied, the soot particles mollify the
internal friction (reducing the viscous force between fluid layers), reducing viscosity values. It
was reported in the literature [9], that adding 0.3 wt.% of carbon spheres to a neat oil resulted
in a reduction of 3% in viscosity. Reduction in crude oil viscosities was recorded
experimentally and theoretically by using different concentrations of SiO2, Fe3;O4, and Al20O3
nanoparticles as additives. This behavior was attributed to increased packing factor,
interactions, and aggregation between nanoparticles and hampered interactions between the
nanoparticles and the asphaltene aggregates of crude oil [10]. The RTS dispersion improved
the viscosity values of the lubricant at high temperatures, irrespective of the concentration
added. This implies that the RTS nanoparticles acted as poor conductors of heat, mitigating the
effect of heat on the oil molecules, which eventually prevents the breakdown of the oil
molecules' bonds and helps retain the viscosity.

Improvement in the viscosity retention (Table 2) is observed as the RTS concentration
increased from 0.1 wt.% to 0.5 wt.%. The improved viscosity retention at higher temperatures
reduces lubricant thinning, eventually leading to better tribo-film formation at the interface of
rubbing surfaces. Lubricant thinning at higher temperatures results in poor tribological
behavior of the moving contact surfaces. The RTS nanoparticles alleviate the effect of

temperature on the BO, preventing drastic viscosity loss at elevated temperatures.

Table 2. Percentage of viscosity retained compared to the initial viscosity of different

lubricant samples

Sample Temperature
RT 40 °C 50°C  60°C 70 °C
BO 100%  35.95%  22.03% 13.01%  7.45%

0.1 wt.% RTSin BO 100% 41.66%  22.73 13.6 % 8.67%
03 wt.% RTSinBO 100%  43.9% 27.1%  13.79%  9.59%
0.5wt.% RTSinBO 100%  55.84%  28.08% 16.25% 10.57 %

The behavior of different samples was compared to the applied shear rate at various
temperatures to comprehend the shear stress profiles and correlate the reduced viscosity after

RTS addition to the BO. From Fig. 14 (a), it is observed that there is a linear increase in the
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shear stress as the shear rate increases. At RT, the shear stress value at 50 sec”! is below 10 Pa,
while its value is 149 Pa at 1000 sec™'. When the temperature is raised to 40 °C, the shear stress
is reduced to 64.28 Pa and eventually reduced to 20.85 Pa at 70 °C. This observation is
attributed to the broken intermolecular bonds and increased energy of oil molecules, which

makes them overcome the resistance to flow and cause them to thin out.
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Figure 14. Shear stress versus shear rate as a function of the temperature of (a) BO, (b) 0.1

wt.% RTS in BO, (¢) 0.3 wt.% RTS in BO, and (d) 0.5 wt.% RTS in BO.

The reduced shear stress in the lubricant samples is definitely due to RTS dispersion in the
BO. The sphere-like soot particles with the graphitic layers lessen the resistance to flow
between the layers of oil under the shear rate applied. Nanoparticles possess a high specific
surface area. Due to their small particle size (100 nm), the RTS particles increase the apparent
surface area of the BO fluid layers on which the applied shear rate acts since shear stress is
dependent on the area over which the force acts, the value of shear stress reduces with the
addition of RTS. The 0.1 wt. % concentration (Fig. 14 (b)) doesn't exhibit much reduction in
shear stress values (146 Pa at RT and 22.07 Pa). However, as the concentration increases to 0.3
wt.%, the count of RTS nanoparticles in the oil increases, facilitating the easy and efficient
flow of the fluid layers and preventing boundary layer formation in the oil sample, contributing
to low shear stress. Fig. 14 (c) shows the shear stress values in the 0.3 wt.% sample, 121.45 Pa

at RT and 20.54 Pa at 70 °C. A low shear stress of 63.468 Pa is generated in the 0.5 wt.%
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sample at RT and 12.789 Pa at 70 °C. The shear stress results correlate well with the viscosity
trend (Fig. 13). The addition of RTS nanoparticles reduces the viscosity and shear stress in the
BO, which affirms the assumption that the nanoparticles facilitate the easy flow of layers of oil
over each other, reducing the inter-layer friction, which is the cause of shear stress in fluids.

The reduced shear stress in the nanoparticles’ dispersed samples and the reduced viscosity
qualitatively indicate that the fluid layers under the applied shear rate are experiencing lower
resistance to flow. Even though the viscosity reduction trend observed here is an apparent
deviation from many rheological models predicting viscosity changes with the dispersion of
solid particles, the data recorded closely resembles relevant rheological models [11,12].
Nanoparticles defy the hydrodynamic effect on the viscosity as predicted by the Einstein
model. Instead, they induce a change in the dispersing medium's conformation and free volume,
resulting in a non-Einstein-like decrease of viscosity [13]. The interaction between the oil
molecules and the RTS nanoparticles can plausibly reduce the cohesive attraction forces
between fluid layers, causing less resistance to flow when the shear rate is applied.

Further, if the fluid's viscosity is higher, the thickness of the boundary layer in proximity to
the surface of the dispersed nanoparticle is higher, and vice versa. The addition of RTS
nanoparticles, specifically 0.3wt.%, and higher concentrations in BO resulted in the
modification of BO's rheological properties in such a way that its viscosity and shear stress
were reduced drastically attributed to the local (within the boundary layer) convective heat
transfer enhancement and thinning of the laminar sublayer [14]. However, further
experimentation (which is beyond the scope of this thesis work) is needed to confirm this sort
of empirical understanding in the case of RTS nanoparticles [14].

Sedimentation of the particles was visually observed over 90 days. On the 90™ day, the
sample had a dispersion of 0.5 wt.% RTS was found to have the highest sedimentation, while
the samples havinf a dispersion of 0.1 wt.% RTS and 0.3 wt.% RTS exhibited moderate
sedimentation during this period. The more significant sedimentation in the case of the sample
with 0.5 wt.% RTS dispersion is due to increased collisions and aggregation between the RTS
particles, resulting from a high concentration in the BO.

The tribological tests are carried out at room temperature (RT) and 70 °C to understand the
effect of temperature on the lubricating properties of the RTS dispersed oils. Notably, at 70 °C,
the BO lost almost 93% of its viscosity. Fig. 15 and 16 depict the variation of frictional torque
(FT) values as a function of the RTS concentration at RT and 70 °C, respectively. The BO
sample showed an initial FT value of 1.35 Kg-m (during 250 - 470 sec), which eventually
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reduced to 1.04 Kg-m towards the end of the test. The 0.1 wt.% of RTS dispersed oil exhibited
a higher FT than the BO. 0.1 wt.% of RTS dispersed oil exhibited an initial FT value of 1.65
Kg-m (after 150 sec), which reduced to 0.82 Kg-m at 3600 sec. A further increase in the RTS
concentration increased the FT values. 0.3 wt.% of RTS dispersed oil exhibited an initial FT
value of 1.75 Kg-m (after 190 sec), which gradually reduced and stabilized to 1.14 Kg-m
towards the end of the test. Adding 0.5 wt.% of RTS to the oil resulted in an initial FT value of
1.42 Kg-m, which remained almost constant throughout the test, and an FT value of 1.26 Kg-

m was observed at 3600 sec.
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Figure 15. Representative frictional torque behavior of test specimens lubricated at RT with

BO, 0.1 wt.% RTS in BO, 0.3 wt.% RTS in BO, and 0.5 wt.% RTS in BO.

When keenly observed, the FT profiles in Fig. 15 show that the BO and 0.1wt.% of RTS in
BO could consistently reduce the FT during the test process at RT. In contrast, the higher
concentration (i.e., 0.3 wt.% and 0.5 wt.% of RTS in BO) samples showed a lesser reduction
in their respective FT profiles. Out of all tested samples, the 0.1 wt.% RTS in the BO sample
took the least time (163 sec) to form a protective lubricating film, lowering the FT compared
to BO (562 sec), 0.3 wt.% RTS in BO (442 sec) and 0.5 wt.% RTS in BO (404 sec). This is
attributed to the RTS nanoparticles in the BO entering between the sliding surfaces, forming a
tribo-layer quickly and giving a continuously reducing FT profile.

From Fig. 13, it is well understood that the BO retained a mere 7.45% of its initial viscosity
as the temperature increased to 70 °C. It is essential that a material intended to reduce friction
and wear functions effectively at high temperatures, too. Therefore, the RTS dispersed
lubricant samples and the BO are subjected to wear tests at 70 °C, with other conditions

remaining the same. At 70 °C, the BO sample showed an initial FT of 1.26 Kg-m (at 228 sec),
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which increased to 1.74 Kg-m (after 980 sec) and then remained nearly constant till the end of
the test. The initial low FT value is due to the easy flowability of the BO in between the ball-
to-ball interface due to low viscosity. However, the low viscous fluid fails to form a uniform
and sustainable tribo-film, causing a haphazard increase in FT. BO with 0.1wt.% of RTS
nanoparticles displayed a continuously decreasing FT profile (Fig. 16), with an initial and final
FT of 1.43 Kg-m and 0.54 Kg-m, respectively. A similar trend in the FT profile is observed in
the case of 0.3 wt.% RTS in BO. The FT profile of 0.5 wt.% RTS dispersed sample resembled
the FT profile of the 0.3 wt.% RTS dispersed sample from 600 sec but with slightly higher FT
values. In this case, an initial FT value of 1.46 Kg-m was measured.

The FT value was reduced to 1.27 Kg-m before 500 sec and relatively remained stable till
3600 sec with an end FT of 1.04 Kg-m. The increase in FT values for higher concentrations of
RTS in BO (0.3 wt.% and 0.5 wt.%) is attributed to the agglomeration of the RTS nanoparticles.
The RTS nanoparticles in lubricant are intended to form a tribo-layer and reduce friction.
Instead, they might have started agglomerating at higher concentrations, creating lumps that
resisted the unresisted sliding of the ball surfaces over each other. However, further

investigation is needed to confirm the agglomeration and formation of lumps.
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Figure 16. Representative frictional torque behavior test specimens lubricated at 70 °C of BO,

0.1 wt.% RTS in BO, 0.3 wt.% RTS in BO, and 0.5 wt.% RTS in BO.

The avg. FT values recorded for different lubricant samples at RT and 70 °C are shown in
Table 3. At RT and 70 °C, FT was reduced by adding 0.1wt.% of RTS nanoparticles in BO. At
RT, the avg. FT value was 1.185 Kg-m for BO, which was reduced to 1.092 Kg-m (~9%
reduction) by adding 0.1 wt.% of RTS nanoparticles in BO. With a further increase in the RTS

concentration in BO, the avg. FT value could be increased to higher values than the avg. FT in
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the case of BO. At 70 °C, the avg. FT value was reduced to 0.862 Kg-m from 1.66 Kg-m
(48.75% reduction). A trend of increase in the FT values with increasing concentration of the
RTS particles was seen at 70 °C as well. The lowering of the FT values is attributed to the well-
dispersed RTS particles at 0.1wt.% RTS addition. The higher concentrations of RTS particles
in BO lowered the viscosity, which caused the oil to fail to lubricate the rubbing surfaces
effectively. The increase in FT is plausibly the combined effect of reduced viscosity and

agglomerated RTS nanoparticles creating higher friction at the sliding interface.

Table 3. Calculated avg. FT values from the 4-ball wear tests.

AtRT At 70 °C

Sample Avg. FT Std.Dev. Avg. FT Std. Dev.
(Kg-m) (Kg-m)

Base Oil (BO) 1.185 0.00948  1.665 0.00878

0.1 wt.% RTSin BO 1.092 0.00964  0.862 0.01208
0.3 wt.% RTSin BO 1.288 0.00696  0.991 0.00576
0.5wt.% RTS in BO 1.317 0.00355  1.100 0.00699

From Fig. 15 and Fig. 16, it is evident that the 0.1 wt.% RTS dispersed BO gives a
consistently reducing FT profile with the lowest FT values. From the FT profile observations,
it is plausible that the BO at RT can form an intermediate film, which it fails to do at 70 °C. In
the case of 0.3 wt.% and 0.5 wt.% RTS addition to BO, the uniform barrier could not be formed
between the surfaces. Instead, additional resistance to the surfaces' smooth motion is generated
at RT and 70 °C. However, with 0.1 wt.%, a stable barrier seems to have formed repetitively
after every ~500 - 600 sec at RT and 70 °C, reducing the FT value. 0.1 wt.% RTS addition
formed the most effective tribo-film at both RT and 70 °C, reflected in the smooth and
consistently lowering FT profiles along with the lowest FT values. 0.3 wt.% and 0.5 wt.% RTS
addition might have resulted in agglomeration of the particles at both RT and 70 °C.

Fig. 17 shows the avg. wear scar diameter (WSD) values recorded on the wear-testing balls
(three stationary balls and the top ball) after the testing at RT. In the case of BO, an avg. WSD
of 1288.66 um was recorded on the test specimens, as shown in Fig. 17 (sample A), and the
lowest avg. WSD of 1075.33 pm was recorded in the case of 0.1 wt.% RTS dispersed BO. The
WSD values are lower and consistent in the case of specimens lubricated using 0.1 wt.% RTS
dispersed BO, indicating that 0.1 wt.% RTS addition is optimal. In the case of 0.3 wt.% and

0.5 wt.% of RTS additions in BO, an excess number of RTS nanoparticles in the dispersion
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might have resulted in agglomeration, poor lubrication, increased wear, and higher WSD
values. Even more, than adequate nanoparticles in the dispersion agglomeration and formation

of third body wear-causing particles could result in higher WSD values.
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Figure 17. Avg. WSD values at RT. A, B, C, and D represent samples tested using BO, 0.1
wt.%, 0.3 wt.%, and 0.5 wt.% of RTS in BO, respectively.

The wear debris formed after the surface asperities plastically deformed and broke off,
leading to abrasive wear on the surface. The extensive wear scars observed on the worn surfaces
are shown in Fig. 18 (a) implies that the BO at RT could not prevent the surfaces from wearing
as it fails to form a protective tribological film to keep them apart. The addition of the 0.1 wt.%
RTS to the BO reduces the wear scar and the wear intensity, which is affirmed by the wear scar
images shown in Fig. 18 (b). Detailed observation of the wear scars reveals that a distinct
reduction of the wear track size is visible after adding 0.1 wt.% of RTS in the BO. When the
concentration of RTS is increased to 0.3 wt.% and 0.5 wt.%, it is found that the wear scar starts
increasing, which implies that the agglomerated RTS nanoparticles at higher concentrations
can act like abrasive bodies and hence are undesirable, which can be seen from Figs. 18 (c) and
(d). The avg. WSD values are reduced by 16.55% and 6.93% with 0.1 wt.% and 0.3 wt.% of
RTS in BO, respectively, while the addition of 0.5 wt.% RTS in BO led to an increase of 7.70%
in the WSD. This confirms the excellent ability of the RTS nanoparticles to reduce wear and

friction when added to a lubricating oil in optimized quantity.
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Figure 18. Wear scar images on the ball specimens tested at RT with (a) BO (b) 0.1 wt.%
RTS added BO (c) 0.3 wt.% RTS added BO, and (d) 0.5 wt.% RTS added BO. The length of

the scale bar in all images is 500 pm.

In the case of RTS dispersed oil samples, it is observed that the area of abrasive wear is
reduced (Figs. 18 (b), (¢), and (d)), implying a reduced contact area between the ball-to-ball
surfaces. The lower concentration, i.e., 0.1 wt.% RTS addition minimizes the intensity of wear,
but the higher concentrations, i.e., 0.3 wt. % and 0.5 wt.% RTS additions in BO show an
increase in the WSD and the intensity of wear (Figs. 18 (c) and (d)). Similar wear tracks were
reported on adding carbon soot (CS) in Castrol 20W40 motor oil [9], while it was observed
that adding 1 wt.% CS caused an increase in wear [15]. Lower wear rate and coefficient of
friction (CoF) were found when polyetheretherketone was lubricated using hybrid oil
containing CS [16]. In another work, wear volume and wear scar reduction were reported, and
adsorption of CS on weak tracks was also confirmed [17]. Superior reductions in WSD values
were obtained on laser-textured surfaces using PAO4 oil loaded with CS particles derived from
diesel compared to reductions only due to texturing [18], which emphasizes that lubricant
additives play an essential role in wear resistance irrespective of the surface enhancements.
Like in other reported works, mild traces of oxidative wear (Fig. 18) were also observed in the
present study. During the rubbing of metals over each other, high contact stresses are generated
at the interface, causing a rapid rise in local temperature, possibly leading to oxidation of the

contact surfaces.
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Fig. 19 shows the WSD values recorded on the wear-testing balls (three stationary and the
top balls) after the testing at 70 (C). An avg. WSD value of 1668 um was observed on the ball
specimens tested with BO at 70 °C), which is higher than the avg. WSD at RT, indicating BO's
inefficiency in effectively lubricating the sliding surfaces at a higher temperature. The lowest
avg. WSD is recorded for the ball specimens tested using 0.1 wt.% RTS in BO followed by the
values recorded in the case of 0.3 wt.% and 0.5 wt.% of RTS in BO. An avg. reduction of
28.12% was achieved with the 0.1 wt.% of RTS in BO, followed by a reduction of 23.65% and
20.49% using the concentrations of 0.3 wt.% and 0.5 wt.% RTS in BO, respectively. At RT,
the 0.5 wt.% RTS added BO sample performed worse than the BO w.r.t wear resistance. Even
though at 70 °C 0.3 wt.% and 0.5 wt.% RTS in BO samples showed higher WSD than 0.1 wt.%
RTS in BO still outperforms the BO, which is attributed to the presence of RTS nanoparticles
in the lubricant. The increase in avg. WSD and avg. FT in the case of these samples is plausibly
due to the combined effect of lower viscosity and agglomeration of RTS nanoparticles.

However, this poor performance has to be further explored.
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Figure 19. Avg. WSD values at 70 °C. A, B, C, and D represent BO, 0.1 wt.%, 0.3 wt.%, and
0.5 wt.% of RTS in BO, respectively.

From the above observations, it can be stated with high confidence that 0.1 wt.% of RTS is
the threshold limit for RTS dispersion in the considered BO. This value will change as the
lubricating medium changes. Adding the RTS nanoparticles above this concentration will lead
to unwanted agglomeration, causing lump formation and faster sedimentation of the additives.
Also, as discussed w.r.t. Figs. 13 and 14, excess particles make the BO lose its viscosity,
making it unsuitable for applications.

The wear scar images of the surfaces of the balls tested with the lubricant samples at 70 °C

are shown in Fig. 20. On careful observation, the wear pattern and WSD in the case of samples
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lubricated using BO and 0.1 wt.% RTS added BO (Figs. 20 (a) and (b)) indicate extreme
abrasive wear in the former case while minimal damage due to wear in the latter case. The wear
scar on the specimens in the case of 0.1 wt.% RTS in BO is representative of significantly less
abrasive wear than the mildly worn-out scars in the case of 0.3 wt.% and 0.5 wt.% RTS in BO
(Figs. 20 (c) and (d)). From the observations, it can be stated that the optimized concentrations
of the RTS enabled the particles to get adsorbed on the contacting surfaces and formed a
protective layer preventing direct metal-to-metal contact for the majority of the time during the
test. These wear tracks are similar to those shown in Fig. 18. This establishes the hypothesis

that the RTS nanoparticles reduce wear when added in adequate concentration to the BO.

Figure 20. Wear scar images on the ball specimens tested at 70 °C with (a) BO, (b) 0.1 wt.%
RTS added BO (c) 0.3 wt.% RTS added BO, and (d) 0.5 wt.% RTS added BO. The length of

the scale bar in all images is 500 um.

Fig. 21 shows all lubrication cases' calculated avg. CoF values at RT and 70 °C. At RT, for
the 0.1 wt. % RTS addition case, the CoF value is the lowest. This observation again shows
that 0.1 wt.% RTS addition is optimal. At this concentration, the viscosity and the shear stress
are not lowered too much, facilitating the formation of a uniform tribo-layer between the
rubbing surfaces lowering CoF, FT, and wear. At the higher concentrations (i.e., 0.3 wt.% and
0.5 wt.% RTS additions in BO), the BO's rheological properties (viscosity and shear stress) are

drastically changed. A uniform tribo-layer is not formed between the rubbing surfaces,
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increasing the resistance between the rotating ball surfaces during the test leading to a higher
CoF value. Drastically, reduction in viscosity increases the flowability of the lubricant in
between the rubbing surfaces and does not allow the formation of a uniform tribo-layer as the
lubricant quickly shears off. However, the presence of RTS nanoparticles at optimal
concentration helps maintain a lower CoF value. At the same time, in this case, the
agglomeration of the RTS nanoparticles resulted in poor tribological characteristics. The CoF
values recorded at 70 °C displayed a similar trend to those recorded at RT. However, at 70 °C,
as the lubricants undergo thinning due to the increased temperature, slightly higher CoF values
are observed for the lubricant samples. Similar trends in tribological performance were reported
in the case of adding 0.3 wt.% and 0.5 wt.% of CS nanoparticles in Castrol 20W-40 oil [9] and
5W30 multigrade oil [17], respectively. At RT, CoF was reduced by ~9% for samples subjected
to tribological test using 0.1 wt.% of RTS in BO, and at 70 °C, a fall in CoF by 48.93% was
observed for the same concentration of the RTS nanoparticles. Further increase in RTS
concentration in BO led to the rise in the CoF, which is attributed to the drastically lowered
viscosity and agglomeration of the nanoparticles (due to high concentration) between the

rubbing surfaces.
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Figure 21. Avg. CoF values (a) at RT and (b) at 70 °C.

Each CS particle has concentric spherical graphene sheets. This arrangement gives rise to
weak interaction with the materials CS adheres to because only © electrons exist on the surface,
causing weak intermolecular bonding [19]. Also, the CS nanoparticles have a high elastic
modulus of 16.5 GPa and hardness of 1.2 GPa [20]. It has been observed that the structure of
CS nanoparticles wasn’t destroyed during the running-in of friction tests, along with the
presence of lamellar structures of carbon after the test confirming the breaking of CS

nanoparticles [5]. The spherical CS nanoparticles provide a roller effect at the interface of the
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contacting surfaces where the particles support the surfaces, converting sliding friction into
rolling friction during the test, which lowers the CoF. Also, the small sizes of the CS
nanoparticles ease their entry into the surface asperities of contacting surfaces, creating a filling
and repairing action under applied load [15]. In the present study, spheroidal RTS nanoparticles
have characteristics similar to typical CS nanoparticles reported earlier. When present in an
adequate concentration, the nanoparticles act like nano-bearings, giving a rolling effect on the
two rubbing surfaces. This mechanism (schematically shown in Fig. 22) helps to reduce the
direct contact of the asperities. It prevents debris particles from entering the contact area,

minimizing the surfaces' abrasive wears.
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Figure 22. Schematic of nano-ball bearing lubricating mechanism by RTS particles.

Also, the spheroidal RTS particles get adsorbed on the surfaces and act as soft additives
unless agglomerated because of the graphitic layers' presence and amorphous nature. The RTS
nanoparticles absorb the load. Therefore, the high stresses generated at the point of contact
between the balls are quickly dissipated from the surface, delaying wear initiation on the
surfaces. The BO forms a tribo-layer at the interface of rubbing surfaces but fails to minimize
the contact between the surfaces, resulting in higher WSD. However, RTS nanoparticles added
to BO become more effective as a lubricant additive because the spheroidal nanoparticles can
reduce the contact area between the two rubbing surfaces, leading to lower WSD values.
Herein, this rolling effect is more prominent at 0.1 wt.% RTS addition in BO. To understand
the impact of RTS particles on the wear scars, detailed SEM imaging of the wounds (in the
case of 0.1 wt.% RTS in BO and BO) was performed, as shown in Fig. 23. Upon careful
observation, Fig. 23 shows an intensely worn-out surface with abrasive wear characteristics.
Numerous abrasion lines can be seen on the scar of the ball tested with BO, indicating BO's
inefficiency as an AW lubricant. The wear scars on the balls tested with 0.1 wt.% RTS in BO
show reduced intensity of the abrasive wear, as seen in Fig. 20 (b). The frequency of the

abrasion lines is lower, which affirms that the RTS particles in optimized concentrations reduce
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the direct surface-to-surface contact and lower the friction by assisting in the easy sliding of
surfaces in relative motion. The wear scars are studied for the surface's protective layer (tribo-
layer) formation after the test. It is hypothesized that the RTS nanoparticles that are adsorbed
on the balls’ surfaces, act like nano-bearings, and produce a rolling effect, eventually reducing
friction and wear. To confirm this, Raman spectroscopy was carried out on the wear scars. The
Raman spectrum in Fig. 24 corresponds to the use of 0.1 wt.% RTS in BO as the lubricant. It
shows distinct D and G bands, indicating the presence of RTS nanoparticles on the scar. Also,
the Raman spectrum resembles that of RTS nanoparticles as shown in Fig. 11. The distinct D
and G bands are not observed in the BO case. The Raman observations confirm the presence
of the RTS nanoparticles on the wear scars of the balls tested using the RTS in BO lubricant,
supporting the hypothesis related to the rolling effect mechanism and that the RTS

nanoparticles in optimized concentrations act as AW and AF additives in a lubricating medium.

RTS in BO. Insets in (a) and (b) are the corresponding lower magnification (length of scale

bar = 100 um) images of wear scars.

G- band — WSD-RTS in BO
— WSD-BO
5 D- band
1200 1600 2000 2400

Raman Shift (cm'1)
Figure 24. Raman spectra were recorded on the wear scars on the balls, which were tested

with BO and 0.1 wt.% RTS in BO.
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4.2 0D TPW and OLC Particles as Additives in Lubricants

FESEM images of TPW (Fig. 25 (a)) and OLC (Fig. 25 (b)) indicated similar morphologies,
while the respective HRTEM images (Fig. 25 (c) and 25 (d)) indicated distinct morphologies.
HRTEM images of TPW (Fig. 25 (¢)) and OLC (Fig. 25 (d)) showed they are nanosized.
However, the TPW particles are slightly bigger than those of OLC. Further, TPW particles
have a highly disordered structure; therefore, no lattice planes are discernible in Fig. 25 (c). It
is well known that at temperatures above 2000 °C, carbon atoms from the inside of the
amorphous spherical particles (here TPW particles) vaporize, diffuse, and rearrange themselves
into graphene-like fragments (having non-six-fold rings) within the structure, leading to the
formation of concentric ring-like arrangement of graphene layers [21-24] as in OLC shown in
Fig. 25 (d). The interplanar spacing measured in Fig. 25 (d) is ~0.34 nm, indicating that
graphene-like layers constituted OLC. The XRD patterns of TPW and OLC are shown in Fig.
26 (a), which distinctly shows the effect of the heat treatment process. Heat treatment of TPW
at 2200 °C has resulted in the appearance of a prominent (002) graphitic peak and a broad (004)
graphitic peak [25] in the case of OLC. Also, the emergence of (101) hexagonal graphitic peaks
in the case of OLC indicates excellent graphitization [25]. The heat treatment also helped

remove the impurities (except Ca) while TPW was converted into OLC.

Figure 25. (a) and (b) FESEM images of TPW and OLC particles, respectively; (¢) and (d)
HRTEM images of TPW and OLC particles, respectively.
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Apart from the improved degree of graphitization, the heat treatment also helped remove
the impurities (except Ca) while TPW was converted into OLC. The presence of different
impurities in TPW is shown in Fig. 26 (a). No distinct (002) graphitic peak or other relevant
carbon diffraction peaks are seen in TPW’s diffraction pattern (Fig. 26 (a)), indicating that the
carbon in TPW is highly disordered. In OLC’s case, the diffraction peaks are indexed to (100),
(103), (014), and (110) crystallographic planes in graphitic carbon (Fig. 26 (a)). The interplanar
spacing (d-spacing) in OLC calculated by considering the (002) graphitic peak is ~0.349 nm,
which correlates very well with the HRTEM observation in this context. The broadening of
(002) and (004) graphitic peaks in the case of OLC is attributed to the combination of local
distortion in graphitic planes and small particle size (here, in the range of 30-70 nm) [26].
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Figure 26. (a) XRD patterns and (b) Raman spectra of TPW and OLC samples.

From EDXA, the elemental compositions (atomic %) of TPW and OLC are found to be
93.4% C, 5.3% 02, 0.1% Al, 0.4% Si, 0.4% S, 0.1% Ca, and 0.3% Zn and 99.9% C and 0.1%
Ca, respectively. All impurities (except trace amounts of Ca) were removed during the heat
treatment of TPW at 2200 °C because at this temperature, S, Al, Al>Os, Zn, and Si vaporize
and escape. Calcium oxide may also have evaporated if TPW was heat treated above 2500 °C.
Observations made through EDXA were well complemented by the XRD observations. The
Raman spectra of TPW and OLC are shown in Fig. 26 (b). In the case of TPW, the signature
Raman bands, namely, the disordered (D) carbon band at ~1352 cm™ and the graphitic (G)
band at ~1582 cm™!, are observed. The D band's intensity ratio to that of the G band was
measured as 1.08, indicating the poor graphitic nature of TPW [8,25,27]. On the other hand, in
the case of OLC, in addition to the D band at 1344 cm™' and the G band at 1575 cm™', another
prominent band, namely the 2D band (overtone of D band) at 2684 cm!, is observed. The 2D
band's appearance indicates the presence of graphene layers in OLC particles [8, 27, 28]. The

87



Results and Discussion

slight asymmetry of the 2D band suggests that the OLC particles are constituted by multiple
graphene layers, complementing well with the HRTEM observations (Fig. 25 (d)). In the case
of OLC, the D band's intensity ratio to that of the G band was measured as 0.81, indicating
enhanced graphitization [8,25,27,28] attributed to the heat treatment.

The thermal degradation of TPW and OLC are shown in Fig. 27. The TPW showed a mass
loss of 17.56%, while the OLC showed a mass loss of 4.22%. OLC's higher and better thermal
stability is attributed to its enhanced crystallinity and graphitic nature [29], as revealed by
HRTEM, XRD, and Raman scattering studies. In the case of TPW, the low on-set degradation
temperature is due to its oxidation, which is attributed to its high structural disorder [29], as
revealed by HRTEM, XRD, and Raman scattering studies. On the other hand, the improved
degree of graphitization helps (because it requires higher temperatures to react with oxygen)

delay the thermal degradation of OLC [29].
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Figure 27. Thermal degradation profiles of TPW and OLC.
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BO's rheological properties (viscosity and shear stress) and the dispersions of TPW and
OLC in BO are shown in Fig. 28 and 29, respectively. The viscosity (Fig. 28 (a)) and shear
stress (1) (Fig. 28 (b)) profiles of the TPW dispersed BO samples are compared with that of the
BO. The BO's viscosity increases to 150 cP at a shear rate of 53 sec™! and remains almost
constant throughout the test period, with the shear rate increasing to 1000 sec™. The 0.1 wt.%
TPW dispersed BO shows a viscosity of 74.16 cP at a shear rate of 107 sec™! and further
increases to 94.02 cP (at a shear rate of 338.15 sec’!) and then stabilizes at this value till the
end of the test. The 0.3 wt.% TPW dispersed BO shows a slight increase in the viscosity (101.6
cP) compared to the preceding concentration with a similar viscosity curve. The 0.5 wt.% TPW
dispersed BO was found to have the lowest viscosity of 80.97 cP. All in all, it is observed that
BO's viscosity is reduced due to the dispersion of TPW particles.
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Figure 28. Effect of TPW dispersion on BO's (a) viscosity and (b) shear stress.

The shear stress (1) profiles of the BO and the TPW dispersed BO shown in Fig. 28 (b)
indicate that all the samples exhibit Newtonian behavior. The BO has a T of 152.065 Pa at 1000
sec! while the 0.1 wt.% TPW dispersed BO has a lower 1 of 92.658 Pa, while 0.5 wt.% TPW
dispersed BO has the lowest T of 79.678 Pa. The dispersion of TPW particles in BO lowers the
1 drastically, resulting in lower internal resistance between the fluid layers under the applied
shear rate and thus correlates well with the reduced viscosity due to the dispersion of TPW, as
shown in Fig. 28 (a). The viscosity (Fig. 29 (a)) and shear stress (1) (Fig. 29 (b)) profiles of the
OLC dispersed BO samples are compared with that of the BO. Similar to the effect of TPW
dispersion in BO on the reduction in viscosity, a general trend of viscosity reduction was also
observed in the case of OLC dispersion in BO. However, the decrease was drastic (> 50%) in
the case of 0.3 wt.% and 0.5 wt.% OLC dispersions in BO. The slight increase in viscosity
(however, still much lower than BO's) during the second run of these samples is attributed to
slight sedimentation, which signifies the role of the dispersion of OLC in BO in reducing the
viscosity. The OLC dispersions' T values are lower than that of BO. However, the reduction
was drastic (> 50%) in the case of 0.3 wt.% and 0.5 wt.% OLC dispersions in BO.

Although the viscosity data deviate from the standard rheological models, which predict the
viscosity behaviour of fluids with the dispersion of solid particles, similar trends were reported
in other studies in which various nanoparticles were dispersed in oils [10-12, 30]. Such a
deviation is attributed to nanoscale effects, which lead to defiance of the hydrodynamic effect
on the viscosity as predicted by the Einstein model; on the contrary, the nanoscale effects
induce a change in the dispersing medium's conformation and free volume, resulting in a non-
Einstein-like decrease of viscosity [13]. The nanoparticles (the nanosized TPW and OLC
particles) interact with the oil molecules and reasonably decrease the cohesive attraction forces

between fluid layers of BO, resulting in lowered resistance to flow under the applied shear rate.
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Results and Discussion

Further understanding and explaining the peculiar trend of BO's viscosity reduction with the
dispersion of TPW and OLC in different concentrations requires in-depth studies aided by

simulations and analytical tools.
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Figure 29. Effect of OLC dispersion on BO's (a) viscosity and (b) shear stress.

The CoF values versus testing time recorded at room temperature are shown in Fig. 30 for
BO and the dispersions of TPW and OLC in BO. The initial CoF at the interface of specimens
lubricated using BO and TPW dispersed BO samples at 50 sec is ~0.75. However, BO showed
a reduced CoF value of ~0.055 at the end of the test (i.e., at 3600 sec). Approximately similar
values were recorded when TPW-dispersed BO samples were used in the test. A similar
reducing trend of CoF values was recorded when OLC-dispersed BO samples were used in the
test. However, 0.3 wt.% of OLC in BO helped reduce CoF at room temperature (Fig. 30 (b)).
In contrast, the highest concentration, i.e., 0.5 wt.% of OLC in BO, resulted in a substantial
rise in the CoF values falling in the range 0.08-0.09 attributed to the agglomeration of the OLC
particles in the dispersion, which is also reflected in the rheological properties shown in Fig.
29. The avg. CoF values at room temperature are shown in Fig. 31 for BO and the dispersions
of TPW and OLC in BO. Fig. 31 shows only nominal changes in the avg. CoF values in the
case of different dispersions of TPW and OLC in BO.
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Figure 30. CoF versus time when (a) BO and TPW dispersed BO samples and (b) BO and

OLC dispersed BO samples are used in the test at room temperature.
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Figure 31. Avg. CoF values when (a) BO and TPW dispersed BO samples and (b) BO and

OLC dispersed BO samples are used in the test at room temperature.

Further, the CoF values versus testing time recorded at 75 °C is shown in Fig. 32. At 75 °C
when BO was used in the testing, it resulted in a CoF value of 0.07, which eventually increased
to 0.10 close to 1200 sec and remained close to 0.09 towards the end of the test. There was a
reduction in the CoF values when the TPW dispersed BO samples (except for 0.5 wt.% TPW
dispersed BO sample) were used in the testing. On the contrary, all the OLC dispersed BO
samples resulted in considerably reduced CoF values with testing time compared to the CoF
values recorded when BO was used for testing at 75 °C (Fig. 32 (b)). The avg. CoF values at
75 °C is shown in Fig. 33 for BO and the dispersions of TPW and OLC in BO. The avg. CoF
values at 75 °C clearly show that TPW and OLC dispersed BO samples help achieve significant
AF properties compared to BO, affirming that TPW and OLC play a significant role as AF

additives in lubricants.
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Figure 32. CoF versus time when (a) BO and TPW dispersed BO samples and (b) BO and
OLC dispersed BO samples are used in the test at 75 °C.

The measured CoF values show that TPW, when used in excess concentration (above 0.3
wt.% in Group 2 N500), significantly increases the CoF. However, OLC at an equivalent
concentration maintains the CoF at a lower value than that of samples lubricated with BO. The
reduced CoF values recorded when TPW-dispersed BO samples are used in testing are
attributed to the uniform dispersion of TPW in the BO, facilitating smooth sliding of the
surfaces even after a reduction in the viscosity of BO after TPW dispersions. However, when
used in high concentration (above 0.3 wt.%), the dispersed BO shows further reduction in
viscosity, and the TPW particles start to agglomerate, causing friction between the rubbing
surfaces and failing to help better the lubrication. Similarly, the OLC dispersed BO samples
helped reduce the CoF values substantially, and even at a higher concentration (0.5 wt.% of
OLC), low CoF values were recorded, unlike in the case of 0.5 wt.% TPW dispersed BO
attributed to the heliocentric graphene-like layers in OLC particles facilitating enhanced

smooth sliding of the surfaces.
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Figure. 33. Avg. CoF values when (a) BO and TPW dispersed BO samples and (b) BO and
OLC dispersed BO samples are used in the test at 75 °C.
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Table 4 compares the lowest CoF values reported using OLC and carbon soot as additives
in lubricating oils. Computer simulations and experiments on OLC as lubricant additives
revealed a synergistic rolling-sliding of these nanoparticles as the leading cause of adequate
lubrication [31]. Using OLC and carbon soot as additives in lubricating oils has also reduced

wear, a discussion on which is presented in the following paragraphs.

Table 4. CoF values result from using carbon soot and OLC as additives in lubricants.

Source of carbon soot or OLC Medium CoF
Nanodiamonds PAO 0.08 [32], 0.06 [31] and 0.03 [33]
CH41+O2 SN150 0.03 [34]
Commercial carbon black CD SAE 15W40 0.05 [35]
Candle soot H,O 0.2 [2]
Tyre-tube soot G2 N500 0.04 [30]
TPW G2 N500 0.035 (This study)

TPW and OLC dispersed BO and BO samples were used as lubricants to test the wear
resistance properties. The avg. WSD and avg. vertical displacement (h) [36] in mm of the tested
ball specimens at room temperature and 75 °C are shown in Fig. 34 and 35, respectively. The
avg. WSD and h values recorded when TPW and OLC dispersed BO and BO samples are used
as lubricants during the wear tests at room temperature, and 75 °C are shown in Fig. 34 and 35,
respectively. The use of 0.1 wt.% and 0.3 wt.% TPW dispersed BO samples as lubricants
resulted in WSD reduction of 9.95% and 13.03%, respectively, while 0.1 wt.% and 0.3 wt.%
OLC dispersed BO samples resulted in a WSD reduction of 8.08% and 4%, respectively. On
the contrary, 0.5 wt.% TPW and OLC dispersed BO samples resulted in an 18.52% and 19.47%
increase in WSD values (significantly high) attributed to the agglomeration of the additives in

BO. In all lubricant cases, h values showed a similar trend to WSD values.
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93



Results and Discussion

(a) (b)
0.14 0.14
i 1700 -
1700 % L 0.13 %
| 1600 - 0.12
1600 -0.12 l
E l N L0111 E 1500 010 E
= 1500 AN £ = ) £
[=] F0.10 == 0 1400 -
=4 < g 008 S
= 1400 ; 0.09 9 = 1300 4 = - 2
H < Z h
1300 - S o-o8 1200 - 0.08
-0.07
1100 4
1200 | 0.06 0.04
1000

T T
Base Oil  0.1wt.% OLC 0.3wt.% OLC 0.5wt.% OLC
Sample Sample

Figure 35. Avg. WSD and h values when (a) BO and TPW dispersed BO samples and (b) BO

T T
Base Oil  0.1wt.% TPW 0.3wt.% TPW 0.5wt.% TPW

and OLC dispersed BO samples are used as lubricants in the wear test at 75 °C.

At 75 °C, TPW and OLC dispersed BO samples, when used as lubricants, helped lower the
avg. WSD and h values except for 0.5 wt.% OLC dispersed BO sample (Fig. 35), which gave
an aberrant result. With these observations, it can be inferred that the spherical and nanosized
TPW and OLC particles, when used in optimized quantity (here 0.1 wt.% and 0.3 wt.% of
additives), act like nano-bearings reducing the direct surface-surface contact between the test
specimens resulting in low WSD values. A higher 'h' value indicates a higher worn-out material
from the wear scar. When used in optimized concentrations, nanosized TPW and OLC particles
prevent severe elastic deformation of the steel ball surface at the point of contact under the
applied load and sliding conditions, resulting in reduced wear depth concavity. However, at a
higher concentration (i.e., 0.5 wt.%) of OLC in BO, an abrupt increase in WSD and h is
attributed to the agglomeration of the particles in BO. The agglomerates act as third-body
particles and participate in the material wear. The avg. wear volume loss (V) [37] values on the

rubbing surfaces (here, surfaces of the steel balls used for wear testing) are shown in Fig. 36.
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Figure 36. Avg. wear volume loss in test specimens when TPW and OLC dispersed BO

samples, and BO are used as lubricants at RT and 75 °C.
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When used as lubricants at room temperature, the TPW and OLC dispersed BO samples
reduced V values except for 0.5 wt.% TPW and OLC dispersed BO samples, which gave
aberrant results. 0.1 wt.% and 0.3 wt.% TPW dispersed BO samples abated wear volume losses
by 43.64% and 46.61%, respectively. When used as lubricants at 75 °C, the TPW and OLC
dispersed BO samples reduced V values substantially. At 75 °C, 0.1 wt.%, 0.3 wt.% and 0.5
wt.% TPW dispersed BO samples helped reduce wear volume losses by 42.1%, 58.53%, and
61.62%, respectively, while 0.1 wt.%, 0.3 wt.% and 0.5 wt.% OLC dispersed BO samples
helped reduce wear volume losses by 55.83%, 53.80%, and a nominal 5.014%, respectively.
The observations on wear volume losses indicate the ability of the TPW and OLC to act as AW
additives in lubricating media. However, the concentration of the additives has to be cautiously
chosen according to the dispersing medium to achieve improved lubricating properties. The
experimental results show that 0.3 wt.% of TPW and OLC is optimal for the additive-free
group-II N500 BO. Fig. 37 shows the optical micrographs of the minor wear scars on the steel
balls tested using TPW and OLC dispersed BO and BO samples at room temperature and 75
°C. The wear scars in the case of TPW (Fig. 37 (b) and (e)) and OLC (Fig. 37 (¢) and (f))
dispersed BO displayed a reduced WSD and lowered the intensity of the abrasive wear in the
steel balls.
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Figure 37. Optical micrographs of the wear scars on the steel balls tested using TPW and
OLC dispersed BO and BO samples at room temperature and 75 °C. RT in the figure is the

abbreviation of room temperature.
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The wear scar recorded by using BO at RT and 75 °C had a larger diameter and excessive
abrasive wear within the wear scar. In contrast, specimens tested with TPW and OLC dispersed
BO samples at room temperature had reduced abraded area within a smaller wear scar. Even at
75 °C, the use of TPW and OLC dispersed BO samples resulted in a lower wear intensity along
with lower WSD. These observations indicate that TPW and OLC dispersed BO samples with
optimal concentrations of TPW and OLC can reduce friction, wear, and related losses. Similar
observations have been reported w.r.t reduction in WSD in the case of cycle tyre tube-derived
C-soot as an additive in dewaxed N500 base oil [30], nano diamond-derived C-onions as an
additive in PAO oil [31,32], detonation mixture-derived C-onions as an additive in SN150 [34],
and fullerene soot as an additive in mineral oil (MC-20) [38]. The importance of optimal
concentration of additives for securing better wear characteristics has also been reported [38].
C-soot samples derived from bio-diesel and diesel vehicle exhausts have also helped reduce
wear when used as an additive in lubricating media [18,39]. The load applied during the
tribological tests falls in the low load regime, implying the predominance of rolling and sliding
mechanisms (i.e., the additives act like nano-ball bearings) of TPW and OLC to enhance the
lubrication and consequently improve the tribological properties [2,40].

Nano additives change the viscosity of lubricants, i.e., their flow properties change, limiting
or enhancing their capacity to adequately lubricate interfaces. Therefore, the influence of the
concentration of nano additives and the uniformity of their dispersion in the lubricant on its
viscosity must be carefully considered to negate any adverse impact on performance. Here,
ultrasonication-aided dispersion of TPW and OLC particles in CO helped achieve optimal
viscosity. Fig. 38(a) shows a non-Einstein-like reduction in CO viscosity after the dispersion
of the TPW particles. CO's viscosity was reduced by 19, 29.2, and 22.9% when 0.1, 0.3, and
0.5 wt.% of TPW particles were dispersed in CO.

Fig. 38 (b) shows a reduced viscosity of CO after the dispersion of OLC particles in it. CO's
viscosity was decreased by ~35.94% when 0.1 and 0.3 wt.% of OLC particles were dispersed
in CO. When the OLC particles’ concentration in CO was increased to 0.5wt%, the viscosity
was reduced by ~29.5%. Theoretically, the reduced viscosity of a lubricant is undesirable in
improving its ability to enhance AF and AW behavior. Less viscous lubricants generate thinner
tribo-layers between the contacting components, resulting in higher surface contacts and,

thereby, higher interface friction.
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Figure 38. Viscosity versus shear rate profiles of (a) TPW and (b) OLC particles’ added

CO in comparison to that of CO.

Furthermore, low-viscosity lubricants may lack the load-bearing capacity to support

components under high pressures, increasing wear. When the lubricant film breaks down under

high loads and speed, the ability to provide boundary lubrication decreases, leaving the surfaces

prone to wear. The flow curves of all the lubricant samples in Fig. 39 indicate a linear variation

(Newtonian nature) in shear stress with the shear rate. It can be noted that the dispersion of

TPW and OLC particles in CO does not change the rheological behavior of the CO. However,

the internal shear stress in response to the applied shear rate generated in the lubricant samples

containing TPW and OLC particles is lower than that of CO. This correlates well with the

reduced viscosity values of TPW and OLC particles dispersed CO samples as per the well-

known Newton's law of viscosity.
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Figure 39. Shear stress versus shear rate profiles of (a) TPW and (b) OLC particles’ added

CO in comparison to that of CO.
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The law significantly establishes that the higher the fluid's viscosity, the greater its resistance
to deformation or flow under a given shear stress. Lubricants with low viscosity have lesser
resistance to flow, allowing them to move more readily between the contacting surfaces. This
characteristic helps to reduce shear stress by implying more effortless movement between
contacting surfaces, which reduces friction and wear. However, extremely low viscous
lubricants may not provide appropriate protection under high loads or harsh circumstances.
However, the exact role of dispersion of nano additives in lubricants and associated rheological
changes is still uncertain. Several studies report increased viscosity when nano additives are
dispersed in the lubricants. In contrast, other reports claim a reduction in the lubricant's
viscosity upon adding the nano additives. Nonetheless, it is apparent from Fig. 38 and 39 that
when TPW and OLC particles are dispersed in CO, the rheological properties of CO are altered.
Further, during the tribological tests, the avg. CoF was recorded as a function of time (Fig. 40).
The CoF of CO was observed to be 0.069 at 100 sec, which reduced to 0.063 at 1000 sec and
remained stable at 0.058 from 2000 sec till 3000 sec and ends at 0.052 at 3600 sec (end of the
test). The CoF was found to be reducing linearly with time. 0.1wt% TPW added CO exhibited
the same initial (i.e., at 100 sec) CoF as CO, which remained constant until 2000 sec. However,

the CoF lowered to 0.051 at 3000 sec and 0.041 at 3600 sec.
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Figure 40. CoF profiles of when (a) TPW and (b) OLC particles’ added CO and CO

samples are used as lubricants in the tribological tests.

It is observed that a further increase in the TPW concentration in the CO does not positively
impact the tribological properties. From Fig. 40 (a), it can be seen that 0.3wt% and 0.5wt%
additions of TPW are detrimental to improving the anti-friction ability of the lubricant. In the
case of 0.3wt% of TPW addition, the CoF increased from 0.069 (at 100 sec) to 0.074 (at 1000

sec), which remained nearly the same throughout the test duration. In the case of 0.5wt% of
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TPW addition, the initial (i.e., at 100 sec) CoF was 0.097, which linearly reduced to 0.052 at
3600 sec, similar to the behavior of CO. Typically, CO reduces the CoF by forming an effective
barrier that separates the surfaces and prevents direct contact. The barrier is a thin tribo-layer
that uses additives to minimize surface resistance. The tribo-layer lowers friction and wear.
This layer might comprise lubricant molecules that attach to the surface or additives intended
to stick to metal surfaces. As the CoF reduces with time, the CO may flow more easily between
the surfaces, resulting in a profuse tribo-layer. The dispersion obtained using TPW in low
concentration (0.1wt%) in CO is more homogenous and stable, with almost no noticeable
sedimentation for seven days. This allowed the TPW spherical nanosized particles to enter the
contact interfaces effectively. The TPW particles potentially serve as nano-ball bearings,
facilitating low-resistance sliding of the surfaces. The tribo-layer formed by the CO gets
reinforced with the TPW nanoparticles, so the CoF is further lowered.

The 0.1wt% TPW-infused CO becomes more effective after 2000 sec. This could be inferred
as the incubation time for the TPW nanospheres to enter the interface and instate themselves
in the tribo-layer, after which they contribute as lubricant additives. However, using higher
concentrations of the TPW does not result in homogenous and stable lubricant samples. Visible
sedimentation is noted in both samples (i.e., 0.3wt% and 0.5wt% TPW addition cases) after 24
h, potentially due to agglomeration of the TPW nanoparticles. The agglomerated TPW
nanoparticles could hinder their uniform dispersion, restrict entry into the sliding interfaces,
and act like third-body abrasive particles that elevate CoF and wear on the contact surfaces.

Also, from Fig. 38, it can be seen that the TPW-dispersed CO lubricant samples have lower
viscosity values compared to CO. Theoretically, reduced viscosity could lead to discontinuous
and unsuitably thinner tribo-layer formation, eventually leading to an increase in CoF and wear.
However, even with lower viscosity, CO with 0.1wt% of TPW shows excellent behavior in this
context, attributed to the nano-ball bearing effect mentioned above. Therefore, it is inferred
that low concentrations of TPW nanoparticles in CO could prove effective as anti-friction (AF)
additives. OLC particles’ dispersed CO samples exhibited similar behaviour. It can be seen
from Fig. 40 (b) that OLC nanoparticles as additives in CO amplified its friction resistance
properties, especially when dispersed in low concentration. The CO had an initial CoF of 0.075
at 100 sec, which raked up to 0.09 at 500 sec, after which it stabilized at 0.07 and remained
~0.063 towards the end of the test. Adding 0.1wt% of OLC into CO maintains a low initial
CoF of 0.058 at 100 sec and ends at 0.04 at 3600 sec. Higher OLC concentrations (0.3wt% and
0.5wt%) show a higher CoF profile throughout the test duration.
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CO results in an avg. CoF of 0.075, which is reduced to 0.063 upon adding 0.1wt% TPW
(Fig. 41 (a)). However, a further increase in the concentration of TPW causes a rise in the CoF.
The avg. CoF values for 0.3wt% and 0.5wt% TPW additions are 0.076 and 0.097, respectively.
A similar trend in the avg. CoF values is observed upon adding OLC particles in varying
concentrations. Dispersion of 0.1wt% of OLC in CO lowered the avg. CoF to 0.062, while it
increased to 0.076 when the concentration was raised to 0.3wt%. A further increase in avg.
CoF to 0.086 can be noticed in Fig. 41(b) when the concentration of OLC was 0.5wt%. In high
concentrations, TPW and OLC particles tend to agglomerate and sediment rapidly, giving rise
to resistance at the contacting surfaces, thus compromising their intended lubricating effect.
Furthermore, an excess of these 0D nanocarbons can exceed the lubricant's dispersing capacity,
resulting in abrasive clusters or deposits that increase friction. Further analysis was made on
wear scars to establish improved wear characteristics, if any.

Figure 42 shows the avg. WSD and wear scar depth (h) values. A ~ 9% reduction in the
WSD and h values was noticed in the specimen tested using a 0.1wt% TPW-loaded CO sample.
Higher concentrations of TPW in CO caused an unwanted increase in the WSD, shown in Fig.
42 (a). CO modified by dispersing OLC particles showed inferior AW characteristics with an
increase of 12% and 7 % in WSD and h values, respectively. Further, optical images of the
wear scars and the avg. wear volume loss (WVL) of test specimens tested using the lubricant

samples are shown in Fig. 43.
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samples are used as lubricants in the tribological tests.
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Figure 43. Optical images of WSD in the case of (a) CO, (b) 0.1wt.% TPW in CO, (c)

0.5wt.% OLC in CO as lubricants; (d) avg. wear volume loss (mm3) on specimens tested.

The optical micrograph of the WSD shown in Fig. 43 (a) is of the specimen tested with CO.
The WSD in the case of wear tests using 0.1wt% TPW in CO and 0.5wt% OLC in CO are
shown in Fig. 43 (b) and 43 (c), respectively. The WSD is reduced for the lubricant samples

consisting of TPW and OLC particles. The intensity of wear within the scar is also reduced
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substantially when the nanocarbons are added to the CO. Specifically, the TPW proves highly
efficient in elevating the wear resistance ability of CO. TPW particles tend to produce a
protective tribo-film that limits direct surface-to-surface contact and minimizes friction-
induced wear. The spherical nanoparticles of TPW could possess great load-bearing capacity,
owing to which they could evenly distribute stresses at the interface, reducing localized
pressure and eventual wear. Along with these, the TPW particles could potentially create a ball-
bearing effect at the nanoscale, which enables smoother sliding of the surfaces, cumulatively
improving the AF and AW improving ability of CO. Out of all the concentrations of TPW in
CO, the lowest, i.e., 0.1wt.% proves to be most effective in reducing wear. It effectively lowers
WVL by 29%. Although the OLC nanoparticles substantially improve the AF ability of the
CO, they fail to simultaneously elevate the wear-resistant ability of CO. Dispersion of OLC
particles in different concentrations in CO doesn't show any reductions in the wear. Instead,
the wear increases in a detrimental way. From Fig. 43 (d), an increase in the WVL by 65% (for
0.1wt% OLC addition) and 35% (for 0.3wt% OLC addition) was observed, which is undesired.
However, the increase in wear associated with using OLC nanoparticles as additives could be
due to their higher hardness and the possibility for enhanced agglomeration or clustering. While
these nanoparticles might minimize friction, their hardness can also create abrasive wear on
uniformly dispersed surfaces.

In a previous study [31], OLC-added polyalphaolefin oil was tested as a lubricant. It has
been argued that the OLC particles facilitated sliding and rolling-off between surfaces in
relative motion. OLC particles' closed structure (graphitic layers arranged in an onion ring-like
form) rendered thermodynamic stability and high mechanical strength. However, the defects
induced in the outer-most layer of these particles may increase the chances of their bonding
with the rubbing surfaces' material, resulting in detrimental friction and wear characteristics.
On the other hand, novel nanocarbons prepared from bio-diesel-soot were also thoroughly
tested to support using OLC-like additives in lubricants. The graphene fragments [41,42] of
high contortion in the bio-diesel-soot facilitated onion-like morphology [43]. Other novel
carbons have also been studied [6,7,44-48]. Diesel-extracted soot particles as lubricant
additives resulted in low friction and wear on textured surfaces [18]. Soot particles act as nano-
bearings between the two surfaces, forming a tribo-film on the surface. Several reports have

proven the existence of such films. [5,7,18,45].
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4.3 1D MWCNTs as Additives in Lubricants

From the FESEM images (Figs. 44 (a) and (b)), the cylindrical morphology and high aspect
ratio of MWCNTs are evident. The TEM images (Figs. 44 (c) and (d)) further confirm the
cylindrical morphology and high aspect ratio. TEM images also confirm the typical hollow,
nano-tubular, and multi-walled (i.e., concentric cylinders made of graphene layers) nature of
the MWCNTs. The low-magnification FESEM image (Fig. 44 (a)) shows that the MWCNTs
are entangled. The X-ray diffractogram (Fig. 45 (a)) shows that the MWCNTs are highly
crystalline. The diffraction peaks at 20 equals 26°, 44° and 53° are indexed to (002), (100), and
(004) crystallographic planes in graphite. (100) and (004) planes are perpendicular to the tube
axis [49]. The appearance of the diffraction peaks corresponding to (100) and (004) planes
implies that the graphene layers constituting the concentric cylinders are along the tube axis.
The d-spacing calculated from the (002) peak is 0.34 nm, the typical interplanar spacing
between the graphene layers in MWCNTSs [49].

Figure 44. (a) and (b) FESEM images of MWCNTs recorded at different magnifications; (c)
and (d) TEM images of MWCNTs recorded at different magnifications.
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Figure 45. (a) X-ray diffractogram and (b) Raman spectrum of the as-prepared MWCNTs.

The Raman spectrum (Fig. 45(b)) doesn't show the radial breathing mode below 500 cm™,
implying the multi-walled nature of the as-prepared MWCNTs.!# The sample shows fingerprint
vibrational bands around 1344 cm™', 1577 cm™ and 2684 cm™, which are attributed to the
typical D-bank (Disordered band), G-band (Graphitic band), and 2D or G’-peak (overtone of
D-band) in MWCNTs prepared by other techniques [49]. The ratio of the integrated areas under
the D and G-bands (Ip/I) is the measure of the graphitization index of MWCNTs. A low In/Ig
ratio implies fewer defects in MWCNTs. Similarly, higher values of Iop/Ig and Ip/Ip indicate
long-range ordering and good crystallinity of the graphitic network in the sample, respectively.
In/lG, Iopn/lG, and Iop/Ip ratios for the MWCNTS in this work are calculated to be 0.285, 0.632,
and 2.214, respectively, implying that the as-prepared MWCNTs are highly graphitic, with
fewer defects and good crystallinity.

Figure 46(a) shows the rheograms of BO and the MWCNTs dispersed BO samples. Figure
46 (b) shows the flow curves of BO and the MWCNTs dispersed BO samples. Three different
samples of MWCNTs added BO, namely BO + NT1 (0.1wt.% ), BO + NT2 (0.3wt.% ), and
BO + NT3 (0.5wt.% ) are tested. Figure 4a shows that the viscosity remains the same over the
applied shear rate (>50 sec™!) for all the samples, indicating the absence of any shear thinning

or shear thickening.
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Figure 46. Rheological properties of BO and MWCNT dispersed BO samples: (a) Viscosity

as a function of shear rate and (b) Shear stress as a function of shear rate.

A slight shear thickening is observed in all the MWCNTs dispersed samples for shear rates
up to 50 sec’. It can be noted that adding the MWCNTs to BO lowers the viscosity. The
viscosity of BO + NT1 is 59% lower than that of BO, while that of BO + NT2 is 90% lower
than that of BO. However, a higher concentration of the MWCNTs in BO (BO + NT3) shows
a viscosity reduction of only 26%. The flow curves (Fig. 46 (b)) also indicate a reduced internal
shear stress in the MWCNTs dispersed BO samples. The reduction in lubricant viscosity
following the dispersion of MWCNTs can be attributed to various factors. The size and
distribution of MWCNTs inside the lubricant are important because a more uniform dispersion
with smaller agglomerates reduces viscosity. MWCNTSs' surface modification and their
concentration in the lubricant could influence molecular interactions and lead to changes in
viscosity. The degree of aggregation or dispersibility of MWCNTs is critical, as effective
dispersion reduces agglomeration while increasing lubricant flow. A similar reduction trend in
viscosity was noticed in the case of MWCNTs dispersed CO samples (Fig. 47 (a)). Three
different samples of MWCNTs added CO, namely CO +NT1 (0.1wt.% ), CO + NT2 (0.3wt.%),
and CO + NT3 (0.5wt.%) are tested. The CO + NT1 sample shows 37% lower viscosity than
the CO. CO + NT2 and CO + NT3 samples show viscosity values that are 27% and 24% less
than that of CO. The overall viscosity of the CO and the MWCNTs dispersed CO samples
remains the same throughout the range of applied shear rate (> 50 sec!). The flow curves of
the CO and MWCNTs dispersed CO samples (Fig. 47 (b)) exhibit linearity, indicating the
samples follow Newton's law of viscosity (i.e., the shear stress is directly proportional to the

shear rate) of the lubricant samples.
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Figure 47. Rheological properties of CO and MWCNT dispersed CO samples: (a) Viscosity

as a function of shear rate and (b) Shear stress as a function of shear rate.

MWCNTs dispersed lubricating media have often helped significantly reduce the coefficient
of friction (CoF) [50-53]. The presence of MWCNTs in lubricating media creates a lubricating
system in such a way that the MWCNTs form a protective layer between contacting surfaces.
As a result, they facilitate smoother movement of the contacting surfaces by minimizing direct
metal-to-metal contact and reducing frictional forces. This reduction in CoF can enhance the
efficiency of machinery, lower wear and tear on components, and contribute to improved
overall performance in various industrial applications where lubrication is essential. In this
work, as shown in Fig. 48 (a), it can be observed that at room temperature (RT), there is no
significant improvement in the anti-friction characteristics of BO even after adding MWCNTs
in varying concentrations. However, when the same lubricant samples are tested as per the
ASTM standard, i.e., at 75 °C Fig. 48 (b), substantial improvement in anti-friction
characteristics can be observed. The BO results in a CoF of 0.04 at 400 sec, after which the
friction can be seen increasing to a peak value of 0.09 at 1600 sec, which lowers to 0.07 towards
the end of the test (3600 sec). From Figure 6b, the BO + NT1 sample clearly does a splendid
job of reducing the CoF. It can be observed that the CoF of 0.047 at 400 sec keeps lowering to
the end value of 0.008 at 3600 sec, which is clearly close to the super-lubrication regime. The
BO +NT2 and BO + NT3 result in a CoF of 0.05 at 400 sec, while at 3600 sec, BO + NT2 and
BO + NT3 result in CoF values of 0.04 and 0.03, respectively. The average CoF values at RT
(Fig. 48 (c)) indicate minimal impact of the MWCNTs addition to BO. However, the average
CoF values at 75 °C (Fig. 48 (d)) show that MWCNTs are critical in reducing the average CoF.
It may be noted that at 75 °C, BO loses more than 90% of its viscosity, thereby reiterating the
importance of additives (here, MWCNTSs) in improving anti-friction properties at the operating

temperatures.
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Figure 48. CoF data when BO and MWCNT dispersed BO samples are tested as lubricants:
CoF versus time at (a) RT, (b) 75 °C, and Avg. CoF at (¢) RT and (d) 75 °C.

Figure 49 shows the CoF data when CO and MWCNT dispersed CO samples are tested as
lubricants. The CoF profiles in Figs. 49 (a) and (b) distinctly show the efficient reduction in
friction when MWCNTs are dispersed in CO. It can be observed that when CO is tested as a
lubricant at RT, the CoF profile increases with time. The initial CoF remains at 0.075 till 800
sec, after which it shoots up to 0.1 and remains nearly the same throughout the remaining test
duration. The initial CoF values in the case of the MWCNTs dispersed CO samples are almost
the same (~ 0.06) from the beginning of the test until 1600 sec. However, the CO + NT1 and
CO + NT2 samples increased CoF from 2000 sec onwards. In the case of the CO + NT1 sample,
the CoF increases to 0.075, while in the case of CO + NT2, the CoF goes up to 0.086 towards
the end of the test. The CoF in the CO + NT3 sample case remains almost unchanged
throughout the test. At RT, the reduction in average CoF in the case of CO (Fig. 49 (¢)) is
nearly the same for all the different concentrations of MWCNTs in it. The low and high
concentrations of MWCNTs in the CO do not show striking changes in the anti-friction
behavior. At 75 °C, the MWCNT concentrations become crucial in tailoring the anti-friction
property of the CO. The CoF profiles improved in the case of low concentrations of MWCNTs
in CO. The CO resulted in a CoF of 0.09 at 400 sec, which lowers to 0.06 towards the end of
the test. The CO + NT1 sample results in an initial CoF of 0.05 at 400 sec, which reduces to a
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very low value of 0.024 towards the end of the test. The CO + NT2 sample results in slightly
higher CoF values of 0.057 and 0.03 at 400 sec and 3600 sec, respectively. Further increase in
MWCNTs concentration, i.e., CO + NT3 sample, did not effectively lower the friction. It
resulted in an initial CoF of 0.057 at 400 sec and 3600 sec. It can be observed from Fig. 49 (b)
that the CO + NT3 sample shows a surge in CoF values from 400 sec to 1600 sec. It can be
stated that the CO + NT1 sample is the best in terms of reducing friction. The percentage (%)
of average CoF reductions obtained using the BO, CO, and the MWCNTs dispersed BO and

CO samples are shown in Table 5 and Table 6, respectively.
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Figure 49. CoF data when CO and MWCNT dispersed CO samples are tested as lubricants:
CoF versus time at (a) RT, (b) 75 °C, and Avg. CoF at (¢) RT and (d) 75 °C.
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Table 5. Avgerage CoF values and percentage reduction in CoF when BO, CO, and
MWCNTs dispersed BO and CO samples are tested as lubricants at RT and 75 °C.

Lubricant  Average % reduction Average % reduction

Sample CoF at RT  in Average CoF at75°C in Average

CoF CoF
BO 0.066 - 0.077 -
BO+NT1 0.065 1.51% 0.027 64.93%
BO +NT2 0.061 7.57% 0.053 31.16%
BO +NT3 0.064 3.03% 0.046 40.25%
CcO 0.098 - 0.075 -
CO+NTI 0.068 30.61% 0.039 48%
CO+NT2 0.077 21.42% 0.047 37.33%
CO+NT3 0.069 29.59% 0.07 6.66%

Table 6. Maximum and minimum CoF values when BO, CO, and MWCNTs dispersed BO

and CO samples are tested as lubricants at RT and 75 °C.

Lubricant Maximum Maximum Minimum Minimum
Sample CoF at RT CoF at 75°C CoF atRT CoF at 75 °C
BO 0.0759 0.0981 0.0551 0.07
BO+NT1  0.080 0.0638 0.0532 0.0037
BO+NT2  0.0759 0.0760 0.0472 0.0039
BO+NT3  0.070 0.0758 0.0532 0.0040

CcO 0.1108 0.0936 0.0756 0.0639
CO+NT1  0.0812 0.0522 0.0636 0.0249
CO+NT2  0.0978 0.0579 0.0636 0.0304
CO+NT3  0.0692 0.0896 0.0634 0.0575

MWCNTs added BO and CO samples’ wear-preventive nature is assessed by measuring the
wear scar diameter (WSD), wear volume loss (WVL), and wear scar depth (h). Figure 50 shows
the average WSD values measured on the test specimens subjected to wear test using BO and

the MWCNTs dispersed BO samples. At RT, the average WSD reduction improvement is
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nominal in the case of MWCNTs dispersed BO (Fig. 50 (a)). 0.1wt.% MWCNTs dispersed BO
results in ~ 9% average WSD reduction. The wear-preventive properties deteriorated in the
case of samples with higher concentrations of the MWCNTs. 0.3wt.% MWCNTs dispersed BO
sample did not improve the average WSD reduction. In the case of 0.5wt.% MWCNTs
dispersed BO sample, the average WSD increased by 3%. At 75 °C, the wear-preventive
characteristic of BO is significantly improved due to the addition of the MWCNTs (Fig. 50
(b)). The average WSD was reduced substantially by 30% when BO was loaded with
MWCNTs. As the concentration of the MWCNTs increased to 0.3wt.%, the average WSD
reduction was found to be ~26.5%, which further deteriorated to 17% when the concentration

of MWCNTs was increased to 0.5wt.%.
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Figure 50. Average WSD values at (a) RT and (b) 75 °C in the case of BO and MWCNTs
dispersed BO samples.

Figure 51 shows the improved wear-preventive characteristics (WVL and h) of MWCNTs
dispersed BO samples at 75 °C. Figure 51 (a) shows a 36% improvement in the average WVL
on the test specimens when 0.1wt.% MWCNTs dispersed BO was used as the lubricant.
0.3wt.% and 0.5wt.% MWCNTs dispersed BO samples were detrimental. 0.5wt.% MWCNTSs
dispersed BO sample resulted in a 16% increase in the wear. At 75 °C, a similar trend was
observed (Fig. 51 (b)). The test specimens lubricated using low concentrations of MWCNTs in
BO show reduced wear. Adding 0.1wt.% and 0.3wt.% of MWCNTs to BO helped improve the
wear-preventive properties by 54% and 64%, respectively. However, 0.5wt.% MWCNTs

dispersed BO sample improved the wear-preventive properties by only 23%.
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Figure 51. Average WVL and h at (a) RT and (b) 75 °C in the case of BO and MWCNTs
dispersed BO samples.

Figure 52 shows the wear-preventive properties when CO and MWCNTs dispersed CO
samples are tested as lubricants at RT and 75 °C. At RT (Fig. 52 (a)), the average WSD was
17% lesser in the case of 0.1wt.% of MWCNTs dispersed CO sample. 0.3wt.% of MWCNTs
dispersed CO sample resulted in a nominal improvement of 2% in wear-preventive properties.
However, the average WSD was 21% lesser in the case of 0.3wt.% MWCNTs dispersed CO
sample. At 75 °C, MWCNTs added CO samples do not have the desirable effect on the wear-
preventive properties. Figure 52 clearly shows no improvements in the average WSD values.
These values rather increase when the MWCNTs-infused CO samples are used as lubricants.
0.1wt.% MWCNTs dispersed CO sample resulted in a nominal reduction by 7%, while 0.3wt.%
and 0.5wt.% MWCNTs dispersed CO samples resulted in a 32% higher average WSD as

compared to the case of CO.
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Figure 52. Average WSD values at (a) RT and (b) 75 °C in the case of CO and MWCNTs

dispersed CO samples.
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Figure 53 shows the wear-preventive properties of CO and MWCNTs dispersed CO samples
at RT and 75 °C. At RT (Fig. 53 (a)), the reduction in WVL and h are anomalous. 0.1wt.%
MWCNTs dispersed CO resulted in a 32% reduction in the average WVL and h, while 0.3wt.%
MWCNTs dispersed CO caused an abrupt increase in wear, making the lubricant sample
undesirable for use. On the contrary, 0.5wt.% MWCNTs dispersed CO results in a ~ 39%
improvement in the wear-preventive characteristics. At 75 °C (Fig. 53 (b)), the use of 0.1wt.%
MWCNTs dispersed CO lowered the average WVL and h by ~30%. However, 0.3wt.% and
0.5wt.% MWCNTs dispersed CO samples drastically increased the average WVL and h values,
indicating to abstain from adding MWCNTs in high concentrations in CO. The wear scar
images obtained on the test specimens are shown in Figures 54 and 55. Wear-preventive

characteristics are measured from these images.
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Figure 53. Average WVL and h at (a) RT and (b) 75 °C in the case of CO and MWCNTs
dispersed CO samples.

The lubrication mechanism of MWCNTSs was speculated as penetration into surface
asperities and rolling between contacting surfaces, similar to a roller bearing action, with small
and short MWCNTs demonstrating superior performance than thick and lengthy ones due to
lower agglomeration and interlocking [50]. MWCNTs from carbon-rich fly ash were evaluated
as lubricant additives for 150SN BO. The CoF was lowered by approximately 25% at a
concentration of 0.1wt.% MWCNTs. The rheological behavior was also investigated, and it
was discovered that the viscosity of the BO impregnated with 0.1wt.% MWCNTs differed
little from that of pure oil [51]. MWCNTs generated from fly ash, when combined with
sunflower BO in various concentrations (0.005wt.% to 0.5wt.%), showed that even at a low
concentration of 0.1wt.% MWCNTs, the CoF was reduced by roughly 58%. This behavior was
linked to creating a protective graphitic carbon layer between the surfaces in contact [52]. The

nanolubricant made with SAE 5W-30 at a concentration of 0.06 wt.% improved thermal
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conductivity the most, which can be ascribed to the surface characteristics of MWCNTs. When
0-0.06wt.% MWCNTs added SAE 5W-30 was used as the lubricant, and the WSD and CoF
values were reduced due to the creation of a stable hydrodynamic lubricant coating. A
concentration of MWCNTs >0.06wt.% caused more significant agglomeration and
inhomogeneity of MWCNTs in the lubricant, leading to higher WSD and CoF values. Overall,
these nano lubricants have the potential to reduce friction and wear, increase lubricity and
machine component longevity, and save fuel consumption [53]. The as-prepared MWCNTSs in
this work performed extraordinarily as lubricant additives. Because of factors like their high
aspect ratio and structure, MWCNTs operate as nano-scaled spacers and rollers between sliding
surfaces, reducing direct contact and load-bearing. MWCNTs adhere to surface imperfections,
producing a protective interface that drastically reduces friction. The MWCNTs align and form
durable tribofilms on the surfaces under sliding conditions, decreasing direct contact and
resulting in low friction between the contacting surfaces. When MWCNTs are utilized as
lubricant additives, the combination of load-bearing capabilities, tribofilm production, and
temperature management significantly reduces friction. The Iubricating mechanism of

MWCNTs as lubricant additives is shown in Figure 56.
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Figure 54. Wear scars obtained on test specimens using (a) BO at RT, (b) 0.1wt.% MWCNTs
in BO at RT, (c) BO at 75 °C, and (d) 0.11wt.% MWCNTs in BO at 75 °C.
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Figure 55. Wear scars obtained on test specimens using (a) CO at RT, (b) 0.1wt.% MWCNTs
in CO at RT, (c) CO at 75 °C, and (d) 0.11wt.% MWCNTs in CO at 75 °C.
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Figure 56. Lubricating mechanism of MWCNTs at nanoscale and macroscale.

MWCNTs have an extremely high aspect ratio and specific surface area because their
structure consists of many concentric graphene layers that are smoothly rolled into a cylindrical
shape. MWCNTs' tubular form allows for rolling and sliding motions at the nanoscale. When
used as lubricant additives, MWCNTs can align themselves between sliding surfaces, reducing

direct contact between them. As MWCNTs roll and slide, they act as barriers against surface-
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to-surface contact, resulting in a considerable decrease in molecular friction. MWCNTSs can
modify the lubricant's rheological properties at the nanoscale. Because of their unusual shape,
MWCNTs added lubricants can display shear-thinning behavior, which means their viscosity
decreases under shear stress. This feature allows the lubricant to flow more freely between
moving parts, lowering viscous drag and increasing lubrication efficiency. Additionally, the
graphitic structure of MWCNTSs creates a solid lubricating mechanism. The sp? hybridized
carbon atoms in graphene layers have low shear resistance, allowing MWCNTs to function as
solid lubricants. This lowers friction and wear between contacting surfaces, extending the total
life of the lubricated system. While nanoscale processes concentrate on molecule interactions,
macroscale mechanisms involve the collective behavior of MWCNTSs within the lubricant,
which influences overall lubrication performance. MWCNTs have a great load-bearing
capacity thanks to their strong carbon-carbon bonding. MWCNTs, when added to lubricants,
can endure large loads while equally distributing pressure across surfaces. This load-bearing
capacity keeps surface asperities from coming into direct contact, decreasing wear [54].
MWCNTs aid in producing a tribofilm, a protective coating that forms on sliding surfaces
during lubrication. MWCNTs combine with other additives and surfaces to generate a
tribofilm, which works as a wear and corrosion barrier. This improves the lubricant's anti-wear
qualities and provides consistent performance over time. The lubricating mechanism of
MWCNTs as additives is a complex combination of nanoscale and macroscale events, as
shown in Figure 56.

At the macro scale MWCNTs enhance the stiffness of the lubricant film, improving load-
bearing capacity of microscopic surface irregularities (asperities), leading to better load
distribution. Dynamic behaviour studies show that MWCNTs reduce vibration in roller
bearings lubricated with grease [30]. However, maintaining an optimal concentration of
MWCNTs (typically below 0.5 wt.%) is crucial to avoid agglomeration and precipitation.
Beyond that threshold concentration, strong Van der Waals interactions can hinder their
effectiveness in reducing friction and wear [55]. In a study with SAE 10W40 engine oil, using
MWCNTs as additives reduced the CoF by 56% and the WSD by 67% showing better
tribological properties than SWCNTs [56]. MWCNTs with 0.08 wt.% polymeric aryl
phosphates (PAPs) improved friction reduction by approximately 60% and anti-wear
performance by about 95% [57]. Ball on disc tests (using SRV 5 tribometer) conducted on
COOH-functionalized MWCNTs dispersed in polyalphaolefin (PAO 4 and PAO 6) in different
concentrations (0.025 - 0.15 wt.%) showed significant reduction in the CoF by around 27%
and the wear volume by approximately 88% at 0.05 wt.% and 0.025 wt.% of CNTs in PAO,
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respectively [58]. Fly-ash derived (OFA) CNTs as lubricant additives in base oils (Saudi
Aramco 100SN, 500SN, and 150BS) exhibited superior tribological performance even at very
low concentrations. These CNTs were more effective in reducing the CoF. A 20% reduction in
the CoF at a CNT concentration of 0.1 wt.% was noticed [51]. A base oil mixed with MWCNTs
was used as a lubricant on nodular cast iron surfaces in contact with steel to evaluate its
tribological performance using a pin-on-disc method. Incorporating MWCNTs into the base
oil improved its ability to bear load and its stability as a lubricant. The processes that led to the
enhanced performance of the lubricating oil with MWCNTSs on nodular cast iron were also
explored, scrutinized, and recorded [59]. Experimental trials were carried out on Mobil gear
627 and paraffinic mineral oils, both infused with different quantities of MWCNTs as additives,
to assess their AW, load-bearing ability, and CoF. The outcomes from these trials suggest that
incorporating MWCNTs into base oils aids in friction reduction and enhances AW
characteristics. Wear trials demonstrate that mineral oil with MWCNTs decreases wear by 68%
and 39% in comparison to the base Mobil gear 627 and paraffinic mineral oils, respectively.
Moreover, measurements of friction reduction reveal that mineral oil with MWCNTSs reduces
friction by about 57% and 49% compared to the base Mobil gear 627 and paraffinic mineral
oils, respectively [60]. MWCNTs were dispersed in SAE 10W40 oil using ultrasonic waves
and used as additives. The flow properties of the MWCNT nanolubricant samples displayed
non-Newtonian traits (shear-thinning), while the SAE 10W-40 oil showed behaviour like a
Newtonian fluid. The CoF reduced by 4%-34% and 26%-32% under varying loads and
velocities. Furthermore, after a sliding distance of 22.57 km at a load of 240 N and a speed of
0.33 m/s, the specific wear rate of the surfaces reduced by 29% and 40%, respectively. These
findings imply that MWCNTs could be effective additives in lubricants [61].

4.4 2D MLG Particles as Additives in Lubricants

Figure 57 shows the FESEM images of NGF and EG. It can be observed from Fig. 57 (a) that
the NGF is constituted by ~500-700 pm sized flakes-like morphology, which changes into an
accordion-like shape after exfoliation. It can be observed from Fig. 57 (b) that EG has a puffy
worm-like morphology. When these puffy worms were subjected to rapid liquid phase shearing
and followed by cavitation-induced intense local shock-wave energy release during probe-
sonication, they were fragmented into particles with fewer graphene sheets named MLG
particles, which had sheet-like morphology with a lateral size of few microns and thickness in
nanometres as shown in Figs. 58 (a) and (b), respectively. When used as a lubricant additive,

the large lateral dimensions of the MLG particles are expected to reduce the direct contact area
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between the surfaces sliding over each other, minimizing the friction during sliding. The high-
resolution TEM image (Fig. 58 (b)) shows the layered structure of one representative MLG
particle, each constituted by 8-12 graphene layers. This layered structure of MLG is expected
to enhance the lubrication properties when MLG is used as a lubricant additive because these

layers are held by weak Van der Waals bonding and can easily slide under shearing forces.
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Figure 58. (a) FESEM and (b) HRTEM image of MLG particles.

The formation of MLG was further confirmed by analyzing XRD (Fig. 59) and Raman
scattering (Fig. 60) results. The diffraction peaks in the XRD pattern of NGF are indexed to
the characteristic (002) and (004) crystallographic planes in graphite (COD database file no.
96-901-1578) [62]. The d-spacing in NGF was calculated using the diffraction peak at 26.22
(0.339 nm), while the calculated crystallite size (La) using the Scherrer equation is 61.85 nm.
In the case of MLG (i.e., the product exfoliated from NGF), the diffraction peak corresponding
to (002) crystallographic plane is recorded at 26.66° (a higher diffraction angle in comparison
to that in NGF) corresponding to a reduced d-spacing of 0.334 nm and L, of 28.90 nm. Electron
microscopic and XRD observations confirm that the MLG particles retained the graphitic

nature but with only 8-12 graphene layers in each MLG particle.
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Figure 59. X-ray diffraction patterns of NGF and MLG.
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Figure 60. Raman spectra of NGF and MLG.

In Fig. 60, the Raman spectra of NGF and MLG are compared. The two prominent peaks in
the spectrum of NGF are the G band at ~1585 cm™! and the 2D band at ~2700 cm™. In the case
of MLG, the D and 2D bands are recorded at ~1352 cm™ and ~ 2703 cm’!, respectively. The D
band observed in the Raman spectrum of MLG is attributed to the defects induced during the
intensive shearing and exfoliation. A distinctive difference is observed when the shape and the
intensity of the 2D band (Figs. 61 and 62) in the case of NGF and MLG are compared.
Typically, the 2D band of graphene is a single sharp peak, while that of graphite consists of
two components, 2D and 2D;. The intensity of 2D; and 2D> is almost %™ and %™ of that of
the G band. The double structure of the 2D band in graphite is attributed to the intervalley
double resonance (DR) mechanism that involves a transition between two inequivalent
neighboring K points (K and K') of the hexagon of the first Brillouin zone of the graphite [63].

In the case of graphenaceous materials, the 2D band evolves with the number of layers present
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and how the DR process links phonon wave vectors to the electronic band structure of
graphenaceous materials [64-66]. The 2D band is observed at ~2739 and ~2703 cm™! for NGF
and MLG, respectively. The observed 2D band’s red shift in the case of MLG indicates that
the exfoliation has led to the formation of MLG [64-66].
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Figure 61. Peak fit of 2D Raman band in NGF.
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Figure 62. Peak fit of 2D Raman band in MLG.

The BO, CO, and respective MLG dispersed samples are subjected to a shear rate of 0 to
1000 sec! to observe the rheological behaviour of the samples. The apparent viscosity (1) and
shear stress (1) profiles of BO and BO-NL samples (BO-NL1, BO-NL2, and BO-NL3) are
shown in Figs. 63 (a) and 63 (b), respectively. In the case of BO, 1 is ~150-155 cP, indicating
a negligible shear thinning as the shear rate increased beyond 700 sec’!, leading to a 6%

reduction in the viscosity. BO-NLI1 exhibits an overall increased viscosity of 173.7 cP, with
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visible shear thinning leading to a loss of nearly 15% of the initial viscosity towards the end of
the measurement. Dispersing different concentrations of MLG in BO induces uncertain
rheological changes. In the case of BO-NL2, n is ~150.7 cP, surprisingly showing a non-
Einstein-like reduction in viscosity with no noticeable shear thinning. A further increased
concentration of MLG in BO, i.e., BO-NL3, again shows a leap in viscosity to 181.1 cP with
no signs of shear thinning. While on the one hand, reports on the reduced viscosity of media
upon the addition of various nanoparticles and related explanations are available, few articles
mentioning an increase in viscosity after the addition of nanoparticles are also available [67-
70]. The uncertainty on the changes in rheological properties upon the addition of nanoparticles
requires in-situ studies on the fluid-particle interaction both physically and chemically to
understand these anomalies better along with supporting information generated with tools like

machine learning to design a nanolubricant effectively [71].
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Figure 63. (a) Viscosity and (b) shear stress profiles of BO and BO-NL samples.

The BO and BO-NL samples' measured flow curves (shear stress versus shear rate) are
shown in Fig. 63 (b). A linearly increasing trend is observed between the applied shear rate and
shear stress for all the samples. It is evident from Fig. 63 (b) that all the samples start to flow
as soon as the shear rate is applied and do not require the shear stress to reach a specific value
to enable flow in the fluids (i.e., yield stress = 0). However, it is also observed that all the BO-
NL samples exhibit lesser shear stress than the BO, which theoretically means they have lesser
internal resistance to flow under an applied external force (shear rate) which doesn’t correlate
well with the corresponding viscosity profiles in Fig. 63 (a) The abrupt increase/decrease in
viscosity due to the varying MLG concentration could be linked to several factors such as nano-
particle — fluid interaction, agglomeration of MLG or non-homogenous dispersion. Along with

these factors, fluid dynamic aspects could also occur at molecular levels, leading to
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unpredictable property changes. For instance, a turbulent flow in the BO-NL samples could
occur during the rotational rheology measurements, causing the oil molecules and MLG
nanoparticles to undergo random inter-layer movement, forming eddies/vortices and giving
specious results. The measured viscosity values may be higher than the actual values due to
pseudo-internal resistance among fluid layers being measured by the instrument.  and 7
profiles of CO and CO-NL samples (CO-NL1, CO-NL2, and CO-NL3) are shown in Fig. 64
(a) and 64 (b), respectively.
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Figure 64. (a) Viscosity and (b) shear stress profiles of CO and CO-NL samples.

Adding MLG to CO reduces the viscosity of CO by 30% to 46%, depending on the MLG
concentration. The CO and CO-NL samples show negligible shear thinning as the shear rate
increased beyond 800 sec”!. CO has an overall | 175.5 cP, which reduces as MLG is added.
With regards to n, CO-NL1 and CO-NL2 remain close (112 cP and 117 cP, respectively) to
that of CO, while CO-NL3 shows the highest reduction with i value as 91.9 cP. The measured
flow curves (shear stress versus shear rate) of CO and CO-NL samples are shown in Fig. 62
(b). It is apparent from Fig. 63 and 64 adding fractional quantities of MLG to the BO and CO
affects the rheological properties, primarily reducing the internal resistance between the fluid
layers to flow. Although a lesser resistance to flow implies an improved flowability for the
lubricants, excess reductions in the viscosity of oils can be detrimental as that would not allow
the tribo-layer to withstand the contact stresses at the interface and will undergo continuous
deformation, leading to high friction and wear. Therefore, the MLG concentration required for
dispersion must be correlated with relevant tribological performance to improve the rheological
and lubricating properties. Four ball wear tests at room temperature (RT) and as per ASTM-D
4172 were performed, and improvements in CoF and wear reduction were observed when BO-

and CO-supplemented with low concentrations of MLG were used as lubricants. Avg. CoF and
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CoF profiles recorded in the case of BO and BO-NL samples are shown in Fig. 65. At RT, the
avg. CoF of BO-NL1 (which is 0.055) is 16.66% less than the CoF of BO (which is 0.066).
However, with further addition of MLG to BO, i.e., in the case of BO-NL2 and BO-NL3
samples, the average CoF shoots up to 0.07 (6% increase) and 0.095 (43.93% increase),
respectively. This undesirable increase in CoF with MLG dispersion is attributed to a combined
effect of abrupt changes in viscosity and agglomeration of MLG at higher concentrations. At

75 °C, the average CoF values follow a similar trend as those observed at RT.
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Figure 65. (a) Average CoF and (b) CoF profile of BO and BO-NL samples at RT; (c)
average CoF and (d) CoF profile of BO and BO-NL samples 75 °C.

At 75 °C, the average CoF of BO-NLI is the lowest (which is 0.057), which is 25.97% lower
than the average CoF of BO (which is 0.077). The BO-NL2 and BO-NL3 were found to show
an increased average CoF value of 0.085 and 0.095, which are 10.38% and 23.37% higher than
the average CoF value of BO. The CoF profiles in Fig. 65 (d) clearly show that BO-NL2 and
BO-NL3 exhibit a very high frictional behaviour throughout the test, while the BO-NL1 shows
a reducing CoF after 1600 sec. Average CoF and CoF profiles recorded in the case of CO and
CO-NL samples are shown in Fig. 66. At RT, after an initial CoF of ~0.08, the wear test
specimens lubricated using CO become poorly lubricated (400 sec to 1200 sec), because of
which there is a spike seen in the CoF to 0.15 which remains constant after 1200 sec till the

end of the test. This shift in regime resulting in increased CoF can be attributed to the failure
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of CO to form an effective tribo-layer and keep the CoF low. With the addition of MLG, it is
observed that no such shift of regimes is visible, implying that the point of contacts being
lubricated remains in the same regime throughout the test duration. The CO-NL1 sample shows
a low CoF of ~0.065 throughout the test, with an average CoF of ~0.073 after multiple
repetitions. The CO-NL2 shows a slight increase in the avg. CoF (0.078), while the CO-NL3
sample showed no improvement in the CoF. From Fig. 66 (a), CO-NL1 is most effective in
CoF reduction. Adding 0.1wt.% of MLG to CO improves its CoF-reducing ability by 25.5%,
while CO-NL2 showed a 20.4% CoF reduction when compared to CO. However, the avg. CoF
of CO-NL3 shows an increase of 1% compared to CO.
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Figure 66. (a) Avg. CoF and (b) CoF profile of CO and CO-NL samples at RT; (c) avg. CoF
and (d) CoF profile of CO and CO-NL samples 75 °C.

The poor friction characteristics of NL3 samples are speculated to be due to the drastic
reduction of the rheological characteristics (Fig. 63 and 64) and undesired additives’
agglomeration in the base fluids. In the case of CO-NL3, the drastically reduced viscosity and
shear stress do not allow the oil to form a stable tribo-film on the contacting surfaces. In other
words, the lubricant fails under the impact of high contact stress at the point of contact. The
agglomerated MLG particles in the lubricant induce an adverse effect and resist the smooth
sliding of the wear test specimens at the point of contact, resulting in an increased CoF at the

interface. At 75 °C, the avg. CoF of CO (which is 0.075) was reduced by 12% and 16% when
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CO-NL1 and CO-NL2 were used as lubricants, respectively. The avg. CoF of CO-NL3 was
almost the same as that of CO. Fig. 64 (d) shows that CO and CO-NL samples have similar
profiles from the start till the end of the test. Initially (at 400 sec), the CoF values are
substantially higher for CO and CO-NL3 than CO-NL1 and CO-NL2. However, the values end
up in the same range towards the end of the tests. The maximum and minimum CoF values

resulting from using all the lubricants are presented in Table 7.

Table 7. Maximum and minimum CoF values when BO, CO, and respective MLG dispersed

samples are tested as lubricants

Sample Maximum CoF Minimum CoF

atRT at75°C atRT at75°C

BO 0.0751  0.098 0.055 0.07

BO-NL1 0.0687  0.075 0.046  0.0352

BO-NL2 0.0751  0.097 0.069 0.080

BO-NL3 0.0751 0.104 0.064  0.0863

CO 0.110 0.093 0.075 0.063

CO—-NL1 0.07 0.081 0.058 0.058

CO-NL2  0.07 0.069 0.064 0.052

CO-NL3  0.109 0.087 0.086 0.063

Wear scar depth (h) and the wear volume loss (V) directly indicate the material removed
from the wear scar area. An increase or decrease in these values can be used to assess the wear
resistance ability induced by the lubricants. Fig. 67 shows the wear-resistance characteristics
(h in mm and V in mm?) when BO and BO-NL samples were used as the lubricants at RT and
75 °C. Adding MLG to BO reduced the avg. WSD at RT (Fig. 65 (a)). However, it is observed
(Fig. 65 (a)) that the avg. WSD in the case of BO-NL samples increased as the concentration
of MLG increased from 0.1wt.% to 0.5wt.%.
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Fig. 67. (a) Avg. WSD and (b) wear volume loss and avg. wear scar depth of the test
specimens at RT; (¢) avg. WSD and (d) wear volume loss and avg. wear scar depth of the test

specimens at 75 °C. Here, BO and BO-NL samples are used as the lubricants.

Using the BO-NL1 sample as the lubricant resulted in a 14.10% reduction in the WSD
compared to BO. When BO-NL2 and BO-NL3 samples were used as lubricants, WSD was
reduced by 12.18% and 4%, respectively. Fig. 67 (b) also shows that h and V were reduced
when BO-NL samples were used as the lubricants. In the case of BO-NLI, the reduction is as
high as 50% at RT. Similar trends in h and V were observed at 75 °C, as shown in Fig. 67 (¢)
and 67 (d). Even though overall improvement is observed when BO-NL samples (including
that of BO-NL2 sample) were used as lubricants, the slightly anomalous observation in the BO-
NL2 sample (among BO-NL samples) is unclear and needs further investigation.

Figure 68 shows the wear-resistance characteristics when CO and CO-NL samples were
used as the lubricants at RT and 75 °C. Adding MLG to CO reduced the avg. WSD at RT (Fig.
68(a)). Fig. 68 (b) also shows that h and V were reduced when CO-NL samples (except for an
anomaly in h when CO-NL3 was used as a lubricant) were used as the lubricants. A similar
trend of wear-resistance characteristics was observed when the CO-NL samples were tested at
75 °C (Fig. 68 (c) and (d)). However, CO-NL2 as the lubricant gave the best results at 75 °C.

It may be noted that with the testing temperature at 75 °C, the viscosity of CO will tend to
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reduce considerably, thereby reducing the lubricity of the CO. From the observations shown in
Fig. 68, both lower (i.e., CO-NLI1) and higher (i.e., CO-NL3) concentration of MLG in CO
fails to provide good wear resistance at 75 °C. In the case of CO-NLI, the concentration of
MLG sheets is inadequate enough to minimize material wear at the interface. In contrast, in the
case of CO-NL3, the concentration of MLG sheets is more than adequate, resulting in their

agglomeration and failing to be appropriate wear preventive additive in lubricants.
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Figure 68. (a) Avg. WSD and (b) wear volume loss and avg. wear scar depth of the test
specimens at RT; (¢) avg. WSD and (d) wear volume loss and avg. wear scar depth of the test

specimens at 75 °C. Here, CO and CO-NL samples are used as the lubricants.

The observations made from Figs. 67 and 68 suggest that depending on the operating
conditions, the additives’ concentration should be optimally chosen even when the additives
have all the primary characteristics to be excellent lubricant additives. The optical micrographs
of the wear scars (i.e., WSD) on the contacting surfaces after the wear tests using BO, CO, and
respective MLG dispersed lubricants are shown in Fig. 69 and 70. The highest reductions in
WSD are observed when BO-NL and CO-NL samples are used as lubricants. Along with the
decrease in the WSD, the wear intensity within the scar also appears less severe in the optical
micrograph corresponding to BO-NL1 (Fig. 69 (b)). At 75 °C, the role of MLG in BO becomes
more crucial as the WSD on the tested specimen with BO shows a heavily worn-out scar, while

the wear scars observed in the case of BO-NL samples are less intense.
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(a) BO WSD at RT—1299.33 um BO — NL1 WSD at RT-1116 pm

(c) BO WSD at 75°C - 1787 pum BO — NL3 WSD at 75°C - 1279 pm

Figure 69. Optical micrographs of the wear scars on the steel balls tested using (a) BO at RT,
(b) BO-NL1 at RT, and (c) BO at 75 °C and (d) BO-NL3 at 75 °C.

(a) CO WSD at RT - 900 pm () CO WSD at 75°C - 946 pm

(3] €O - NL1 WSD at RT - 706 um (d) co-nNL2wsD at 75°C - 748 pm

Figure 70. Optical micrographs of the wear scars on the steel balls tested using (a) CO at RT,
(b) CO at 75 °C, (¢) CO-NLI1 at RT, and (d) CO-NL2 at 75 °C.
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Although WSD values in the case of BO-NL1 and BO-NL3 are very much in close range,
the highest WSD reduction was observed in the case of BO-NL3 as compared to that of BO,
along with the substantial reduction in the wear severity. However, a cumulatively improved
friction and wear reduction performance is observed in the case of BO-NL1. Adding MLG to
the BO helps improve its lubricity as the MLG nanosheets form a tribo-layer at the point of
contact, minimizing the direct metal-metal contact. A similar reduction in WSD was noticed in
the case of CO-NL samples (Figs. 70 (a-d)). The MLG does not exhibit any antagonistic
lubricating properties with the pre-dispersed additives present in the CO. Both at RT and 75
°C, a considerable reduction in the WSD was observed when CO-NL1 and CO-NL2 samples
were used as lubricants. At RT, a very low concentration of MLG in CO (i.e., the case of CO-
NL1) is sufficient to elevate its tribological characteristics. However, at 75 °C, when the oils
tend to lose their viscosity drastically, CO-NL2 performed better. To keep the friction and wear
low, the lubricant must have appropriate viscosity and an adequate quantity of additives to
withstand the contact pressure at the interface and the test conditions. With increasing
temperature, the loss of viscosity in lubricants is inevitable. At this point, the additives (here,
MLGQG) play a crucial role in keeping friction and wear at a minimum. At 75 °C, due to the
viscosity loss in CO, a higher concentration of MLG nanosheets is needed for adequate
lubrication, as observed in the case of CO-NL2.

The underlying lubrication mechanism of MLG is shown in Fig. 71. When graphene is
optimally added to the lubricants, it produces a firm, homogenous, and stable boundary layer
on the contact surfaces. Graphene serves as a shield between the contacting surfaces,
preventing direct metal-to-metal contact and minimizing friction. Graphene offers an
incredibly smooth and low-shear sliding surface. This results in less surface wear and less
energy loss due to friction. Its strength and load-bearing capability allow it to endure high loads
while avoiding damage to the underlying surfaces. MLG comprises stacked graphene layers.
Due to the weak interlayer forces, the layers in MLG can glide over one other with negligible
friction, resulting in a slick surface. Although the carbon-carbon inter-layer bonds are strong,
the forces keeping the layers together are weak. Under external pressures, the layers readily
tear or glide past one other, minimizing friction. This is referred to as basal plane cleavage.
Graphite has anisotropic friction qualities, meaning it has much less friction in the direction
parallel to its basal planes than in the perpendicular direction. This anisotropy improves its self-
lubricating properties even further. The MLG is derived from graphite to exhibit a similar

phenomenon at the nanoscale. The protective boundary layer may be less robust and uniform
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at lower MLG concentrations, resulting in higher metal-to-metal contact, causing less
pronounced friction and wear reduction. This implies that using higher MLG concentrations in
lubricants would give better lubrication but with diminishing returns if the MLG concentration
used is beyond the optimal concentration. Excess MLG can create thicker, less stable boundary
layers, which may increase friction due to the roughness of the layers and the possibility of
agglomeration. Excess MLG also diminishes the overall viscosity of the lubricant, resulting in
a lower load-bearing capacity. It should be noted that the appropriate MLG concentration varies
based on the individual lubrication application. Therefore, the optimal concentration should be

figured out through proper experimentation.

Sliding

Load CoF & MLG layers self lubrication
Wear mechanism

—
Low friction MLG tribo-
layer on the surface

Sliding

low/high MLG causing discontinuous
tribo-layer/aggregated particles

Figure 71. Underlying lubrication mechanism of MLG.

Raman data (Fig. 72) was collected from the representative wear scars to confirm MLG
particles’ friction and wear reduction participation. The wear scars of the specimens tested
using the MLG containing BO and CO samples showed the presence of MLG (the presence of
G-band and 2D-band in the corresponding Raman spectra). The MLG particles are found more
prominently in the specimens of BO with MLG. The particles inside the wear scars indicated
that their presence lowers the CoF and wear. The presence of a-Fe2Os indicates oxidation of
the wear scars. The concentration of the graphene, the number of layers of graphene
nanosheets, the dispersion stability, and the lubrication conditions are the most critical elements

that determine the lubricating characteristics of graphene-based nano lubricants [72-75].
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Figure 72. Raman data from the representative wear scars produced using different MLG

dispersed BO and CO lubricant samples.

Graphene derived from top-down processes is more viable for application as lubricant
additives, considering the aspects of yield and sustainability. A unique approach based on
concentrated solar radiation was utilized to exfoliate graphite oxide, yielding ultrathin
graphene. The frictional characteristics (FC), antiwear (AW), and extreme pressure (EP)
qualities of graphene-based engine oil nanofluids have been studied. Compared to base oil,
nanofluids enhance their FC, AW, and EP qualities by 80%, 33%, and 40%, respectively. The
improvement was ascribed to graphene's nano-bearing mechanism in engine oil and graphene's
ultimate mechanical strength [76]. However, this study's approach to producing graphene
appears exotic but practically unsustainable. Electrochemically exfoliated graphene diffused
consistently in polyethylene glycol 200 (PEG200) enhanced tribological properties,
remarkably thinner and smaller modified graphene with decreased friction and wear (reduced
by 16% and 25.9%, respectively). The modified graphene and as-formed protective layer on
the mating contacts provide this important lubricating function. Furthermore, the interfacial
contact changed the additive into an overlapping and ordered-sheet structure [77].
Experimental studies with 3-dimensional graphene nanosheets produced in an arc-discharge

chemical vapor deposition as a lubricant additive showed tribological improvements. Under
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low and high loads (4.2 mm/s sliding speed and roughly 1.0 GPa contact pressure), the
reduction in friction and wear were 29.1% and 55%, respectively, compared to the base oil.
However, the material failed to lubricate effectively at higher loads owing to deteriorated
structure [78]. Thermally reduced graphite oxide (Gr-O) was explored as a lubricant additive
in a base oil. The base oil's varying CoF between 0.15 and 0.20 was significantly reduced by
using 0.5wt.% Gr-O in the oil. At more significant concentrations (1.0 wt.%), the Gr-O
particles were suspected to aggregate and block the sliding motion, resulting in a higher friction
coefficient. Also, it was concluded that the structural flaws of fold and wrinkling in Gr-O
nanosheets can reduce their lubricating properties [79]. In a study using commercially procured
graphene nano additives in a SW30 oil, CoF was decreased by 15%, and wear scar was reduced
by 33%. The worn surfaces were characterized to understand the tribo-film formation of
graphene nano additives [67]. The tribological behavior of lubricants (Pongamia oil and 15W40
engine oil) with and without the addition of commercial graphene nanoplatelets (GNPs) was
studied. Worn surface analysis revealed the polishing impact of GNPs on the surfaces. The
inclusion of 0.05 wt.% GNPs in lubricants reduce friction and wear by 17.5% and 12.24%
(Pongamia oil), respectively, and by 11.96% and 5.14% (15W40 engine oil), respectively [70].
The MLG was processed sustainably at kg-scale, and the lubricating properties obtained are at
par with most reports and, in some cases, better. As the MLG is derived from graphite, the
excellent lubricating properties of the parent material are translated to the MLG nanoparticles.
Two lubricating media, i.e., BO (mineral oil) and CO (synthetic oil) were used for the
experimental studies. The improvement in the friction and wear properties of BO and CO when
using MLG as an additive demonstrates its compatibility with different types of lubricating
media, thus showcasing its wide range of usability. The Raman analysis of wear scars throws
light on the presence of MLG particles in the wear scars, which is attributed to the lower friction

and wear.
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Chapter S Conclusions and Future Scope

5.1 Conclusions

The current investigation is centered on the sustainable and large-scale processing of various
nanocarbons (0D, 1D and 2D) and their utilization as lubricant additives. The study's
nanocarbons have been kept devoid of compounds including sulphur, phosphorus, or any other
metals found in commercial AF and AW lubricant additives. The use of carbon soot and carbon
onions as lubricant additives is an exciting prospect for increasing lubrication in a variety of
applications. Both materials have distinct features that can improve lubrication performance,
but they each have their own set of benefits and drawbacks. Carbon soot and carbon onions
have qualities that allow them to minimise friction between moving surfaces, leading in
enhanced lubrication. Their presence in lubricants can result in smoother and more efficient
machinery performance. Nanocarbons can form a protective boundary layer on surfaces,
decreasing wear and increasing mechanical component lifespan. This might result in lower
maintenance costs and longer equipment lifespan. Carbon soot and carbon onions are thermally
stable compounds that can be used in high-temperature situations where typical lubricant
additives may deteriorate. Carbon soot, a result of tyre pyrolysis, is copious and very
inexpensive, making it an appealing alternative for lubricant compositions. Recycling carbon
soot into carbon onions and utilising them as lubricant additives can help to reduce waste and
make industrial operations more sustainable. Although the benefits appear to be encouraging,
homogeneous dispersion of these nanocarbons in lubricants is difficult (but achievable). NP
agglomeration can develop, resulting in uneven lubrication and decreased efficiency which was
found prominent at higher concentrations of the developed 0D nanocarbons. The nanocarbons
may interact with other lubricant additives or materials in ways that are not well understood,
depending on their surface qualities. This work has produced large-scale, cost-effective
processing, which is a significant bottleneck for nanocarbons. The potential for employing
carbon soot and carbon onions as lubricant additives in the future is great, with benefits such
as decreased friction, wear reduction, and thermal stability. Through experimental studies it is
proved and established that using carbon soot produced by controlled combustion of waste tyre
tubes in lubricating oil (group-2 N500 de-waxed oil) could reduce CoF and WSD by 48.93%
and 28.12% respectively. The TPW and OLC (discussed in chapter 4) could reduce abrasive,
WSD (12-20% by TPW & 17-30% by OLC) in low concentrations. However, addressing issues

like dispersion, chemical reactivity, toxicity, control, and compatibility is critical for their
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effective real-time use. The dispersion of the 0D nanocarbons studied shows good stability
(visually) till 30 days in low concentrations (0.1wt.%). As the concentration of the RTS, TPW
and OLC is increased the sedimentation is found to occur at a faster rate.

Using 1D MWCNTs as additives in lubricants has several advantages, but it also has certain
drawbacks. MWCNTs generated in this study using a fluidized bed reactor were extremely
effective as lubricant additives. They improved overall lubrication performance by reducing
friction and wear between moving components. MWCNTs produced a protective layer on
surfaces in various lubricating fluids, minimising wear. MWCNTs have exceptional thermal
stability and can resist harsh temperatures and conditions. However, establishing steady
dispersion of MWCNTs in lubricants proved difficult. They agglomerate, resulting in unequal
hazy rheological characteristics that may contribute to decreased efficacy. MWCNTs may be
expensive to make, which may limit their broad application as lubricant additives. This work
proposes a more sustainable, cost-effective manufacturing approach. Compatibility with
existing lubricant formulas and materials is crucial, and investigations conducted in this study
demonstrate effective tribological improvements with both mineral and synthetic oil. The
potential for employing MWCNTs as lubricant additives in the future is great, with benefits
such as improved lubrication qualities and decreased wear. However, the dispersion of the
MWCNTs in the BO and CO is very poor as compared to that of the 0D nanocarbon studied.

Exploring graphene as a lubricant additive offers immense promise, but it also comes with
its own set of obstacles and complications. The sustainably generated MLG in this study
improved the lubrication of the lubricating medium in which it was disseminated. Because of
its outstanding surface smoothness and chemical stability, it provided reduced friction and great
lubrication performance. The MLG developed a protective coating on the surfaces, decreasing
wear and tear. MLG-based lubricants can contribute to environmental sustainability by
lowering energy consumption, emissions, and the need for regular maintenance, resulting in
less resources and materials needed. Furthermore, the MLG may be integrated into a broad
number of lubricant formulations, including oils and greases, making it a versatile alternative
for a variety of sectors. The planned MLG synthesis technique will make it less expensive.
MLG particle agglomeration is more noticeable at greater concentrations, reducing their
efficacy and causing uneven lubrication. Addition of MLG produced in this work in optimized
quantities to base oil reduced CoF by 25% and wear was reduced by 50%. The addition of
MLG to commercial oil improved the CoF and wear resistance by 16% and 50% respectively.
While laboratory-scale investigations have yielded encouraging results, scaling up production

of graphene-based lubricants to satisfy industrial demands remains a substantial problem that
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will necessitate a coordinated approach between lubricant formulators and their end users. The
future potential of employing graphene as a lubricant additive is intriguing, with benefits such
as increased lubricating qualities, decreased wear and tear, and improved thermal conductivity.
Figure 73 shows the average CoF values (as per ASTM D4172) obtained in different
lubricating media using the various nanocarbons along with the respective dispersion quality.
It can be conclusively said after all the experimental studies and data analysis that the studied
nano carbons i.e., carbon soot, tyre pyrolysis waste carbon, onion like carbon, multi-walled
carbon nanotubes and multi-layer graphene have the potential to serve as excellent anti-wear

and anti-friction additives in lubricating media.

Base oil Commercial oil
“ w _ s _
15W40 oil 0.075 (0.00952)
G2 Base oil 0.094
TPW 0.076

- Stable dispersion ( 15 days Moderate dispersion (3 to 7 - Poor dispersion ( nearly 24

or more) and low CoF days) and low CoF hours ) and high CoF

Figure 73. Average CoF values and dispersion stability of the studies carried out with MLG,
TPW, OLC and MWCNTs (printed as CNT here) in BO and CO.

CNT

The desired properties are effectively improved when these NPs are used in low
concentration (0.1wt.% to 0.3wt.%) beyond which the challenges like faster agglomeration,
associated sedimentation and property deterioration get aggravated. Also, the dispersion of the
nanocarbons in the lubricating media (oils) induces certain changes in the rheological
properties which are clearly anomalous in nature. Non-Einstein like reduction in viscosity is
observed in most cases which needs further investigation through in-situ studies which could
throw light on the particle fluid interactions and could help to decipher fluid mechanics at
nanoscale. Apart from the lubricating media studied in this work (oils) the developed
nanocarbons could be highly effective in other lubricating media like greases in which
sedimentation and agglomeration is not a primary concern. As the nanocarbons exhibit
excellent thermal stability at high temperatures (above 400-500°C) they could be able to

withstand harsher operating conditions as compared to the conventional lubricating additives
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(ZDDP, a common lubricant additive degrades around 150-200 °C). The factor of sustainability
has been kept in mind while developing the processing methods in these studies along with

inclination to meet the possible stringent regulations related to lubricant additives.

5.2 Future Scope

This study has been focused on the sustainable production of various carbon materials and
exploring their potential as anti-wear and anti-friction additives in lubricants. Aspects like
material characterization impact the concentration of developed materials in lubricants on
properties like viscosity, shear stress, and tribological performance, which are evaluated. It can
be affirmatively said that the material processing techniques developed in this work and the
material properties evaluated are at TRL-4 (technology readiness level). The developed CNMs
can be explored as additives in various liquid and semi-solid (greases) lubricating media,
considering their excellent thermal stability at high temperatures and their tribological
properties. Using the discovered carbonaceous materials might increase the tribological
characteristics of the lubricants and make them more effective against friction and wear,
resulting in extended component life. The functionalization of the produced materials and their
influence on qualities such as dispersion stability and lubricity can also be investigated. The
use of 0D (zero-dimensional), 1D (one-dimensional), and 2D (two-dimensional) carbon
nanomaterials as engine oil additives has excellent potential for enhancing engine performance,
efficiency, and environmental sustainability in the future. When employed as additives in
engine fluids, each type of carbon nanostructure has distinct benefits and problems. Reduced
friction can lead to increased fuel economy and lower emissions, which can be investigated
further to correlate laboratory results with real-world outcomes.

Further research using the produced nanocarbons can be conducted utilizing semi-solid
lubricating media. Extensive research may be conducted to determine how changing the size,
shape, and surface characteristics of carbon nanostructures affect their effectiveness as
lubricant additives. The effect of functionalization and surface treatments on their behavior
might also be investigated. Another ignored but critical factor is the environmental and health
ramifications of using carbon nanostructures as lubricant additives. Their biocompatibility and
long-term ecological consequences can be studied to assure safety and sustainability. Similar
research might be conducted to investigate the application-specific advantages of carbon
nanostructure additions. Examine its efficacy in decreasing friction and wear in automobile
engines, industrial machinery, aeronautical applications, and other related applications. The

fundamental tribological mechanisms responsible for the better lubricating qualities of carbon
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nanostructures might be revealed by utilizing in-situ approaches, shedding information on how
they affect friction and wear behaviour at the nanoscale. Contributions can be made to creating
standardized testing methods for evaluating the performance of carbon nanostructure-based
lubricant additives and establishing a benchmark criterion for their practical deployment. To
show how these additions assist in minimizing waste and environmental effects, a focus on the
function of carbon nanostructures in promoting sustainability and green efforts in the lubricant
sector must be gathered.

The future potential of new and sustainable nanocarbon preparation as additives for
increased lubrication offers enormous promise for revolutionizing different sectors that rely on
effective lubrication systems. As worldwide concerns about environmental sustainability grow,
the need for eco-friendly lubricants with great performance qualities grows more critical.
Nanocarbons have exceptional lubricating attributes because of their distinct structural
characteristics and surface chemistry. The use of these nanoparticles as lubricant additives has
demonstrated tremendous potential for lowering friction, wear, and energy consumption while
increasing machinery lifespan. Various research areas may be pursued to develop further and
apply nanocarbon-based lubricants.

Furthermore, fundamental research into the tribological mechanics underpinning the
lubricating process at the nanoscale is critical for optimizing additive formulations. Advanced
characterization methods, including atomic force microscopy (AFM) and molecular dynamics
simulations, could provide helpful information about interfacial interactions, lubricant layer
development, and tribo-chemical reactions. Understanding these sophisticated dynamics could
make it easier to create nanocarbon compounds with specialized qualities for specific
applications, such as automobile engines and aerospace components. Combining artificial
intelligence (AI) and machine learning (ML) approaches is a transformational strategy to
expedite research and development in this sector. Al algorithms can find correlations, patterns,
and structure-property links by analysing large datasets containing experimental results,
computer simulations, and material characteristics. ML models trained on varied datasets may
predict optimal synthesis conditions, identify suitable additives, and optimize lubricant
compositions for improved performance and sustainability metrics. Furthermore, Al-powered
virtual screening approaches enable the quick identification of interesting nanocarbon
structures with desirable tribological characteristics, which speeds up the discovery process.
To improve knowledge of the intricate interactions between carbon nanostructures and
lubricants, advanced data analysis techniques such as Al and machine learning may be used to

enhance the quality of study and bring in the newest tools and methodology. In addition to
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material processing and characterization, AI/ML approaches provide real-time monitoring and
predictive maintenance of lubricating systems. Sensor data combined with Al algorithms may
detect abnormalities, anticipate equipment failures, and optimize lubricant replenishment
schedules, reducing downtime and increasing operational efficiency. Furthermore, Al-enabled
digital twins replicate the dynamic behaviour of lubricated components under various operating
circumstances, allowing for predictive modelling of wear processes and performance
deterioration over time.

Collaborative multidisciplinary research efforts combining materials scientists, chemists,
mechanical engineers, and data scientists are required to fully realize the promise of
nanocarbon-based lubricants. Multiscale modelling methodologies that combine experimental
validation and computer simulations offer thorough knowledge and optimization of lubrication
processes. Furthermore, collaborative relationships across academia, business, and government
agencies promote innovation and technology transfer, propelling research discoveries into
practical applications and commercial goods. To summarise, the future prognosis for
innovative and sustainable nanocarbon preparation as additives for improved lubrication is
marked by revolutionary potential and difficulties. Researchers may produce next-generation
lubricants with higher performance, durability, and environmental sustainability by using a
synergistic mix of sophisticated synthesis techniques, basic knowledge of tribological
principles, and AI/ML-based methodologies. This multidisciplinary endeavour has the
potential to revolutionize various industries, from transportation and manufacturing to

renewable energy, paving the way for a greener and more efficient future.
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