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Abstract: Water-based lubricants (WBLs) have been at the forefront of recent research, due to the
abundant availability of water at a low cost. However, in metallic tribo-systems, WBLs often exhibit
poor performance compared to petroleum-based lubricants. Research and development indicate
that nano-additives improve the lubrication performance of water. Some of these additives could
be categorized as solid nanoparticles, ionic liquids, and bio-based oils. These additives improve the
tribological properties and help to reduce friction, wear, and corrosion. This review explored different
water-based lubricant additives and summarized their properties and performances. Viscosity,
density, wettability, and solubility are discussed to determine the viability of using water-based
nano-lubricants compared to petroleum-based lubricants for reducing friction and wear in machining.
Water-based liquid lubricants also have environmental benefits over petroleum-based lubricants.
Further research is needed to understand and optimize water-based lubrication for tribological
systems completely.

Keywords: ionic liquids; lubricants; additives; nano-lubricants; tribology

1. Introduction

The reduction of friction and wear is a significant challenge for researchers in tribology.
In order to minimize friction and wear, a wide variety of lubricants have been developed;
including solid (e.g., grease, molybdenum disulfide, polymers, soft metals) [1], gaseous
(e.g., air, steam, liquid metal vapor), and liquid (e.g., petroleum oil, bio-derived oils)
lubricants [2]. Similarly, a wide variety of lubricant additives have been explored [3].

Liquid lubricants have many advantages over solid or gaseous lubricants for industrial
applications. Industrial-scale machines often run under extreme pressure and temperature
conditions and may experience tribological failure, due to improper lubrication [4]. There-
fore, the use of effective liquid lubricants is essential to minimize energy consumption
in such conditions. Liquid lubricants play a significant role in heat removal, corrosion
prevention, transfer of wear debris, mechanical noise reduction, and act as a liquid seal
between contacts [5]. Therefore, liquid lubricants are typically used in industrial machinery.

The origin of liquid lubricants was probably led by the ancient Egyptians and Sumeri-
ans in 3500 B.C.E. [6]. It is believed that to extend the life of wooden axles and wheels, they
used a viscous liquid form of petroleum called bitumen. Moreover, animal and vegetable
oils and water were utilized as lubricants very often. During this period, water was used
as a lubricant by the Chinese as well. However, petroleum-based lubricants always out-
competed water, and therefore, over the centuries, petroleum-based oils had been the most
common lubricant in the marketplace.

According to the current reserve to production ratio of fossil-based oil, the world oil
reserve might end within the next 50 years [7]. Moreover, fossil fuels generally release toxic
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materials to the environment, which is a threat to sustainability. Therefore, researchers
have realized the need for a cheaper, safer, more eco-friendly, and efficient alternative to
petroleum oils for machine lubrication in recent years. Thus, the focus has shifted to water
as an alternative lubricant. It is known that water alone is a poor lubricant compared to
petroleum oils, firstly due to the low viscosity of water. Moreover, water may accelerate
corrosion that is unwanted in metal surfaces. Therefore, researchers have mixed water
with different additives to obtain improved tribological performance [8].

Numerous additives could be chosen along with water, based on different applications.
In general, the additives could act as antioxidants, anti-foaming agents, corrosion inhibitors,
detergents, friction modifiers, wear improvers, metal deactivators, and/or viscosity index
improvers [2,9] Also, some additives can support extreme pressure and extreme tempera-
ture conditions. Water miscible petroleum oils are generally a common choice to develop
WBLs [10]. However, in recent years, some alternative additives received researcher’s
attention. Some examples of these additives are nanoparticles, such as TiO, nano-additive,
polyethyleneimine-reduced graphene oxide (PEI-RGO) nanosheets, etc. [11,12]. Moreover,
room temperature ionic liquids and bio-derived oils were added to water by researchers to
develop WBLs [10]. By using such additives with water, tribological performances were
improved. As a result, the overall lifetime of both the lubricant and the tribo-pair could be
enhanced [2].

Studies have shown that some WBLs improved the tribological performance compared
to petroleum-based lubricants, which resulted in a decrease in the amount of power
necessary to run a machine [13]. Their performance was also outstanding as cutting fluids
and hydraulic fluids [14]. Moreover, WBLs showed excellent cooling capabilities and
environmentally benign attributes [15]. These diversified qualities have made WBLs a
promising industrial choice.

Some challenges are evident for the water-based lubricants in their industrial appli-
cations. For example, WBLs within gearboxes or metallic machinery could experience an
increased risk of corrosion [10,16]. Currently, this issue is being mitigated substantially
by incorporating additives. Another potential method of reducing corrosion using WBLs
is through galvanic couplings, which provide an electric charge that can further protect
against corrosion [16,17]. The other main concerns facing WBLs are their viscosity and the
low operating temperature range. This is a downside for applications that experience high
friction causing high temperatures, damaging the contact pair. To minimize such problems,
water-miscible ionic liquids have played a significant role, as shown in research.

Moreover, recent research shows that petroleum-based oils could be replaced by
bio-based oils in many instances [18,19]. Moreover, bio-derived oils have demonstrated
superior performance as additives to WBLs [10]. In this review, the state of the art of
water-based lubricant additives has been summarized, including solid nanoparticles, ionic
liquids, and other oil additives. Besides, the possible challenges of WBLs and their future
advancements have been projected and elaborated.

2. Development of Water-Based Lubricants with Different Additives

Water-based liquid lubricants have good thermal conductivity and are environmen-
tally friendly compared to petroleum-based liquid lubricants [20]. Issues, however, revolve
around the use of water-based liquid lubricants for metal surfaces, including rusting and
corrosion of the metal that the aqueous solution can create within the tribo-system [20].
Therefore, additives are needed to improve the tribological performance of the lubricant
in terms of friction, wear, oxidation resistance, corrosion resistance, and anti-foaming, to
name a few [21].

There are two general categories of additives: Water-soluble organic compounds and
solid particles [20]. Water-soluble organic compounds work well with polar lubricants,
such as WBLs [20]. This is because the additive creates a lubrication film on the surfaces
involved in the tribo-pair. This film is produced from the organic compound molecules
interacting with the polarity or electrostatic attraction of the surface materials [20]. One
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such example of water-soluble organic compounds includes ionic liquids. Besides, bio-
based oils also have potential applications in WBLs. In recent years, solid nanoparticles
were also observed as improving the lubrication performance in WBLs. Figure 1 illustrated
the overall scenario of water-based lubricant additives and their common advantages.

Solid ma improves viscosity
nanoparticles

= improves wettability

additives
Water based =4 Reduces corrosion
lubricants
= Reduces friction
1/

Figure 1. Water-based lubricant additives and their advantages.

2.1. Water-Based Lubricants with Ionic Liquids Additives

Ionic liquids are salts made of cations and anions, with melting points lower than
100 °C. If their melting points are lower than room temperature (25 °C), then they are
called room-temperature ionic liquids (RTILs) [22]. Most frequently used cations include
imidazolium, pyridinium, ammonium, and phosphonium, while the choice of anions could
vary because there are thousands of options available. The most commonly used anions for
WBLs were tetrafluoroborate and hexafluorophosphate, as observed in the literature [23].
These anions are often categorized as hydrophobic with weak hydration capacity [23].
However, various combinations of anion and cations are possible to form a particular ionic
liquid, and therefore, theoretically, there are 10'8 different ionic liquids possible to produce
through synthesis [24].

Ionic liquid lubricants have gained growing interest among scientists and engineers
in the field of tribology within the past two decades [25-27]. This is because the unique
properties of ionic liquids can be utilized for creating advanced lubricants for a variety of
needs. Moreover, they can improve the lubricant to handle severe conditions, including
extreme pressure and extreme temperature, where oils, greases, and solid lubricants fail [22].
The unique properties that make ionic liquids an ideal additive include thermal stability,
nonflammability, high conductivity, high polarity, negligible vapor pressure, and good
miscibility with water and organic solvents [20-23,28,29]. In short, they can function within
a wide temperature range and can form strong and effective adsorption films, due to their
highly polar nature [23].

On the other hand, current lubricants are not highly versatile. For instance, lubricants
that are used for one type of contact surface material may not be suitable for another (i.e., lu-
bricants for steel-on-steel contact versus lubricants for aluminum-on-ceramics contact) [29].
This is because the material properties of the surface and the lubricant properties are unique
to how they behave together under specific applications. Ionic liquids, in comparison,
stride ahead, due to versatility. The synthesis of Ionic liquids is also straightforward com-
pared to many petroleum-based lubricant additives [28,30]. This makes the use of ionic
liquids potentially more desirable for WBLs.
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WBLs could introduce rust on the metal in a harsh environment, due to the corrosive
nature of some ionic liquids [20]. This corrosive nature becomes functional within the
tribo-system through the hydrolysis between the water and the ionic liquids [23]. The ionic
liquid itself can decompose in the presence of water [28]. It was found in the literature
that the halogen-containing anions contribute to hydrolysis, and therefore, increases the
corrosion rate [23]. Hydrolysis and corrosion could be partially avoided for water-based
ionic liquids in a few different ways. The anions in the ionic liquids can be replaced with
those that are halogen-free, reducing hydrolysis within the tribo-system [23,31]. In terms
of lubricant stability, hydrophobic anions over hydrophilic anions could increase stability
and ensure a good lubrication film between the tribo-pair. Lastly, anti-corrosive additives,
such as benzotriazole (tetrabutylphosphonium benzotriazole, for example), could help
alleviate the corrosive environment [23,32]. Benzotriazole is well miscible with many ionic
liquids [23]. The use of benzotriazole is limited, however, because it does not work well
for high temperature or low-pressure environments [23]. However, at room temperature
application, benzotriazole can play a significant role. More investigations on ionic liquids
are needed to enhance high-pressure, high-temperature (<100 °C) performance of WBLs.

Researchers have explored the effects of specific ionic liquids as additives for water-
based liquid lubricants. Tang et al. [33] discussed the use of carbon dots that were synthe-
sized with ionic liquids to create a carbon dot ionic liquid (CDs-IL) additive for WBLs. In
the investigation, ionic liquids, CDs, and CDs-IL were tested as water-based liquid lubri-
cant additives in universal friction and wear tester (four balls, steel-on-steel) to determine
the wear and friction reduction of the lubricants. It was determined by comparing ionic
liquids, CDs, and CDs-IL as additives that CDs-IL presented the best results in friction and
wear performances [33]. The tribological performance of the CDs-IL was much better than
that of the ionic liquids and CDs alone, due to the synergistic effect between the CDs and
ionic liquid [33].

Aviles et al. [34] experimented with the use of diprotic and triprotic ammonium ionic
liquid crystals as additives for water for a sapphire-stainless steel material contact [34].
It was found that, when compared to water, the addition of additives in the lubricant
reduced the friction coefficient by as much as 80% [34]. The authors described the additives’
advantages as being able to initially reduce the friction coefficient and maintain the reduced
friction after the water has evaporated from the solution. The additive, palmitate deriva-
tive, presented the best performance by preventing iron oxidation from occurring when in
contact with water [34]. Overall, the authors expressed that these findings could help to for-
mulate environmentally friendly water-based liquid lubricants. Zhou et al. [35] discussed
ionic liquids as lubricant additives for different types of lubricants. For water-based liquid
lubricants, the authors’ research observed that 0.25 wt.% [phosphazene][Tf,N] and 2.0 wt.%
[1-Ethyl-3-methylimidazolium][BF4] used in water-based liquid lubricants significantly
reduced the friction of a Si3sN4-SizN4 material contact [35]. [1-Butyl-3-methylimidazolium
1[PF¢] also showed reduced friction for both Si3Ny4-SizN4 material contact (2% in water)
and steel-steel material contact (2-14.4% in a water solvent) [35]. Imidazolium] [BF4] was
also tested with water for SiO, on Si3Ny, poly-5i on Si3Ny, and SizNg-SizNy tribo-pairs [35].
The inclusion of ionic liquids to water-based liquid lubricants does reflect a significant
reduction in friction of the rubbing surfaces; more examples are discussed in Section 4.1.

2.2. Water-Based Lubricants with Bio-Derived Additives

Lubricant demand is on the rise from a global perspective. Many lubricants on the
market today are petroleum-based. Petroleum-based lubricants can be harmful to the envi-
ronment and can cause safety hazards for people, animals, and the overall environment.
In recent history, government officials have incentivized manufacturing companies to use
biodegradable lubricants that are more eco-friendly [36]. One way to reduce the nega-
tive impact of lubricants on the ecosystem is to replace petroleum-based lubricants with
biodegradable lubricants. Bio-lubricants can reduce environmental impact by providing a
renewable source of lubrication that promotes sustainability. Bio-lubricants have evolved,
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since the push for an eco-friendly alternative to oil-based lubricants. Bio-lubricants were
first made with oils found naturally in the environment. These oils have beneficial tri-
bological properties, due to the high lubricity that leads to a reduction in friction and
wear [37].

Water-based bio-lubricants could be a sustainable source of lubrication. However,
water alone is a poor lubricator, due to the low viscosity of water. Water has also been
shown to have corrosive properties. Research has revealed that the addition of certain
additives to water could be used to create a lubricant better than water alone [8]. Naturally
found oils and fats extracted from biological sources have been used as additives to WBLs
to better control tribological properties of WBLs [38]. The transition from traditional
petroleum-based lubricants to more modern bio-lubricants involves the integration of
chemistry, biology, and engineering.

Nowadays, bio-lubricants are made from materials found naturally in the world, such
as biomass [18]. These materials include soybeans, sunflowers, coconuts, plants, to name a
few [37]. Table 1 exemplifies a comparison of the factors contributing to the differences in
fossil-derived lubricants and biomass-based lubricants [37]. There are many advantages
associated with biomass-based lubricants. Bio-lubricants are produced from renewable
resources, using the pyrolysis process, and the produced oils contain a significant amount
of water. This water content comes from the moisture present in the biomass [39]. For fuel
up-gradation, the water needs to be separated [40]; however, the separation step is not
essential in water-based lubricants. Ji et al. [41] developed water-based lubricants using
biomass-derived levulinic acid (LA) and polyols, such as ethylene glycol and glycerol. The
process of how to create these lubricants is shown in Figure 2

Table 1. Comparison of fossil-derived lubricants and biomass-based lubricants.

€

Lignocellulosic

\ Biomass

Fossil-Based Lubricants Biomass-Based Lubricants

o Well-developed technologies e  Technology in development
. Limited availability ° Unlimited availability, abundant
. Geopolitically sensitive ° Found all over the world
o  Water-free ° Water-rich
. Hydrophobic compounds ° Hydrophilic compounds
. Chemistry involves C and H ) Chemistry involves C, H, and O

Pretreatment Separation

@ system i !

7

Ethylene glycol or Glycerol

Conversion

} ., ‘
g % Esterification

Crude levulinic acid

Water based
lubricants

Figure 2. Outline of the processes to create the biomass-derived water-based lubricant. Adapted from [41].
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The primary source of water-based bio-lubricants is biomass, which is universally
available and cheap. This means the water-based bio-lubricants are widely available and
can be implemented effectively at both local and global scales. Moreover, the solutions of
bio-lubricants are water-rich, meaning they will produce less harmful pollutants. Since
water is renewable, recyclable, and disposable; therefore, water-based bio-lubricants could
become a sustainable alternative to petroleum-based lubricants in the future [37]. However,
there are some limitations of water-based bio-lubricants as well. The negative impacts
include the need for technological advancements, complex logistical planning, and high-
level chemistry. These drawbacks require research and development to make the end
product better.

There are several potential applications of water-based bio-lubricants. One of such
applications could be observed in the automobile industry. The safe and effective use
of automobiles requires effective lubrication of all parts to keep the machines operating
smoothly. Effective lubrication of all parts that rub together in an automobile decreases
energy loss in the entire system. Mineral oils have been used heavily in the past to provide
lubrication to automotive machines. However, the world is running out of crude oil, and
prices are increasing, making this method of lubrication unsustainable. Therefore, water-
based bio-lubricants could be an effective alternative. These additives to water include
sunflowers, soybeans, coconut, palm, and other crops. Table 2 exemplifies the oil content
presented in plant species found around the world [42].

Table 2. The oil content of plants that can be added to water-based bio-lubricants [43-50]. Reproduced
with permission from [42]. Copyright, Elsevier, 2014.

Plant Species Oil Content (% of Volume)
Jatropha 40-60%
Rapeseed 38-46%

Palm 30-60%
Peanut 45-55%
Olive 45-70%
Coconut 63-65%
Neem 30-50%
Karanja 30-50%
Castor 45-60%
Linseed 35-45%
Moringa 20-36%

Vegetable oils exhibit similar properties to traditional mineral-based oils [51]. Veg-
etable oils can even sometimes produce better lubricity properties than standard mineral
oils. Moreover, vegetable oil’s performance was increased by adding boron [52,53] or car-
bon [54-56], based on solid lubricant additives. An analysis of the properties of vegetable
oils and mineral oils was conducted assessing density, viscosity index, shear stability, pour
point, clod flow behavior, miscibility with mineral oils, solubility in water, oxidation stabil-
ity, hydrolytic stability, sludge forming tendency, and seal swelling tendency [42]. From
this study, the advantages of vegetable oils over mineral oils as additives to WBLs became
evident. Some key advantages of the bio-lubricants were higher lubricity, lower friction
losses, decreased automotive emissions, and less toxic environmental effects. On the other
hand, one disadvantage of vegetable oil versus standard mineral oils is that they lack
adequate oxidative stability for lubrication. Vegetable oils also have low thermal stability,
limiting the versatile application of vegetable oils for additives to WBLs [42]. One sugges-
tion for future study is to combine water, vegetable oils, and other additives to make a
mixture ideal enough to minimize oxidation effects and make the mixture withstand higher
temperatures. Such a mixture could provide an environmental advantage by replacing a
significant number of petroleum-based lubricants with bio-based oils and water.

The development of water-based bio-lubricants still has a long way to go to compete
with the mineral-based lubricants commonly found today. Current applications are lim-
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ited, and research and development need to be performed to create new combinations of
water-based bio-lubricants that can be used in more processes. With the push for more en-
vironmentally friendly manufacturing techniques, water-based bio-lubricants will continue
to be developed to promote sustainability.

2.3. Water-Based Lubricants with Solid Nanoparticles

WBLs are low-cost lubricants for metalworking processes. Not only acting as a
lubricant, but also as a coolant, WBLs could provide a longer tool life, reduced thermal
deformation, and lower friction. However, the lubricant suffers from a low viscosity
and corrosive properties that make it unviable for many tribological applications [9]. To
counteract the disadvantages of WBLs, the integration of additives is used to improve the
properties and performance. In some cases, additives within the lubricant allow for many
increased advantages, such as further reduced tool wear and the prevention of corrosion.
Furthermore, research into water-based lubricant additives can inhibit fungal or microbial
growth [9]. Additives within a water-based lubricant are often used as a surface-active
molecule that reduces friction, wear, and corrosion. Some examples of solid nanoparticle
additives are graphene, copper, titanium-di-oxide, and many others [9,12,57-60].

One of the most common additives used in oil-based lubricants that are being imple-
mented into WBLs is titanium-based nano-additives. The additive is used to combat the
low viscosity and corrosive properties found in WBLs. Specifically, TiO, is the most used
additive in oil-based lubricants that are beginning to be implemented into WBLs more
frequently [12]. The additive TiO, has been shown to improve properties overall, such as
nontoxicity, low density, friction, and wear [57]. An experiment done by Gu et al. [57] using
dual-coated TiO, nanoparticles observed friction and wear reduction under an MSR-10D
four-ball tribotester at a speed of 1440 rpm at applied loads of 140 N for 10 min. After
each test, scanning electron microscope (SEM), atomic force microscope (AFM), and energy
dispersive spectrometry (EDS) were used to analyze the wear scars [57]. The team con-
cluded that at low concentrations of TiOy, the additive improved the anti-wear properties
of the lubricant and reduce wear scar diameter. Furthermore, the wear scars became less
prominent as the concentrations increased, as well as the coefficient of friction decreased,
being able to achieve a minimum value of 0.04 during testing [57].

Another study was done by Wu et al. [12], who tested TiO, nano-additive proper-
ties using a ball-on-disk tribometer. The experiment consisted of additives at various
concentrations during two different methods of testing: One method involving adding
the lubricant at set time intervals and the second method involving the lubricant being
continuously present throughout the test. The results of each method concluded that the
addition of the additive reduced the coefficient of friction and ball wear by 49.5% and 97.8%
accordingly [12]. Furthermore, they concluded that the optimal concentration of the TiO,
additive was 0.8 wt.% at room temperature.

Another water-soluble additive being tested for the lubricant are graphene-based
nanoparticles. Testing done on graphene quantum dots (GQDs) additives on steel-to-steel
contact proved to have enhanced tribological properties at a concentration of 4 mg/mL.
The additive decreased the wear rate by 58.5% and the coefficient of friction by 42.5%.
GQDs at lower concentrations were more effective at improving tribological properties
than other graphene-based additives [61]. The additive has proven to be one of the most
promising advancements within the graphene field.

Nanostructured borates are another additive being created by synthesizing the mix-
ture with magnesium, zinc, aluminum, and titanium particles [62]. The additive could
be added to water-based drilling fluids to improve tribological performance. The addi-
tive significantly decreased the coefficient of friction by producing a tribo-film on both
surfaces [62]. Furthermore, the additive maintained stability during high pressure and
temperature conditions.



Lubricants 2021, 9, 73

8 of 25

2.4. Other Water-Based Lubricant Additives

There are many other potential additives for water-based lubricants. One promising
additive to be used with WBLs is a water-soluble, rubber seed oil-based sulfonate. Through
testing, the rubber seed oil-based sulfonate copolymer noticeably improved the anti-wear,
anti-corrosion, and frictional properties of the lubricant. Furthermore, the additive was
also able to improve the nonseizure load (Pg value) of the water. At concentrations of 0.5%,
the Pg value reached 431 N, which was three times greater than the water-based lubricant
without the additive, and such conditions offered a coefficient of friction of 0.085 and a
wear scar diameter of 0.78 mm [60]. Rubber seed oil-based sulfonate is becoming a great
candidate for additive implementation within WBLs, allowing the lubricant to maintain
environmentally friendly attributes and increasing its capabilities for extreme applications.

Furthermore, an ester-based lubricant SMJH-1 was tested for its tribological perfor-
mances with water-based drilling fluids and was compared to sodium montmorillonite
(Na-MMT) base mud. The additive was tested at varying concentrations, while testing the
lubricants before and after an aging process. The additive at 1.0% concentration reduced the
lubricity coefficient (1) by 91.4% before aging and 90.7% after the aging process [63]. It was
also found that due to the aging process, this would result in increased friction, which they
concluded could be the result of increased surface roughness. It was found that SMJH-1 at
higher concentrations, the formation of a C=S metal film would be present, which would
decrease the average roughness, as well as decrease the lubricity coefficient [63].

3. Properties of Water-Based Lubricants

Properties of the water-based lubricants could be significantly improved by using the
above-mentioned additives. Some of the important properties of water-based lubricants are
solubility, viscosity, density, atomic structure, wettability. These properties have a crucial
effect on the tribological performance of water and are discussed below.

3.1. Viscosity

Viscosity is a measurable physical property that can translate information about the
liquid’s hydration, solvation, the shape of the infused particles, and the forces acting
between the particles [64]. It can also be defined as the internal resistance that a fluid
has to flow. Viscosity is an important parameter in Hersey number Equation (1), that is
used to define different lubrication regime in the horizontal axis of the Stribeck curve. In
the equation, 77 corresponds to the viscosity, v corresponds to the entrainment speed, and
the P is the normal load. Stribeck curve is a popular diagram and could be found in the
literature [65,66].

Hersey number = % €))

Water has a low viscosity which is one quality that makes it a poor lubricant [8].
Additives are usually added to water to improve the viscosity, therefore improving the
tribological properties that are needed for lubricants [64,67,68]. For example, the TiO,
nano-additive increased the overall viscosity of the lubricant and decreased the amount
of contact between the metal surfaces [58]. The effect of the viscosity of a lubricant can be
seen in:

Cavity formation
Decreasing friction
Film thickness
Thermal behavior

According to a study performed by Nouri et al. [64], cavity formation was observed
using high-resolution images taken throughout a timed interval to view the gradual devel-
opment of cavities on a single piston-ring assembly. The cavitation was then quantified
using a MATLAB program, and it was found that with a decreasing viscosity of the lubri-
cant, the length of the cavities was also decreased. These results were consistent throughout
their study, demonstrating viscosity’s effect on cavity formation [64].
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As per Marx et al. [67], a reduced strain rate curve can be seen when viscosity modifiers
are added to lubricants. The viscosity modifiers reduced the amount of friction and power
loss at high shaft speeds, due to shear thinning. Their study also addressed film thickness,
which is another quality factor that can be altered by viscosity. Film thickness is defined
as the layer that is created by a lubricant between the two surfaces in contact [69]. The
target thickness can vary depending on the needs of the machine. When a higher-ordered
degree of molecule interacts with a surface, a thicker film develops [70]. This aligns with
the idea that viscosity is directly linked to the internal properties of a liquid. This is also
understandable from the stribeck curve, as increased viscosity increases the film thickness
values. Therefore, in the case of water-based lubricants, an increase in the film thickness
could be achieved by incorporating suitable additives to increase the viscosity.

Finally, the viscosity of a lubricant used in machines will affect the thermal behavior
and heat transferability [71]. Thermal behavior is an important consideration when dis-
cussing the type of environment that is encountered by lubricants. A lubricant that heats up
with little friction could cause adverse effects to the equipment and the product. The ability
to distribute heat to the environment or the product is an additional consideration that
must be observed. Depending on the desired requirements of the machines and products
being manufactured, the rate at which heat is dissipated by the lubricant will change.
The magnitude of change in the viscosity of a lubricant will depend on the additives,
the size of the particles, and the percent or fraction of the additives to the solution [71].
Hajmohammadi et al. [72] observed that the viscosity of the Al,O3 diathermic oil nanoflu-
ids improved with the increase in volume fraction. Moreover, the dynamic viscosity of
lubricants increased as the diameter of the nanoparticle decreased [73].

3.2. Density

Density is a property determined by the ratio of the mass of the liquid relative to
the volume and can be affected by temperature. Water has a density of 1.00 g cm 3. The
density of the liquid additives to water will change the density of the water-based lubricant.
While adding solid nanoparticles, density will also be affected by the size and shape
of the nanoparticles being used, as well as the concentration of the nanoparticle in the
water [74]. For example, the density of a phosphazene-based ionic liquid additive ranges
from 1.63-1.65 g cm 2 [75]. When added to WBLs, it will have an increased density with
the addition of the phosphazene-based ionic liquid. This increase in density demonstrated
thicker film formation, making the liquid’s suspension of the nanoparticles harder to settle.
WBLs containing TiO, are found to have a lower density than that of water [58]. Even with
a lower density than water, this additive demonstrated friction reduction and a decrease in
the amount of required power during the study’s drilling process.

3.3. Wettability

Surface wettability is defined by a liquid’s ability to maintain contact with a surface
through adhesive and cohesive forces [76]. A common method to measure wettability is
contact angle. The value of the contact angle determines how the liquid is defined. A
contact angle over 150° is superhydrophobic. 90° to 150° is hydrophobic, and 10° to 90°
is hydrophilic [77]. Lastly, super hydrophilic is less than 10° [77]. Increased wettability
is defined by a smaller contact angle [78], which has been associated with creating a film
between surfaces [13]. Water has a reported contact angle of 73.6° [13]. The wettability of
water can be increased with the addition of nanoparticles [79]. When TiO, nanoparticles of
various sizes are added to water as a suspension medium, the contact angle of the mixture
decreased from 73.6 to 55.22 with an increasing concentration of TiO,. The contact angle
was further decreased by adding sodium dodecylbenzene sulfonate (SDBS) [13]. The disso-
ciation of SDBS in water provides phenyl sulfonic groups. These phenyl sulfonic groups
get adsorbed around the nanoparticles and increase the amount of net negative charge
of the nanoparticle surface. Therefore, the repulsive forces between TiO; nanoparticles
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increase, and the dispersion stability gets improved [80]. Moreover, added SBDS restricts
the agglomeration of nanoparticles which enhances the wettability [13].

Graphene and graphene oxides (GO) demonstrate a reduction in the friction coefficient
between magnesium alloy and steel contact, ultimately reducing the wear rate [79]. The
GO had a decreased contact angle of 46.5° of water [79]. Compared to graphene, GO is
more effective when creating a thin layer used to protect the surfaces in contact [79]. This
is further supported by the tribological properties found in the study. The GO lubricant
had a more pronounced positive effect on load-carrying capacity and lubrication film
endurance [79]. Alkyl polyglucosides (APGs) are another type of additive that can be
added to increase the wettability of water [81]. The magnitude of the concentrations
will result in either micelles or lyotropic liquid crystals forming. Micelle is formed when
molecules are aggregated in a colloidal solution, like that of detergents. On the other hand,
lyotropic liquid crystal is formed if an amphiphilic mesogen (a compound that portrays
a liquid crystal state) is dissolved in a suitable solvent. There was a decrease in surface
tension and contact angle with the addition of APGs [81]. At lower concentrations of APGs,
there is a significant decrease in the contact angle [81]. At higher concentrations, there are
no significant changes between the measured contact angle values [81]. Another difference
was seen between the different types of APGs tested [74]. APGs with 8-10 alkyl groups
decrease the contact angle to 41-50°, which is 1.7-1.8 times higher than the contact angle
for pure water [81]. The wear is lower in multiple friction couples when APGs are present
in the water, acting as a lubricant [81].

1-alkyl-3-methylimidazolium tetrafluoroborate ionic liquid was used for wettability
test in literature [82]. With the addition of water, the interfacial structure of ILs was
changed [82]. Differing alkyl chain lengths at different concentrations, the wettability
was evaluated [82]. There was no significant difference between the different lengths, but
there was a decrease in contact angle with an increase in the molar fraction of 1-hexyl-3-
methylimidazolium ILs in the liquid [82].

Marine biofouling is an alarming phenomenon that has drawn much attention recently.
It is defined as an accumulation of organisms on a submerged surface where they are not
wanted. The current solution to this problem is to make: Slippery Liquid Infused Porous
Surfaces (SLIPS) [83]. SLIPS are commonly formed using lubricants that are based on
silicone or fluorine; neither are well-suited for marine usage [83]. A bio lubricant created
using oleic acid, and methyl oleate was suggested to be a substitute for SLIPS being
used [83]. Confocal microscopy could be used to observe the wetting state of the gels used
to absorb the bio lubricant for testing under ultraviolet (UV) lights [83]. In such conditions,
the contact angles before and after UV irradiation for the oleic acid were found to be 57°
and 42° accordingly [83]. For the case of methyl oleate, the contact angles were found to be
29° and 7° [83]. Nonionic monoglyceride surfactant and xanthan gum are other additives
that have been observed to be substituted for drilling wells [84]. Monoglycerides were
observed with varying carbon chain lengths, ranging from 6,8, 10, and 12 [84]. Triglycerides
chains were studied at 6, 8, and 10 [84]. The contact angles of each of the aqueous solutions
and xanthan gum suspension solutions are displayed in Table 3 [84]. The solution that had
the lowest contact angle was the monoglyceride with a carbon chain of 10 added with the
xanthan gum [84].

Table 3. The measured contact angle of aqueous solutions and xanthan gum suspensions. Reproduced with permission
from [84]. Copyright John Willey and Sons, 2014.

Aqueous Solutions Contact Angle in Degree Xanthan Gum Suspensions Contact Angle in Degree
Water 77.0 Xanthan Gum 69.3
Monoglyceride 6 64.5 Monoglyceride 6 + XG 63.7
Monoglyceride 87 13.7 Monoglyceride 8 + XG 9.6
Monoglyceride 10 12.9 Monoglyceride 10 + XG 7.4
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A novel polytetrafluoroethylene with a SiO; layer (PTFE@SiO;) is a composite nanopar-
ticle studied in the literature [85]. The successful creation of the nanoparticle was confirmed
by a change in the contact angle (using the DSA100 contact angle goniometer) observed.
When the nanoparticles were partially developed through the synthesis process, there
was a slight increase in the contact angle, going from 35° to 50° [85]. On the other hand,
once the S5iO, completely enveloped the PTFE, then the wettability got improved, and the
contact angle decreased to 32° [85].

Coconut diethanol amide (CDEA) and Tween 85 (T-85) are triazine-based covalent or-
ganic framework nanomaterial (TriC) that work as additives for WBLs [86]. The wettability
test used to observe the contact angle was found by placing droplets on a steel disk that
were then recorded using an optical contact angle goniometer [86]. Pure water was found
to be 73.3°, while the CDEA and T-85 were 26.5° and 58.6°, respectively [86]. The addition
of the additives decreased the contact angle. The difference between the additives could be
explained by the polar groups that allowed hydrogen bonding between the CDEA and the
water molecules. The T-85 molecules also have groups that are weakly polar, resulting in a
weakening of hydrogen bonding [86].

3.4. Solubility and Other Properties

Water is a low-cost liquid that has many useful properties that make it a promising
lubricant. It has a high cooling capacity. In contrast, water also has low viscosity and
corrosive properties that make it undesirable as a lubricant in its standard form. To remedy
these downsides, additives are mixed with distilled water through various processes to
create a water-based lubricant that applies to industry. These lubricants are often used
in processes, such as cooling or rolling and even metalworking. WBLs have the distinct
advantage of being a coolant and a lubricant. Moreover, the following advantages could be
observed: Flushing debris, thermal deformation reduction, surface finish improvements,
extended tool life, and lower friction. Nanoparticles and additives are common in creating
these effects with WBLs, but their efficacy is often dependent on their solubility in water.

Zhang et al. [87] investigated the feasibility of using metallic nanoparticles as an
additive to water. This application is not well studied, due to a few complications with the
solubility of the substance with water. The nanoclusters of the compound easily aggregate
which hinders their compatibility with water. This issue was resolved using surface-
modification techniques for the encapsulations. Such a technique allowed researchers to
prevent aggregation and allow for compatibility with lubricants. The nanocomposite mate-
rial additive that was chosen by Zhang et al. [87] was Cu/SiO,, and after surface-capping
with 3-mercaptopropyl-trimethoxysilane (MPTS), oxidation was entirely prevented, as well
as the nanocomposite being compatible with distilled water. The study recommended this
water-based lubricant as an effective steel-on-steel solution under moderate loads. Another
approach to nanocomposite additives to create WBLs was made by Pei et al. [88]. Their
composite of interest was carbon nanotubes or CNT. CNTs are exceptionally strong and
possess the abilities of a great WBL additive. However, CNTs are not water-soluble, which
poses a problem for researchers. There have been many strategies for this solubility issue,
and some will be discussed here.

Polymer chains can be covalently attached to the surfaces of CNTs which gives them
improved properties. Linear polymers, copolymers, dendritic, and hyperbranched poly-
mers have been successfully grafted to CNTs through a series of reaction methods [89].
These methods include atom transfer radical polymerization (ATRP), reversible addition
and fragmentation chain transfer polymerization (RAFT), and ring-opening polymerization
(ROP) [90-95]. Pei et al. [88] ventured to develop a new method of creating water-soluble
CNTs. Their approach was to graft water-soluble polymer chains from the surface of
MWCNTs. This process was followed by the surface-initiated radical graft polymerization
of acrylamide using a redox system consisting of ceric ion and reducing groups (amino) on
the surface of multi-walled carbon nanotubes (MWCNTSs) as initiators [88,89]. This process
is shown in Figure 3.
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Figure 3. Surface-initiated redox polymerization of acrylamide from MWCNTs. Reproduced with
permission from [88]. Copyright Elsevier, 2008.

Pei et al. [88] observed that the load-carrying capacity of the lubricant significantly
raised with MWCNTs, while the friction coefficient decreased. They attributed the success
of the MWCNTs to their function as nano-ball bearings under moderate load. These results
support the further investigation of other related super materials being made compatible
with distilled water to be further made into a high-performance water-based lubricant.
Solubility in WBLs, as discussed in studies mentioned previously, is an important and
challenging task to work around when designing additives to create WBLs.

Sol et al. [14] investigated ionic liquid additives to water as a viable industrial cutting
fluid. Their interest in synthesizing an effective water-based lubricant came from their dry
machining operations in which high temperatures and contact angles led to excessive tool
wear. Ionic Liquids, having high thermal stability, were a great candidate for reducing the
tool wear in this case [14]. Sol et al. [14] were very successful in their pursuits of viable
water-based cutting fluids. The halogen-free aprotic ionic fluid [THTDP][Deca] was an
efficient lubricant for aluminum machining operations. The friction coefficient was reduced
by over 70% when compared to water and exhibited minimal aluminum wear [14]. Another
successful aspect was the fluid improved the surface finish inside the wear track, as well as
reducing adhesion in the pin.

As discussed previously, one of the most interesting current fields of study in tribology
is nanoparticles, and their application to WBLs as an additive is no exception. They possess
phenomenal wear and friction reduction properties, which makes them a viable candidate
for WBLs. One major issue with these nanoparticles is that they are not often water-soluble.
Solving this issue has been approached differently by different research groups.

Cui et al. [96] synthesized nanoparticles of different materials and then tested them for
their tribological properties as a water-based lubricant additive. Their motivation for this
pursuit was that water-lubricated ceramics that could have friction coefficients of less than
0.01 after the running-in process, which is known as superlubricity. The term superlubricity
is vague, but it describes a situation in which friction vanishes or nearly vanishes. In
addition to these beneficial tribological properties, ceramics are environmentally friendly
and economically favorable. Their study used SiO,, TiO,, and ZnO nanoparticles and
was prepared and tested using a ball-on-plate tribometer [96]. They discovered that the
friction reduction capabilities of SiO, were much superior to that of the other two additives,
although all test subjects showed viability. Additionally, the exceptional compatibility of
silica gel and SiO, was observed and was shown to be a key factor in its success.

4. Performance of Water-Based Lubricants

One of the most important functions of any lubricant is the reduction of friction
between moving components. This reduction also prevents the formation of wear particles
in the lubricant. While this effect not only lengthens the life of the parts involved, it also
increases the efficiency of the overall system by allowing it to operate at manufactured
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dimensions for a longer duration. The friction and wear reduction reported in the literature
for WBL is summarized in Section 4.1. Moreover, in Table 4, some of the important recent
studies have been tabulated, summarizing their key properties, advantages, challenges,
and mechanism behind their good performance.

4.1. Friction and Wear Reduction

To absolve the inherent tribological issues of water and to synthesize a high-quality
lubricant, high-quality additives are mixed in. Many different groups of additives signifi-
cantly improve the tribological performance of water. Multiple attempts have been made
with countless materials to find the superior lubricant. Oftentimes, the improvement of
one aspect of the water-based lubricant happens to the detriment of another property. The
best way to utilize additives is to assess the application and choose the best compound
for the task. Corrosion inhibitors, for example, prevent corrosion to both the tool and
the surface in the system requiring lubrication. The task is done by sometimes creating a
protective coating and other times by neutralizing corrosive contaminants in the system
depending on the application. Another interesting type of additive is reserve alkalinity
additives which regulate the pH of the system which neutralizes any acidic contami-
nants. Some examples include alkanolamines like monoethanolamine, triethanolamine,
and aminomethyl propanol [9]. Emulsifiers are interesting in that they stabilize oil-soluble
additives by mitigating tension between incompatible components. The phenomenon that
makes this possible is its property to form micelles which are a microscopic aggregation
of molecules, as a droplet in a colloidal system [97]. Examples include sodium petroleum
sulfonate and alkanol amine salts of fatty acids. Finally, couplers stabilize water dilutable
metalworking fluids in the concentrate. This helps stop the separation of components in
the system. Some examples are propylene glycol, glycol ethers, and nonionic alkoxylates.
Sulfur, phosphorus, and nitrogen are commonly used as additives to water lubricants when
applied to ferrous-based equipment, as they were very effective in minimizing friction and
wear in these systems [98]. For hydraulic applications, glycols are more commonly used
and exhibit successful friction and wear behaviors. As shown by Tomala et al. [98], most
additives reduce the coefficient of friction in numerous environments and stresses.

Ethanolamine additives, which are commonly utilized for their corrosion protection
and lubrication properties, are often poor at reducing the friction coefficient from that of
pure water, and in some cases, even increase it, as can be seen in Figure 4 [9]. Although
this can be seen as a disadvantage, ethanolamine additives protect steel surfaces from
corrosion effectively. Glycols exhibit some of the best tribological properties regarding
wear and friction reduction, which agrees with many published studies [99]. A particularly
significant combination of Polyethylene Glycol (PEG) and a water-soluble EP additive to
reduce friction and wear was discovered by Yong et al. [99].

Dong et al. [100] tested the viability of proton-type ionic liquids additives for water-
based lubricating fluids in several scenarios. Proton-type ionic liquids (PILs) have many
advantages over other methods of water-based lubrication. For example, PILs have a very
simple synthesis in which they are prepared through a proton transfer reaction between
the Bronsted acids and bases, with the advantage of a low-cost, no impurity, and facile
approach [101]. Another advantage is their solubility stability. Previous studies that have
used WBL additives have had lubricity success, although their synthesis was complicated
and costly. Zheng et al. [102] synthesized and experimented with two new water-soluble IL
additives in water-glycol and found that these solutions had drastically improved lubricity
and extreme pressure properties. These promising results were diminished when it was
discovered that the solutions had poor solubility in water and the industrial preparation
process was tedious [102].
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Figure 4. Friction results for chosen additives in different concentrations. Reproduced with permission from [9]. Copyright

Elsevier, 2010.

PILs were adsorbed on the friction pair and then formed a double-layer structure on
the surface, which together with the formed tribochemical reaction films on the surface
effectively buffered the direct contact and collision from micro-convex bodies contributing
to the friction reduction and anti-wear properties. Overall, this study further reinforces the
capabilities of friction and anti-wear resistance of WBLs. Some additives and techniques
create very effective WBLs. As shown in Figure 2, Ji et al. [41] developed a water-based
lubricant. Their approach sought to solve common issues with other lubricants. These
include properties of nonrenewability and nonbiodegradability, posing a constant threat
to ecology and groundwater reserves, with a large proportion of current lubricants being
released into the environment. Their results indicated that their most successful lubricant,
glycerol ester of levulinic acid (LAGLE), exhibited superior lubricant properties, strong
resistance to hydrolytic degradation, and excellent anti-wear performance, implying that
the biomass-derived LAGLE was a potential water-based lubricant [41]. Both the LAEGE
and another lubricant: Ethylene glycol ester of levulinic acid (LAGLE), showed significant
friction and wear resistance abilities. Between LAEGE and LAGLE, LAGLE showed higher
resistance to hydrolytic degradation, which would make it a more promising candidate in
hydraulic applications.

Another method of improving the tribological performance of water lubricants is
utilizing graphene oxide additives. Guo et al. [103] improved the tribological performance
of water by adding nanomaterials as a water-based lubricant additive. This synthesis has
generated interest in many applications, due to its tribological potential. In their study, they
invented a novel nanomaterial named aminated silica-modified graphene oxide (SAG),
which combines the layered nanomaterial graphene oxide (GO) and the nanoparticles
hydrophilic nano-silica (SiO,) by 3-aminopropyltriethoxysilane (APTES). Their use of the
SAG nanomaterial in DI water dramatically reduced the wear rate of the lubricant in their
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tests, in addition to producing a very low friction coefficient. The SAG nanomaterial also
outperformed the individual GO and nano-silica in improving wear resistance [103].

4.2. Corrosion Reduction

One of the biggest and most prominent drawbacks of WBLs is the increased potential
of the lubricant causing corrosion to the machine or machinery. The concern is very
prominent, especially for applications that involve gearboxes or bearings [9]. With this
problem being one of the main setbacks for WBLs, research and development are ongoing
for the best solution to the problem. Research has been carried out to find the optimal
percentage of additives and ILs that can provide maximum performance and property
improvements.

Additives, such as ionic liquids, have shown significant potential to improve corrosion
reduction properties in WBLs. They offer a wide range of variations to test and produce su-
perior water-based lubricants [9,11,81,104-108]. Within this section, ILs and other additives
will be analyzed for their anti-corrosion capabilities. An additive with superior corrosion
resistance is amino acid ionic liquids (AAILs) by Yang et al. [108]. Corrosion testing was
done by using one of the seven types of AAILs that were synthesized by neutralizing acid
and alkali. Testing involved the use of low carbon steel pieces in water at 18 mL and 1%
[P4444][Trp] (18 mL) within a dry box at 55° C for 24 h. To evaluate the corrosion level
properly, the authors used GB6144-85 as the reference standard. They were able to conclude
that the inclusion of the additive resulted in weak corrosion with no visible rust that can be
observed under normal seeing conditions. Using a scanning electron microscope (SEM),
the surface of the piece did not show any significant differences from before the immersion.
In comparison, the pieces that were immersed in pure water showed a substantial amount
of corrosion, with the surface being covered in black iron oxide. Due to this corrosion, the
surface had noticeably many wide and deep grooves on the surface. With additives, the
corrosion resulted with grade B, and pure water resulted with grade D; Proving the AAILs
increased the corrosion resistance overall [108].

Another additive with corrosion resistance properties is bio-inspired graphene-based
coatings done by Chu et al. [107]. Due to the cross-linking effect within the microstructure
of the hybrid coating, the additive generated densely stacked lamellar coating, which
resulted in increased corrosion resistance. This was concluded through the following
testing method—the authors did an electrochemical test using a classical three-electrode cell
made up of a platinum plate as a counter electrode, a saturated calomel electrode (SCE) as a
reference, and the sample. With the experiment being carried within ambient temperatures
within a 3.5 wt.% NaCl electrolyte solution and corrosion parameters being determined
using the Tafel extrapolation method. The most significant results were from the addition
of polyvinyl alcohol (PVA) within the solution. They determined the additives less than
15 wt.% had weak corrosion resistance and at values greater than 50 wt.% demonstrated
very significant corrosion resistance [107]. An additive studied by Liu et al. [11] was
PEI-RGO nanosheet that was made into a nano additive for WBLs [11]. The additive was
able to double anti-wear and anti-corrosion properties, specifically for WBLs used for steel
materials. The results were found from testing 201 stainless steel with 18 wt.% chromium.
After stabilizing the austenite phase with manganese at 7 wt.% and decreasing nickel from
8 wt.% to 3 wt.%, it was sanded with sandpaper then washed with water and ethanol.
During the use of a water-based solution, the steel was prone to corrosion, due to the
oxide layer being constantly deteriorating during the wearing process [11]. Due to this
process, iron atoms in the steel were being separated, which would cause iron oxide to
continuously form, causing the steel to be under constant corrosion. Though the testing of
the additive, PEI-RGO, combatted this process by creating a protective deposited film. The
additive was able to stop oxygen molecules from entering the wear scars that would form
during the wear process. Demonstrating an additive that so far can be applicable for steel
materials that would suffer from corrosion with further testing being planned for nonsteel
materials [11].
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Table 4. Summary of important water-based lubricant additives with their advantages, mechanisms, and challenges.

WBL Additives Properties Advantages Remarks Ref.
Solid nanoparticle additives
Power consumption could be lowered X . .
during the drilling process using this Mechanism: TiO; forms a dynamic
. Solid nano additive nanoparticle additive deposition film on the worn surface
TiO, . Sl;e: 10_0 nm Improves the load-carrying ability (observed gsing SEM, EDS) and separates [57,96]
. High dispersity and of water the contacting surfaces. 4
stability in pure water Friction reduction compared Challenge: Optimization of concentration
to only water is critical.
Wear reduction compared to only water
. Solid additive Fricti d d A with Mechanism: Ti3C, flakes hindered direct
o . . Nominal and lateral sizes friction and wear decreased Wi contact of the tribo-pair, especially at the
Tltanl(l_}ri;l(%)irblde of the TisC; flakes: increasing concentration until 5 wt.%. edges of the contact interface. 58]
(0.2-3 um) and (<1 pum to Afterward, friction increased again Challenge: Optimal concentration
several um) accordingly is important.
- . o Mechanism: Silica gel was formed due to
Silica offered superior friction the tribo-chemical reaction in the interface.
reduction ability compared to ZnO Under SEM photograph, SiO,
and TiO, on ceramic surfaces. . nanoparticles were observed as submerged
sio . Solid nano additive Ultrasmooth surface was observed in in the silica-gel and were partly visible and [96]
2 ® Size: 100 nm ceramic tribopair partly hidden at the ceramic surface. This
Running in the period decreased surface film was homogeneous and
by more than 90% Compared to possibly responsible for reducing friction.
only water Challenge: Optimization of concentration
is critical.
Mechanism: EDS element mapping
revealed the higher concentration of C and
O in the hﬂariéglt film obtained for GQD 4.
. Solid nano additive . It means the D in water possesses
. GQD are small (2 nm) A copcentraftl{)n of 4mg/mL R strong polarity and got adsorbed on the
Graphene quantum in size and uniform prov1dfd friction Dar\d wear reduction steel surface. Moreover, through Raman 61]
dots (GQD) compared to GO of 58.5% and 42.5% accordingly, spectra on the steel surface, the existence of
nanosheets (1.5-10 pm) compared to that of only water. a significant amount of disordered carbon
was found, in contrast to FeO, Fe,O3, and
Fe304 obtained from 0% GQD.
Challenge: Appropriate amount of
GQD is important.
Mechanism: Double electric layer,
measured through zeta potential, is a key
factor for super lubricity. However, the
authors suggested that an ultra-smooth
- surface is required to get the advantage of
X . Zn0 COU],d reduce the friction, bljlt the double electric layer to reduce friction.
710 . 2'011(?1 nano additive comparatlx{e}y less than that of SiO; In the case of ZnO, the zeta potential was [96]
* ize: 100 nm Super lu]:?r'mty was observed for the higher (in the negative axis) than that of
Zn0O additive SiO,. However, since the produced surface
was less smooth, the friction reduction
was observed less for ZnO compared to
that of SiO,.
Challenge: Optimization of concentration
is critical.
Mechanism: (1) SiO, nanoparticles
perhaps acted as a spacer, which
potentially restricted the graphene
nanosheets from restacking and
aggregating. (2) The edge sites and defects
X . of graphene could dissociate water
. . 0.4 wt.% graphene, mixed with molecules into OH and H. Therefore,
. Solid nano additive 0.1 wt.% nano-5iO, reduced the COF dissociative chemisorption could have
SiO, /graphene . Decreased contact by 48.5% and wear volume 79% in happened onto the dangling bonds at the [109,110]
angle (89° to 60°) comparison of 0.5 wt.% grgphen'e, edges of graphite. (3) ball bearing effect
in AZ31 Mg/ AISI 52100 tribopair could have initiated rolling due to the
presence of spherical SiO, nanoparticles
rolling, reducing COF. Moreover, the
polishing effect could reduce direct contact
between tribopairs.
Challenge: Optimization of concentration
is critical.
Mechanism: Lubricating and protective
. It is a stable aqueous film at contact area was present, as a
Polyethylenimine- graphene dispersion Demonstrates anti-corrosion effect decrease of iron oxide and an increase of
reduced graphene . Excellent dispersibility Reduced the COF (54.6%) PEI-RGO was observed in SEM image. [11,70]
oxide (PEI-RGO) and stability in Reduction in wear rate (45.0%) Challenge: Synthesis of PEI-RGO is
water-based fluids complicated, still important to
achieving dispersibility.
Mechanism: MWNT anchored with
. The load carrying capacity of the Poly(acrylic acid) on the metal surface.
Multi-walled carbon * MWNTs are lubricant was increased Chayl(lengye: MWI\)IT needs further [88,89]

nanotubes (MWNT)

water soluble

Friction was reduced significantly

investigations to be used in biological
and biomedical applications
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Table 4. Cont.
WBL Additives Properties Advantages Remarks Ref.
Ionic liquid-based additives
Mechanism: A synergistic effect was
R 0.015% of CD-IL improved the observed between ionic liquid groups
. LS and carbon core. Worn surface analyses
. Low toxicity li:g{ii?:;?iii%ﬁt}?g é) Of]\s]teel— revealed that CD-IL could form
i liaui i i i . ordered absorption layers quickly on
Ionic liquid capped Carbon Dots ° Thg particle size of CD is 4 nm . Friction and wear were reduced : P yers g Y [33]
(CD-IL) . Uniform morpholog; the rubbing surfaces during the process
. o8y by 57.5% and 64% according] icti
. Hieh th 1 stabilit y gly of boundary shear friction by
igh thermal stability der 40N load d Iy | -
under oad, compared to electrostatic interaction between steel
that of only base lubricant. surface and ionic liquid groups.
Challenge: Obtaining an optimum
concentration is important.
. ~ - o Mechanism: Long alkyl chain helps
[THTDP] [Deca] . Thls isa }}alogen free . Friction was reduced over 70% adsorption film formation and thus, [96]
ionic liquid compared to only water -
reduces friction
. Relatively good hydrolytic
stability (ASTMD 2619) ) )
* ilight increase in * g:crlr::;?g;;ist:;is:n copper Mechanism: Protective film is formed
TR inematic viscosity . - between the contact pair and reduced )
Ibuprofen-based ionic liquids . Good solubility (>10%) . The coefficient of frlctlor} and the friction and weat. IL offers active [104]
o Adsorption on the wear volumes reduce with an polar sites that interact with the tribo-pair.
metal surface increase in mass concentration
. Phosphorus-, Sulphur-,
and halogen-free
Mechanism: Pyyy4-Trp IL forms a
i o physical adsorption film on the surface
Amino acid ronie liquids . Obtained from waste of the metal, minimizing the direct
T l()AA{L;) : P4}4144 . biological proteins . All AAILs reduced COF contact. Moreover, a tribochemical
( Ie{traf;}ty pposp_ on}um)— . Synthesized using one-step and wear . reaction film, formed from the reaction
; is 1_t;ne,to 4 4}% é If?rl};{;, acid-base neutralization . P4444—Trp exhibited between the active elements on the [108]
P -144;1ne };)p Fi hen lal:l)a’nine . The concentration of Pyss-Trp bactericidal properties and low Surféce and the adsorption layer,
dan }II) - ﬁiﬁe ai d ’ was 0.5% (0.5 mg/mL) toxicity to plants ;v_ast_mferred based on thte XPS
44447CY L . Possesses low toxicity riction-wear experiments, 4
Py444-methionine and TOF-SIMS analyses.
Challenge: Optimization of
concentration is important
Mechanism: Physical adsorption
between the BTA anion and the metal
o . . . surface was speculated as to the reason
* Miscibility with many N Eorrosmn reduction for corrosion reduction. The layer was
ionic liquids . ecent research on . -
1onic iquids . tetrabutylphosphonium washed away during the ultrasonication
. ) . Kinematic viscosity (373 Y'P p . before doing the XPS analysis.
Benzotriazole: 2 /sec at 40 °C) is high benzotriazole shows it offered F [23,32]
P4444BTA mm=/sec at 30 © ) is higher lower friction compared to Moreover, Fhe copper surface could‘ 2
. Elyl"?:s(\’ltbhl?; (:t}iso Ekeoli:ﬁ?)f PAO-10 in steel-copper contact have exp?rlenceq chemlcal adisorpt}on
! on p n at both room temperature and from the interaction w1tl'_\ BTA , which
benzotriazole is 100 °C 100 °C temperature helped to form a protective film, thus
reducing corrosion.
Challenge: Low performance at high
temperature (above 100 °C)
. DPA is an fonic liquid crystal Mechanism: The lubricant film acted
. . fricti ~ Al hy
with two mesomorphic *  Reduced sapphire-steel COF by ariace characterization, acive groups.
Ammonium ionic liquids: phase transitions. 80% compared to water f the lubricant ob %1 P
. N . At 42.1 °C, it experiences a intai ot from the lubricant were observed, ,
bis(2-hydroxyethyl) ammonium e ) . Maintained the friction, even indicating the presence of [34,111]
palmitate (DPA) tr a]?;‘:lolrll frioé“ Eryftlalliine after the evaporation of water lubricant film.
SOd (’105‘]; OCC.YS al ! €, from the solution Challenge: As the temperature
?ﬁ)trgt ic li uid 1t melts to increased from 75 °C to 110 °C, friction
piciq increased for steel-steel tribo-pair.
. 0.25% [Phosphazene][NTf;],
and 2% [1-Ethyl-3- Mechanism: A potential formation of
. Solubility in water methylimidazolium][BF4] an electric dlouble layer on the sgrfacg
[Phosphazenel[NTf,] (2.5 g/L + 10%) was less reduced the friction in the could have mcreasgd the logal viscosity [35,75]
compared to imidazolium salts SizNy-SizNy contact pair and the load-carrying capacity.
P ' compared to that of only water Challenge: The solubility was limited
. Running in the period was in water.
also decreased significantly
Mechanism: The existence of an
electric double layer consisting of an
equal and oppositely charged region
[1-Butyl-3- . It is an imidazolium-based . Reduced friction for ﬁ%m the ionl:if liquig couldg haveg [35,112]

methylimidazolium][PF¢]

ionic liquid

SizNy-SizNy ceramic tribo-pair

reduced the friction and wear.
Challenge: Halogen containing ionic
liquid can experience corrosion in the
case of metal contact pairs




levulinic acid (LAGLE)

Cloud point -21 °C

hydrolytic degradation

have retained shear fluidity in bulk fluid
and reduced the friction significantly.
Challenge: More research on
lignocellulosic-based WBL is required for
future advancements.
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Table 4. Cont.
WBL Additives Properties Advantages Remarks Ref.
Biobased and other WBL additives
Good solubility in water Mechanism: 2% LI-TW additive forms
Lithium salt and Kinematic viscosity of Reduced the corrosion of metal more §table and thicker insulating
nonionic surfactant 3.35 (mm?/s) Friction and wear reduced mb?ﬁlm/ c'ompare.d to pure water [105]
(Li-TW) In-situ forming of ionic Creative of effective protective film during the interaction
Lo . Challenge: More research needs to
liquid without synthesis be completed
Mechanism: (1) Long aliphatic chain of
. . OA-AMPS copolymer could have
L It is a rubber seed Additive improved the nonseizure adsorbed on the metal surface and formed
Water-based oleic acid oil-based sulfonate load of water L a film. (2) Sulfur elements from OA-AMPS
(OA)/2-acryloylamino-2- anti-friction, anti-wear, At 0.5 wt.% concentration improved could have reacted with the metal surface [60]
methyl-1-propanesulfonic and anti-corlrosion ! the nonseizure load of water to 431 N under frictional heat under high-pressure
cid (AMPS) roperti The lubricant’s environmentally interaction and produced ferrous disulfide
properties friendly attribute is enhanced ibofi
Tiendly attribute 1s enhance: tribofilms on the metal surface.
Challenge: More research needs to be done
since this is a novel copolymer additive.
it()l;;éﬁ}r)ledoég;emmal Mechanism: The surfactant was
. self-assembled at the surface due to the
SMJH-1 vegetable ester, provided Decreased the lubricity coefficient electrostatic repulsive effect. [63]
b?;hter I;eseaﬁ;h Ipstlt}lte Challenge: More investigation is needed in
o LEToleum Engineering, regard to water-based cutting fluid.
SINOPEC, China
Mechanism: APG forms an ordered
structure of liquid crystalline phase in the
Contact angle 21° at Lower COF compgred to pure water gap between friction pairs. Moreover, the
Alkyl glucopyranosides concentration 25 mM Coefficient of Friction range from interaction between APGs with steel surfaces 8]
(APGs) Increased viscosity 0.15 to 0.04 depending on chain (100Cr6) forms a wear protective layer.
compared to water length and concentration Challenge: The extent of COF reduction
depends on the shearing condition and
concentration of the additive.
Mechanism: PEG alone could not reduce
. . the friction; rather, the synergy between
Polyethylene glycol Five different PEGs Friction and wear-reducing ability PEG and water-soluble EP additives can
(PEG) were used ata 10% in ferrous-based equipment improve the performance. [98,99]
concentration Challenge: This research found that PEG
alone is not a good additive to reduce
friction in WBL.
Mechanism: (1) Long chain polar
molecules could have enhanced the
molecular adsorption on the metallic
Viscosity at 40 °C is . duced ; | surface. (2) Synergistic effect of water and
riction was reduced significantly olyol ester molecules could have initiated
Gl 1 ester of . 2 . poly
YCEro” ESTer O %:%azsirggn{ 5202 oC Offered strong resistance to water containing nanofilm, which could [41]

Furthermore, through an in-situ preparation, many multifunctional additives can be
created with significant tribological properties and corrosion-resistant capabilities [105,106].
Important additives that were prepared in-situ are benzotriazole tetrabutyl phosphonium
[P4444][BTA], and benzotriazole tetrabutylammonium [Ny444][BTA]. Benzotriazole is a cor-
rosion inhibitor for metals that helps increase the corrosion-resistant ability. The additives
were able to create adsorption protective film on the iron surface consisting of nitrogen,
which would result in no visible corrosion on the surface, outperforming the pieces being
exposed to pure water and a Benzotrazole/H,O solution that had visible and substantial
corrosion on the surface.

Another important additive that has been created through an in-situ preparation is
[Li(nonionic surfactant)]TFSI [105]. Testing determined that the additive could increase
the kinematic viscosity of the WBLs better than others at 25 °C. The additive achieved
similar anti-corrosion properties as the ones made of benzotriazole, though it was created
using a lithium salt and a nonionic surfactant. Another ionic liquid (IL) synthesized
and tested by the same research group is [Li(nonionic surfactant)][TFSI; an Ibuprofen-
based (L-Ibu) halogen-free ionic liquid [104]. The additive has resulted in greater friction-
reducing, extreme pressure, anti-wear properties than commercial additives. The corrosion
test consisted of the Ibuprofen IL L-Ibul06, and L-Ibul08 at 2% concentrations within
the water. A copper strip and cast-iron strip were soaked independently within each
lubricant [104]. After testing, the surfaces of the strips showed no discoloration compared
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to the strips soaked in water and a water—ethylene glycol solution (W-EG) which showed
major discoloration, due to substantial corrosion. Due to this significant anti-corrosion
property, the additives were able to achieve a grade A according to GB6144-85, meaning
there was no rust, while looking new [104]. Additives and ionic liquids are becoming prime
candidates for WBLs to implement to achieve better corrosion-resistant capabilities. Many
of the additives and ILs discussed within these sections were able to increase resistance
significantly. Often being able to create a protective film along the surface of the metal
that would protect any formed wear scars from possible corrosion. In cases where the
corrosion testing was evaluated using the GB6144-85 scale, the additives and ILs were
able to achieve grade B or A (very little/no rust); Compared to a grade D in base water or
another water-based solution/lubricant, which indicated severe/noticeable corrosion.

5. Recent Advancement and Challenges of Water-Based Lubricants

WBLSs field has experienced significant development in recent years. Environmental
concerns with oil-based lubricants have accelerated the amount of research being performed
on WBLs. Petroleum-based lubricants can be toxic and are typically nonbiodegradable.
This generates excess waste that can be problematic with the high volume of oil-based
lubricants being used. The need for a cleaner, more efficient lubricant to replace traditional
oil-based lubricants has driven researchers to develop a more sustainable option. This
section will discuss recent advancements in water-based lubrication and the challenges
that come along with developing new WBLs. In industrial production, a large percentage
of energy loss results from friction and wear [113].

As the world population continues to rise, the need for production also rises. This
means that more machines need to be used to satisfy the needs of production. The amount
of crude oil the world has available is declining rapidly. In the early 2000s, there were huge
efforts to find plant-based lubrication alternatives to reduce the environmental impact
of machining. In more recent years, scientific research has been conducted on water-
based lubrication options. Water alone cannot be used as a lubricant. Additives must
be incorporated with the water to make it suitable to reduce frictional effects caused by
machining. This has been one challenge water-based lubrication has presented. Many
additives have been tested, but only a few can make a solution that is comparable to
an oil-based lubricant. There is a rising need for better lubrication in the metal forming
process, due to the high friction created by materials in contact [114]. The excessive amount
of friction can lead to several negative effects, including the reduced life cycle of parts,
deformation, and heat generation.

Recent research has pointed towards the use of nanoparticles as additives for lu-
bricants. They are small, have no harmful emissions, and are chemically stable [109].
Graphene as a nanoparticle additive has been the focus of researchers recently. The re-
search conducted by the Northwest Normal University indicated that the tribological
properties of graphene as an additive decreased wear by nearly four orders of magnitude
and friction coefficient by a factor of six [115]. Further, research conducted by the Bei-
jing University of Aeronautics and Astronautics found that graphene as a water additive
for steel-on-steel contact offers 81.3% friction reduction [116]. The use of graphene has
been highly efficient and is continually being implemented for more machining processes.
Another nanoparticle that has been widely accepted as an efficient additive to WBLs is
Si0,. SiO; is advantageous, due to the low-cost nature of adding this nanoparticle to water.
SiO, creates a rolling action between surfaces in contact, which leads to a reduction in
friction [109]. Nanoparticles can also be combined to make new additives in the ideal
combinations. Recent research suggests that the lubricity of WBLs has been enhanced with
the introduction of nanoparticles to the water. Water-based nanolubricants are one of the
ideal formulations of WBLSs, due to their eco-friendliness and overall simplicity. Another
added benefit is the low-cost nature of producing this type of formulation. This advance-
ment on the lubrication front has been applied to the industrial scale hot steel rolling
process. Water-based nanolubricants that contain TiO, have reduced the rolling force that
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TiO-NP ———@

is present in the hot rolling process. The nanoparticles took the places between the oxide
layers on the workpiece surface, while the rolling process was carried out (Figure 5) [117].
Therefore, a stronger film was formed. Moreover, the friction reduction was facilitated
by the wettability of the TiO, [117]. However, more studies are needed to completely
understand the mechanism of such nanolubricants.

[ 1] «—— Nano-lubricant

Work-Roll

. —)“““Mnnnn
A \\ A

Rolling direction

| 4

Workpiece

Figure 5. Schematic illustration of lubrication mechanisms using water-based nanolubricants containing TiO, nanoparticles

during hot steel rolling. Adopted from [117].

At present, several studies have been focused on using WBLs to achieve superlubricity
or very low friction. To achieve superlubricity, the frictional coefficient needs to be lower
than 0.01 at the nanoscale [118]. Experimentation supported by the National Science
Foundation of China (NSFC), revealed that using the running-in process on WBLs with
sulfuric acid can generate super low friction. In the process, a silica layer forms from a
tribochemical process and allows the surfaces to glide over one another more easily [118].
This process, as a result, reduces the coefficient of friction between surfaces.

Overall, water-based lubrication is at the forefront of technological advancement to
meet the world’s desire for methods that promote sustainable manufacturing. The new type
of lubricant has presented many challenges; however, research has overcome some of the
challenges, and scientists have been able to produce several WBLs in large quantities. The
governmental push for more environmentally friendly lubricants has quickly accelerated
the advancements of water-based lubricant technologies around the world. As time goes on,
manufacturing demand and capabilities will continue to rise. This will result in a greater
demand for eco-friendly lubricants. Water-based lubrication is one method of machine
lubrication that promotes environmental awareness and sustainable growth. Recently, the
use of additives in combination with water has provided the world with a positive outlook
on the lubrication front. Nanoparticles are generally cheap and easily accessible, making
them an ideal additive for lubrication.

6. Conclusions

Water-based lubricants could be an environmentally friendly alternative to petroleum-
based lubricants. However, the issue with WBLSs is that they have poor tribological prop-
erties: Poor friction reduction, high corrosiveness, and low viscosity. Additives have
shown great potential for improving the nature of WBLs. Utilizing additives with WBLs
is gaining interest among scientists and engineers, not only because of the potential for
being environmentally friendly, but also because there is a potential for a reusable liquid
lubricant. Further exploring the use and development of additives also creates lubricants
that can be used for multiple purposes. Additives can change the properties and behavior
of the lubricant, resulting in high-performance liquid lubricants designed for specific tribo-
systems. Properties include a higher viscosity and density to improve the thermal behavior
and create thicker fluid films within the lubricant. There are also improved friction, wear,
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and corrosion performance for water-based liquid lubricants. The atomic structure of the
lubricant changes based on the type of additive that is used. Ionic liquids, bio-additives,
titanium-based nano-additive, water-soluble rubber seed oil-based sulfonate, graphene-
based nanoparticles, and nanostructured borates are all potential additives that can be used
with water-based liquid lubricants to improve the behavior and properties of the lubricant.
A potential challenge for WBLs is that the manufacturing demand and capabilities will
increase over time as additives used for water-based liquid lubricants become a viable
option. Current research is focusing on the advancement and development of additives.
Therefore, continuing the research and development for additives used in combination
with water-based liquid lubricants is important. This will further expand the usage of
water-based lubricants over petroleum-based lubricants as an eco-friendly alternative.
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