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Preface

Green tribology includes a focus on innovative lubricants, materials, surfaces and
machining to reduce friction and wear for environmental conservation and sustain-
ability. With the themes of “Emerging Technologies and Applications in Green
Tribology,” the book creates a platform for sharing knowledge emerging in the field of
green tribology. The book chapters bring together the research expertise of the large
international tribology community impacting the field of green tribology. The book
focuses on the role of mathematics, chemistry, physics, materials and mechanical
engineering in recent advancements and developments in green tribology. The scope
of the book includes recent developments and the future outlook of the emerging
technologies and applications in green tribology. An overview of the recent develop-
ments in green tribology in the areas of green lubricants, green composites, texture
surfaces and green machining are presented. The chapters highlight the key find-
ings on current trends and future developments of environmentally friendly (green)
lubricants, tribological performance improvement with the advances in green/eco-
friendly materials, superior tribological characteristics of textured/bio-inspired sur-
faces and minimum quantity lubrication. The ongoing trends and future prospects in
green tribology are discussed. Wide themes in green tribology are addressed in this
book in the interest of tribologists.
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1.1 INTRODUCTION

Green tribology encompasses friction, wear and lubrication principles of tribology
of surfaces under relative motion impacting environment and biology. The recently
highlighted perspectives and challenges in green tribology are in the areas of biomi-
metic surfaces, materials, and green lubricants [1]. Recently, the potential of green
nano-tribology has been analysed and a path towards efficient, innovative and sus-
tainable green nano-tribology has been established [2]. The basic concepts in green
nano-tribology identified are (nano-) surfaces, (nano-) agents, and (nano-) processes.
More recent progress in green tribology is directed towards eco-friendly materials,
bio-based ceramics, water based fluids, bio-lubricants, and fibre-reinforced compos-
ites [3].

Growing interests around energy and environment have generated worldwide
attention for efficient and cleaner systems towards sustainability [4]. Sustainable
development thinking in green tribology design elucidates the significance of under-
standing tribology from an environmental viewpoint [5]. Recent advances in green
tribology in lubricants, composites, surfaces and machining cause friction and wear
reduction leading to sustainable development.

An overview of the recent developments in green tribology presented in
Figure 1.1 is in the areas of green lubricants, green composites, textured surfaces
and green machining.

1.2 GREEN LUBRICANTS

Bio-based lubricants have been acknowledged to play a significant role in overcom-
ing environmental pollution and hazards. Bio-based lubricants are renewable and
biodegradable and are a favourable alternative for numerous applications with supe-
rior lubricant properties [6]. Nevertheless, prior chemical alteration is essential to
rise above the low temperature properties and oxidative stability. The appropriate
base oil and additive formulations are required for development of bio-based lubri-
cants to exceed the performance of conventional lubricants. Synthetic and vegetable
oil-based esters extend the ideal choice in developing environment friendly lubricant
products [7]. In recent times, intelligent materials and structures for lubrication with
properties of bionic functions emulating the living systems have stimulated immense
interest [8]. Functional lubricating materials with the feedback mechanism have the
ability to control lubrication.

The desired lubricants in nano-technology applications require functioning
at severe operating conditions. lonic liquids have excellent thermal and electrical
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FIGURE 1.1  An overview of recent developments in green tribology

conductivity and have been explored as green lubricants as they do not emit volatile
organic compounds [9]) Sustainable bio-based ionic liquid (IL) lubricants are envi-
ronmentally friendly and have overcome the shortcomings related to conventional
bio-lubricants. The outcome of adjusting cation—anion combinations is investigated
in bio-based ionic liquids to understand their tribological performance and industrial
viability [10]. Cation—anion combinations with the presence of large alkyl cation
chain length and large aromatic anion ring size in bio-based ionic liquids can effec-
tively provide friction and wear reduction. Ionic liquids as sustainable and environ-
mentally friendly lubricants have an excellent potential to replace the conventional
lubricants. Tailor-made advanced ionic liquid lubricants will play a vital role in aug-
menting tribological properties of sliding interfaces [11]. The sustainability of bio-
based ionic liquid (IL) lubricants as an alternative to conventional bio-lubricants
has also been confirmed in tribological tests. Phosphonium-based ionic liquids are
further appropriate for tribological applications as these ionic liquids can be tailored
rendering sustainability to the applications [12].
Recent developments in green tribology on lubricants are presented in Table 1.1.

1.2.1  GREEN LUBRICANTS SYNTHESIS

Bio-based lubricants blended from renewable and biodegradable resources have
enormous possibility to replace conventional lubricants. Epoxidised palm stearin
methyl ester bio-based lubricants demonstrated reduced friction coefficients and
wear scar diameter [13]. The green concept demands lubricants to be from biode-
gradable resources and environmentally friendly. Synthesised biodegradable esters
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TABLE 1.1

Recent Developments in Green Tribologyon Lubricants

Green Lubricants Authors

Bio-lubricants potential for a range of applications [6]

Biodegradable synthetic ester base stocks for new lubricants [7]
formulation

Novel micro-/nano-composites (containers) lubricating [8]
technologies

Tonic liquids as lubricants [9]

Bio-based ionic liquids lubricants [10]

ITonic liquids as sustainable lubricants [11]

Tonic liquids as lubricants properties [12]

were investigated for their physico-chemical properties, lubricity, biodegradabil-
ity and toxicity characteristics [14]. The characterised biodegradable esters were
found to have good potential for use in industrial applications. The shortcomings
of bio-based lubricants restrict their tribological applications. The cold flow prop-
erties of the coconut oil have been improved with free movement of the fatty acid
esters but the tribological properties are diminished compared to conventional
coconut oil [15]. Oleate ester obtained from the transesterification process between
oleic acid and alcohols results in minimum coefficient of friction and wear-scar
diameter [16].

However, additives are used to improve the friction- and wear-reducing prop-
erties. Glycerol aqueous blends, with lower friction coefficient, have a great pos-
sibility as environmentally friendly lubricants in several applications [17]. The
viscosity of glycerol in all lubrication regimes can be enriched by adding water.
A canola oil and boric acid lubricant mixture demonstrated excellent potential in
industrial sheet metal-forming applications [18]. The tribological properties are
enhanced (reduced friction coefficient and wear) using commercialised palm oil
mixed with zinc dioctyldithiophosphate (ZnDoDP) and zinc diamyldithiocarba-
mate (ZDDC) [19].

Recent developments in green tribology on bio-based lubricants synthesis are pre-
sented in Table 1.2.

1.2.2 GREEN ADDITIVES

Usually, the biodegradable castor oil-based formulations as lubricating greases
offer the friction coefficient in a tribological contact subject to the class of thickener
agents utilised. Biodegradable castor oil-based formulations containing cellulose or
chitin derivatives as thickener agents generate higher values of the friction coef-
ficient compared to those attained with the lithium greases in a tribological contact
depending on the thickener agents [20]. Leaf surface waxes extracted from plants
as biodegradable additives can effectually advance the friction and wear reduction
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TABLE 1.2
Recent Developments in Green Tribology on Bio-Based
Lubricants Synthesis

Green Lubricants Synthesis Authors
Palm stearin methyl ester in an epoxidation reaction [13]
Biodegradable esters [14]
Fatty acids into esters by the process of alkali esterification [15]
Oleate ester bio-based lubricant [16]
Glycerol as a green lubricant [17]
Canola oil and boric acid powder green lubricant [18]
Commercialised palm oil mixed with zinc dioctyldithiophosphate [19]

(ZnDoDP) and zinc diamyldithiocarbamate (ZDDC)

accomplishments as leaf surface waxes form a protective film on the worn surface in
the tribological contact [21].

Recent developments in green tribology on green additives are presented in
Table 1.3.

1.2.3  GREEN NANO-PARTICLE ADDITIVE LUBRICANTS

There is an increasing demand to use bio-lubricants in new base formulations as
they are biodegradable, non-toxic and environmentally friendly. Biodegradable cas-
tor oil-based formulations containing calcium—copper—titanate and zinc dialkyldi-
thiophosphate nano-particles have shown an improvement in the friction, wear and
extreme-pressure reduction accomplishments in a tribological contact [22]. Renewable
bio-oil with graphene oxide sheets as additives show a prospect of improvement in
tribological iron/steel contacts [23]. The optimal concentrations of graphene oxide
sheets with smaller sizes in bio-oil form an entire lubricant film on the tribological
interfaces which results in lower friction coefficient and wear. However, higher con-
centrations of graphene oxide sheets in bio-oil form significant aggregation on the
tribological interfaces which results in higher friction coefficient and wear. The opti-
mal concentrations of MoS, nano-particles in castor oil reduce the asperity contact
on the tribological interfaces which results in lower friction coefficient and adhesive
wear [24]. However, higher concentrations of MoS, nano-particle in castor oil form
agglomeration on the tribological interfaces which results in higher friction coefficient
and wear due to abrasive wear. Water-based lubricant with an optimum concentration

TABLE 1.3

Recent Developments in Green Tribology on Additives
Green Additives Authors
Biodegradable castor oil and biogenic thickeners formulations [20]

Green additive of leaf-surface wax [21]
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of hexagonal boron nitride nano-additives shows improvement with friction and wear
reduction of tribological contacts [25]. The recommended lubrication mechanisms of
water-based lubricant with hexagonal boron nitride nano-additives in a mixed lubri-
cation regime are mending, rolling and polishing effects. However, increasing con-
centrations of hexagonal boron nitride nano-additives in water-based lubricant leads
to significant agglomeration on the tribological interfaces which results in higher
friction. Rice bran oil with turmeric oil and halloysite nano-clay additives is recom-
mended as a bio-lubricant due to the curcumin in turmeric oil, which has shown
good anti-oxidant behaviour [26]. Coconut oil is a promising lubricant in sustainable
manufacturing as the use of coconut oil as a lubricant reduces the friction coefficient
and wear rate [27]. Furthermore, the tribological performance of coconut 0il can be
improved with the addition of hexagonal boron nitride (h-BN) powder nano-particles
resulting in further reduction of friction coefficient and wear rate.

Recent developments in green tribology on nano-particle additive lubricants are
presented in Table 1.4.

1.2.4 GreeN loNic LiQuib LUBRICANTS

Ionic liquids usually display biodegradability and are opted for good potential to be
used as lubricants or lubricant additives. The effect of external electric fields on the
increase in the film thickness of ionic liquid films confined within a nano-space due
to the shorter alkyl side chain is more noticeable [28]. It is believed that the charged
anions and cationic head groups are arranged near electrified walls to form ordered
layers, and short alkyl side chains at the interfaces are lined up alongside the direc-
tion of external electric fields owing to induced dipoles. Halide-free ionic liquids
involving two types of anions and four types of cations as additives in glycerol yield
highly biodegradable polar lubricants [29]. Friction and wear reduction is achieved
by a sizable amount for methyl sulphates for all temperatures, which display strong
anion domination. The ionic liquids ammonium- and pyrrolidinium-based cations
combined with methylsulphate, methylsulphonate have been investigated as lubri-
cant additives for their aquatic low-toxicity [30]. The choline amino acid ionic lig-
uids exhibit good physicochemical and tribological characteristics with outstanding
environmentally friendly characteristics of biodegradability and low toxicity against

TABLE 1.4

Recent Developments in Green Tribology on Nano-Particle Additive
Lubricants

Green Nano-Particle Additive Lubricants Authors
Castor oil with calcium—copper—titanate and zinc dialkyldithiophosphate [22]

nano-particles

Bio-oil with graphene oxide sheets [23]
Castor oil with MoS, nano-particles [24]
Water-based lubricant with hexagonal boron nitride nano-additives [25]
Rice bran oil with turmeric oil and halloysite nano-clay additives [26]

Coconut oil with hexagonal boron nitride (h-BN) powder nano-particles [27]
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aquatic organisms [31]. Synthesised polyol ester is blended with environmentally
friendly ionic liquids derived from aspartic acid and glutamic acid to be used as
lubricant additives [32]. The polyol ester ionic liquids form blends compatible as
lubricant additives, resulting in friction- and wear-reducing performance charac-
teristics between the contact interfaces. The fatty acid ionic liquids are designed
and synthesised by quaternary ammonium cations with bio-based fatty acid anions
which prevent metal-to-metal contact and further friction and wear reduction [33].
The lubrication mechanism of fatty acid ionic liquids reveals effectual physical
adsorption and tribochemical reaction films formed on the sliding interfaces due to
the polarity of the fatty acid anions and the aliphatic tails. Environmentally friendly
ricinoleic acid-based ionic liquid is used as a multifunctional lubricant additive in
glycerol solution due to its remarkable anticorrosion and lubricating properties [34].
The lubrication mechanism of the ricinoleic acid-based ionic liquid is accredited to
the stable adsorbed layers and tribofilms on the contact surface avoiding wear and
corrosion. Tribological characteristics of trimethylolpropane trioleate with phospho-
rus-type ionic liquid additives on the reduction in friction coefficient and wear have
been evaluated [35]. In situ MoS, quantum dots (less than 10 nm) in green ionic
liquids displayed lasting dispersion stabilities with enhanced lubricating properties
owing to thin film formation [36]. Eco-friendly nano-particles have demonstrated
an ideal performance in enhancing the friction and wear characteristics in sliding
interfaces. The carbon dots enriched with the big organic cations from the ionic
liquids have been demonstrated to be the ideal candidate as additives in synthesised
nano-lubricants for friction coefficient and wear reduction [37]. The layered boric
acid nano-particle is a promising green lubricant additive due to its biodegradability
and improvement in scuffing load capacity [38]. An adsorption layer as well as boron
tribofilm is formed on the contact surfaces to improve lubrication performance.

Recent developments in green tribology on ionic liquid lubricants are presented
in Table 1.5.

TABLE 1.5

Recent Developments in Green Tribology on lonic Liquid Lubricants

Green lonic Liquid Lubricants Authors

External electric fields effect on ionic liquid films confined within a nano-space [28]

Halide-free ionic liquids involving two types of anions and four types of cations as additives [29]
in glycerol

Ammonium- and pyrrolidinium-based cations combined with methylsulphate, [30]
methylsulphonate

Choline amino acid ionic liquids from choline cations and amino acid anions [31]

Tonic liquids as bio-lubricant additives for polyol ester [32]

Fatty acid ionic liquids by using quaternary ammonium cations with bio-based fatty acid anions [33]

Ricinoleic acid-based ionic liquid as a lubricant additive in glycerol solution [34]

Trimethylolpropane trioleate with phosphorus-type ionic liquid [35]

In situ MoS, quantum dots (less than 10 nm) in green ionic liquids [36]

Metal-free and eco-friendly carbon-based ionic liquid nano-particles as additives in lubricants [37]
Layered boric acid nano-particle as a promising green lubricant [38]
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1.3 GREEN COMPOSITES

Green tribology emphasises environmental adaptability with an improved tribologi-
cal performance. The environmental compatibility, efficiency and durability of com-
posites are the key requirements for utilisation in demanding tribological systems.
Natural fibre-reinforced polymer composites have emerged in tribological applica-
tions due to their sustainable environmentally friendly aspects and cost-effective
economic potential [39]. The enhanced tribological properties (friction and wear
performance) are mainly influenced by the treatment and orientation fibres. Natural
fibre composites are explored in tribology from friction materials to friction modi-
fiers [40]. The fibre composite failures are due to fibre/matrix debonding, cracks
in matrix, fibre fragmentation and debris formation. The hybridisation of the natu-
ral fibre composites with transfer film formation is vital to ensure enhanced tribo-
logical and mechanical properties. Core—shell (micro-/nano-) particles, with diverse
composition and synergy, are widely used in tribology due to improved friction and
wear performance [41]. The friction- and wear-enhancing characteristics of core—
shell (micro-/nano-) particles are attained by optimizing the shell material coated
on the abrasive surface. Two-dimensional (2D) nano-material-based composites are
developed incorporating 2D nano-materials in a composite for potentially enhanced
tribological and mechanical properties [42]. Advanced 2D nano-composites can act
as excellent reinforcements as they possess ultralow friction, high elasticity modulus,
and high strength. Thermoplastic polymer multiscale composite materials with high
performance are used to address the tribological challenges [43]. High performance
polymers such as polyetheretherketone (PEEK) and aromatic thermosetting polyes-
ter (ATSP) are used in bulk and as coatings for challenging tribological applications
with superior performance [44]. The superior performance demonstrated by high
performance polymers is due to the capability to form a transfer film on the surface.
Advanced polymeric coatings are classified as tribological, superhydrophobic and
self-healing [45]. The tribological coatings exhibit low friction with excellent wear
resistance, the superhydrophobic coatings prevent wetting due to their surface struc-
ture with low surface energy and the self-healing coatings recover their functionality
after damage. Polymer composite coatings with tailored properties (mechanical and
tribological) reduce friction and wear. Functional fillers extend the service life and
enhance the mechanical and tribological characteristics of the coatings [46]. Fillers
provide low friction by promoting the formation of transfer films or liquid shear
films. The polymer composite coating adhesion between the coating and substrate
adhesion can be enhanced through treatment (mechanical, chemical and energy) of
the substrate.

Recent developments in green tribology on composites are presented in Table 1.6.

1.3.1 GRreeN COMPOSITES WITH ADDITIVES

The bio-based polymer composite has been developed using porous composites with
self-lubricating properties [47]. The bio-based polymer composite using acrylic resin
and short wood fibres led to a decrease in the coefficient of friction for applications
in bearings. Sour-weed natural fibre reinforced with polyester matrix reinforced with
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TABLE 1.6

Recent Developments in Green Tribology on Composites

Green Composites Authors
Tribology of natural fibre-reinforced composites [39]
Tribology of hybrid natural fibre composites [40]
Synthesis methods and the tribology of core—shell (micro-/nano-) particles [41]
Tribology of 2D nano-material reinforcements [42]
Tribology of multiscale thermoplastic polymer composites [43]
Tribology of high performance bulk polymers and coatings [44]
Tribology of advanced polymeric coatings [45]
Tribology of polymer matrices and composite coatings with functional fillers [46]

optimum fibre’s size resulted in enhanced tensile strength, impact strength, hardness
and specific wear rate [48]. Hemp fibre reinforced with kevlar/carbon epoxy compos-
ites brought about noteworthy improvement of the mechanical and wear resistance
properties [49].

Recent developments in green tribology on green composites with additives are
presented in Table 1.7.

1.3.2  GREeN PROCESSED COMPOSITES

The long fibre size of kenaf fibres and varying size proportions of an oil palm empty
fruit bunch have significant influence on the specific wear rate of the epoxy compos-
ites [50]. Copper is an exceptional ingredient of friction materials but is a hazard for
an aquatic environment [51]. Metal-free friction materials developed from hydrated
calcium silicate as copper replacement are successful with a tribological properties
characterisation. The phase transformation of the surface transfer layer is essential
for controlling the mechanism of friction and wear properties of an activated car-
bon composite derived from palm kernel. The surface transfer layer is effective for
producing low friction and wear only at limited applied loads [52]. The predominant
wear mechanisms of kenaf/epoxy composite are identified as micro-cracking and
fibre debonding [53].

TABLE 1.7
Recent Developments in Green Tribology on Composites
with Additives

Green Composites with Additives Authors
Bio-based composites of acrylic resin and short wood fibres [47]
Sour-weed natural fibre reinforced with polyester matrix [48]

Hemp fibre reinforced with kevlar/carbon epoxy composites [49]
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TABLE 1.8

Recent Developments in Green Tribology on Processed
Composites

Green Processed Composites Authors
Kenaf and oil palm empty fruit bunch epoxy composites [50]
Metal-free brake pads for copper replacement [51]
Activated carbon composite derived from palm kernel [52]
Kenaf/epoxy composite friction material [53]

Recent developments in green tribology on processed composites are presented
in Table 1.8.

1.3.3 GRreeN NANO-COMPOSITES

Bio-based composites are vital from energy and environment perspectives. Nano-
modified epoxy polymers produced from adding nano-silica to the epoxy polymer
resulted in improved tensile strength based on the degree of dispersion of the spheri-
cal nano-silica particles in the epoxy matrix [54]. Bio-based epoxy composites with
cellulose nano-fibres showed improved tribological and mechanical properties com-
pared to untreated conventional composites [55]. Cellulose nano-fibre bio-based
epoxy composites form a uniform tribolayer which reduces the direct contact of
contact surfaces and thus provides friction- and wear-reducing properties of the
composites. The “metal-reservoir” nano-composite coating for lower viscosity oils
exhibited lower friction based on the controlled the boundary films due to transi-
tion metal carbides stability [56]. The corrosion- and wear-resistant nano-composite
coatings through the electrical discharge method effectively reduced the coefficient
of friction [57]. Graphene synthesised from fruit cover plastic waste and oil palm
fibre is an ideal source of solid carbon for graphene synthesis. Synthesised graphene
substantially reduces the friction coefficient and wear rate on contact surfaces even
at higher sliding speeds [58].

Recent developments in green tribology on nano-composites are presented in
Table 1.9.

TABLE 1.9

Recent Developments in Green Tribology on Nano-Composites
Green Nano-Composites Authors
Epoxy polymer with nano-silica (54]
Bio-based epoxy composites with the plant-derived cellulose nano-fibre [55]
Metal-reservoir nano-composite coatings [56]
Nano-composite coatings through electrical discharge method [57]

Graphene from fruit cover plastic waste (FCPW) and oil palm fibre (OPF) [58]
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TABLE 1.10

Recent Developments in Green Tribology on Composite
Coatings

Green Composite Coatings Authors
Hybrid of core-shell structure for epoxy composite coatings [59]
Silk fibroin and titanates nano-composite coatings [60]

1.3.4 GRreeN ComMpOSITE COATINGS

The epoxy core-shell (CNF/MoS,) structure is a promising reinforced composite
coating which is attributed to the synergy of the core-shell (CNF/MoS,) along with
good interfacial adhesion of the reinforced structure (CNF/MoS,) with the epoxy
matrix [59]. The epoxy core-shell (CNF/MoS,) composite coatings have superior
friction- and wear-reducing properties compared with other reinforced composite
coatings. The nano-mechanical characterisation of spin-coated biocompatible silk-
based nano-composite coatings showed higher hardness and elastic modulus com-
pared to previous silk coats [60]. The scratch resistance of a composite coating is
improved with adding titanates nano-sheets.

Recent developments in green tribology for composite coatings are presented in
Table 1.10.

1.4 TEXTURED SURFACES

Surface texturing has emerged as a potentially viable option to make contribution
to surface engineering for the accomplishment of green tribology. Surface textur-
ing has a potential to influence tribological contacts performance with significant
improvement in load capacity and reduction in friction and wear. The benefits of sur-
face texturing for improving the tribological contacts performance are being widely
explored in recent times.

Laser Surface Texturing (LST) is the most advanced technique for surface textur-
ing of micro-dimples at large numbers [61]. The micro-dimples can serve in cases
of full or mixed lubrication (micro-bearing), starved lubrication (micro-reservoir),
or in either lubricated or dry sliding (micro-debris trap). Laser surfaces texturing
using the laser beam machining process is increasingly utilised due to its contribu-
tion to friction and wear reduction [62]. Texturing methods suited particularly for
surfaces with contact areas larger than the texture width under either hydrodynamic
or starved lubrication are maskless electrochemical texturing and etching [63].

Nano-scale surface texturing is a way to increase the tribological performance of
micro-electro-mechanical systems (MEMs) and nano-scale technology significantly
[64]. Nano-scale surface texturing will allow for precise control of the lubricant
behaviour changes as the geometry of the texture is decreased toward the nano-
scale. Both the load support and friction force decrease with the decreasing scale of
the texture, and overall the effective coefficient of friction decreases. Surface texture
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functionality is ensured by correct optimisation of its geometrical parameters and
therefore an appropriate choice of fabrication techniques is essential for each appli-
cation [65]. The optimisation of surface texture geometrical parameters is essential
for performance improvement of bearing sliders [66] and tribo contacts [67]. The
geometrical parameters in surface texturing have been effectively used to improve
tribological performance of sliding surfaces [68]. Optimisation of surface texture
geometrical parameters is essential for each application to have improvements in
the performance of sliding contacts. To accomplish the design of surface textures, a
comprehensive study of texture design parameters (position, orientation, aspect ratio
and texture density) is essential [69]. Surface texture design effects influence the
mechanism of friction and wear reduction under dry contact and lubrication (bound-
ary, mixed, elastohydrodynamic and hydrodynamic) conditions [70].

Surface texturing has gained a great deal of attention since precise texture design
parameters will help to reduce friction and wear of sliding surfaces. The optimal
design guidelines of surface textures in terms of texture design parameters will help
to reduce friction and wear of sliding components [71]. Parallel bearing surfaces
provide significant improvement in load capacity and reduction in the coefficient of
friction with partial slip texturing patterns [72].

Recent developments in green tribology on texture surfaces are presented in
Table 1.11.

1.4.1 TexTUurReD SURFACE CONFIGURATIONS

Surface textures and topography may significantly influence the tribological perfor-
mance of contact surfaces. The need for further improvement of the performance
of counterformal lubricating contact surfaces requires that surface topography and

TABLE 1.11
Recent Developments in Green Tribology on Textured Surfaces
Textured Surfaces Authors
Potential of laser surface texturing in lubricated contacts [61]
Laser surface texturing for reduction of friction and wear [62]
Texturing methods for tribological applications with low cost and rapid [63]
texturing speed
Scale-dependent nano-scale surface textures lubrication theory [64]
Texture manufacturing techniques classification [65]
Surface texturing developments and optimisation in bearing sliders [66]
Surface textures at the concentrated surface contacts [67]
Surface texturing for piston cylinder assembly and mechanical seals [68]
Texture modelling techniques classification [69]
Potential of laser surface texturing in conformal and non-conformal [70]
lubrication
Surface texturing developments in machine elements [71]

Partial slip texturing patterns in bearings [72]
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textures are optimised [73]. The virtual texturing is a tool to optimise the geometric
surface texture pattern designs for the tribological performance improvement of con-
tact surfaces. Appropriate dimple dimensions improve the friction characteristics of
journal bearings particularly for low-viscous oils [74]. The lubrication produced in
the dimpled space is the principal mechanism for step-up of performance in mixed
lubrication regime. The dimple internal structure has an overwhelming impact on
the load capacity [75]. Cylindrical dimples of the rectangular profile produce larger
load capacity than those with triangular profile due to the pressure rise from the
converging step profile.

An increasing interest is aimed at the analytical and numerical solutions of the
textured lubricated contacts. Parametric analysis of the slider bearing in terms
of texture dimensions reveals that the performance characteristics are indepen-
dent of the number of cells [76]. Suitable preparation of textured surfaces with
distinctive shapes and at unique locations is an efficient method to improve the
performance of bearings [77]. The spherical textures or micro-groove surfaces
of the journal bearing reduce the friction coefficient [78]. The textured journal
bearing provides improved stability of the non-recessed hybrid journal bearing
lubricated with non-Newtonian power-law fluids [79]. Laser surface texturing is
a viable option for enhancing tribological characteristics. In the laser surface tex-
turing of palm kernel-activated carbon epoxy composite, the friction coefficient
decreased with increasing dimple diameter [80]. Partial textured micro-dimple
geometries at proper location yield enhanced stability of journal bearings [81]. The
dimples geometry and location are important due to their role in improving the
tribological performance of sliding machine components. The turning operations
are used for fabrication of dimples based on the process capabilities and cost under
the green machining environment [82]. Optimal free-form and dimple textures in
mechanical seals yield lower leakage and coefficient of friction [83]. The gener-
alised elliptical dimple textures in high speed gas face seal yield improved seal-
ing characteristics (lower leakage) compared with conventional elliptical dimple
textures [84]. The textures have significant influence on the bearing characteris-
tics. Partial textures yield maximum performance improvement in load capacity
of the meso-scale air journal bearing [85]. Textured surface profile design helps to
improve the tribological characteristics and increases the life span of the surfaces
in relative motion. The textured surface with a triangle profile design yields the
maximum load capacity and the minimum friction coefficient compared to other
texture bottom profiles [86]. Surface velocities and the texture aspect ratio are the
significant parameters based on load capacity improvement and friction coefficient
reduction. Texture density has the least significant influence on the bearing perfor-
mance characteristics.

Recent developments in green tribology on textured surface configurations are
presented in Table 1.12.

1.4.2 TexTURED ROUGH SURFACES

Surface texturing of sliding surfaces is a way to transit to the hydrodynamic
regime of lubrication. Spiral-groove surface textures of sliding surfaces enable



14 Green Tribology

TABLE 1.12
Recent Developments in Green Tribology on Textured Surface Configurations
Textured Surface Configurations Authors
Virtual dimple design exploration on the mixed lubrication characteristics for a counterformal [73]
contact
Stribeck curve of dimpled bearings using machining and chemical etching [74]
Dimples internal profile structure on bearing lubrication effectiveness [75]
Partially textured parallel bearing surfaces analysis for optimum parameters using analytical [76]
solution
Texture location effect in journal bearings using numerical solution [77]
Texturing or grooving location effect in journal bearings [78]
Textured surface analysis of non-recessed hybrid journal bearing [79]
Laser surface texture effects on palm kernel activated carbon epoxy composite. [80]
Partial micro-dimple geometries at different locations on the journal bearings [81]
Dimples fabrication on a cylindrical surface using turning operation [82]
Optimal free-form and dimple textures in mechanical seals [83]
Ellipse dimple texture of gas face seal [84]
Texture geometry and position on the performance of meso-scale air journal bearing [85]
Square textured profiles on parallel slider bearing performance [86]

the transition to the hydrodynamic regime of thick film lubrication [87]. The sur-
face roughness of sliding surfaces produced the transition from the hydrodynamic
regime of thick film lubrication to a mixed regime of lubrication at higher rotational
speeds. Surface roughness effects may be ignored under the hydrodynamic regime
of lubrication [88]. The surface roughness effects may also be ignored for the opti-
mum texture parameters at minimum friction coefficient under the hydrodynamic
regime of lubrication determined. Half-section dimples in the leading edge of the
hybrid thrust pad bearing surface are beneficial in enhancing load capacity and
reducing power losses [89]. Dimpled surfaces having transverse micro-roughness
improve the dynamic characteristics of hybrid thrust pad bearings. The surface
roughness pattern and standard deviation of asperity height have significant effects
on the transient startup characteristics of the bearing [90]. The lubrication model
of surface texture coupled with a non-Gaussian roughness distribution of cylinder
liner surface has been analysed [91]. The surface texture coupled with a small
negative skewness surface in cylinder liner improves the lubrication performance.
There have been efforts recently to control friction and wear using surface textur-
ing combined with surface topography modification. The mixed lubrication model
of surface texture coupled with non-Gaussian roughness distribution considering
the effects of skewness and kurtosis has been analysed [92]. The optimal surface
texture coupled with skewness and kurtosis parameters influences the mixed lubri-
cation performance.

Recent developments in green tribology on textured rough surfaces are presented
in Table 1.13.
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TABLE 1.13

Recent Developments in Green Tribology on Textured Rough Surfaces
Textured Rough Surfaces Authors
Nano-texturing performance on hydrodynamic lubrication [87]
Roughness and texture numerical investigations under asperity contact [88]
Optimised micro-rough dimple hybrid thrust pad bearing [89]
Mixed/hydrodynamic transient regime lubrication modelling in journal bearing [90]

considering surface roughness effects

Non-Gaussian roughness and surface textures distribution on cylinder liner [91]
Mixed film lubrication modelling rough-textured interfaces [92]

1.4.3 BioMIMETIC/TAILORED TEXTURED SURFACES

Biomimetic and/or tailored texturing of surfaces accomplishes the expectation of
superior performance of tribological components. The biomimetic dragonfly wing
micro-spike structure influences the friction reduction and whirling orbit stability
in journal bearings [93]. Friction reduction and whirling orbit stability are due to
the generation of micro-bubbles by the spikes which contract the oil film distri-
bution and expand the gas-phase distribution. Biomimetics embraces ideas from
nature and emulates it towards all-inclusive nano-structured design of structures
and products for technological applications. Surface roughness has the greatest
influence on oleophilicity behaviour in the case of pistia-motivated surfaces [94].
The tribological performance of sliding contacts with textures is improved by
depositing an amorphous hydrogenated diamond-like carbon (DLC) coating [95].
The beneficial effects of amorphous hydrogenated diamond-like carbon (DLC)-
coated textures are at an optimum texture diameter/depth as deep dimples weaken
the benefits of coated textures in non-conformal contact under boundary/starved
lubrication. Tailored texturing may lead to enhanced and impressive results of
lubricated tribopair contacts. The design of tailored (anisotropic and non-uniform)
texturing maximizing the load of the thrust pad largely affects the friction char-
acteristics of the contact [96]. Tailored surface texturing shows friction charac-
teristics are clearly sensitive to the relative sliding motion of the tribopair. The
fabricated patterns (single and multi-scale) on shaft surface show greatly reduced
coefficients of friction at smaller rotational speeds compared to the smooth surface
[97]. Reduced coefficients of friction at smaller rotational speeds on the patterned
shaft surface are due to the transition from a mixed to a hydrodynamic regime of
lubrication. Multi-scale surface patterns offer excellent potential to control fric-
tion and guide the lubricant along the surface [98]. Multi-scale surface patterns
demonstrated the strongest influences on the lubricant spreading along the surface.
Multi-scale surface texturing is a promising technique to improve the tribological
characteristics of meso-scale air bearing systems.

Recent developments in green tribology on textured rough surfaces are presented
in Table 1.14.
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TABLE 1.14
Recent Developments in Green Tribology on Biomimetic/Tailored
Textured Surfaces

Biomimetic/tailored Textured Surfaces Authors
Biomimetic dragonfly wing micro-spike structure on journal bearing [93]
Pistia stratiotes-motivated surface roughness for oleophilicity [94]
Amorphous hydrogenated diamond-like carbon (DLC)-coated surface textures [95]
Surface micro-structural modifications on a thrust bearing [96]
Multi-scale patterns by roller-coining and/or lasers on the journal bearings [97]
Optimised multi-scale patterns on the journal bearings [98]

1.4.4 Suip TEXTURED SURFACES

Slip conditions in conjunction with texturing result in tribological performance
enhancements in sliding contacts. Tribological performance enhancements in bear-
ings are influenced by pressure and shear stress variation. The pressure distribu-
tion increases while the shear stress distribution decreases overall in the partial
slip textured/grooved bearing compared to the conventional bearing [99]. A partial
slip textured/grooved bearing with constant film thickness (parallel slider or con-
centric journal) results in significant enhancement in characteristics compared to
the conventional bearing. The textured/slippage combined pattern has a favourable
influence by increasing load and decreasing friction in slider bearings [100]. The
textured/slippage combined pattern has a much lower coefficient of friction com-
pared to a conventional (non-textured) surface. The textured/slippage combined pat-
tern even with a negligible gap ratio (parallel gap) has a favourable influence on the
lubrication behaviour by increasing load and decreasing friction in slider bearings
[101]. The gap ratio in a textured/slippage combined pattern appears to promote the
lower coefficient of friction compared to the slip pattern on the surface. Optimal slip
parameters are calculated utilising the two-component slip model in a journal bear-
ing with a range of eccentricity ratios [102]. The performance of the journal bearing
evaluated for load and friction coefficient yields the location of the slip zone at the
convergent region of the film. The slip zone in the circumferential direction should
begin in the convergent region and end close to the minimum film thickness position,
while the slip zone in the axial direction should be maximum, for improvement in
bearing performance.

Recent developments in green tribology on slip textured surfaces are presented
in Table 1.15.

1.5 GREEN MACHINING

Machining operations for various industrial applications have greatly increased with
the increase in demand. With the rise of eco-awareness, sustainable machining for
various industrial applications achieves environmental conservation. Sustainable
machining involves enhancement in machining performance with green cutting
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TABLE 1.15

Recent Developments in Green Tribology on Slip Textured Surfaces

Slip Textured Surfaces Authors
Slider and journal partial slip textured/grooved bearing analysis [99]
Slippage/textured combined pattern with optimum parameters in MEMS applications [100]
Slip texture zones with optimum parameters in slider bearing [101]
Slip zones with optimum partial extent in hydrodynamic journal bearing [102]

fluids [103], green minimum quantity lubrication [104], green machining with tex-
tured/coated tools and green nano-lubricated machining [105].
Recent developments in green tribology on machining are presented in Table 1.16.

1.5.1 GgreeN CUTTING FLUIDS

Sustainable machining involves enhancement in machining performance with green
cutting fluids, and therefore, the manufacturer tends to substitute mineral oil for
environmentally friendly bio-based oil. The developments of green cutting fluids
from environmentally friendly bio-based oil have brought about remarkable changes
in the growing machining industry. Green cutting fluids give a positive impact on
the environment and act as a cooling and lubrication agent in the machining process.
The machining performance of modified jatropha oil (MJO) significantly improves
lubricating effect compared to substitute synthetic ester (SE) as a machining lubri-
cant [106]. Machining performance using green cutting fluids formulated with
non-toxic emulsifiers and natural additives meets the specifications of commercial
formulations [107]. Green cutting fluids synthesis from bio-based oils is a good basis
for development of non-toxic eco-friendly products for sustainable machining.
Recent developments in green tribology on cutting fluids are presented in Table 1.17.

1.5.2  GRreeN MINIMUM QUANTITY LUBRICATION

As the global demand for cutting fluids continues to rise in the manufacturing indus-
try, the development of greener, more sustainable cutting fluids and approaches are
highly desired. Recent trends in machining show an increasing of demand for the
eco-friendly approaches in order to eliminate the health, energy and environmen-
tal issues caused by the application of conventional cutting fluids. Conventional

TABLE 1.16

Recent Developments in Green Tribology on Machining

Green Machining Authors
Green metal-forming lubrication on the adhesion theory [103]
Potential MQL advancements in terms of sustainability and machining performances [104]

Sustainable machining using vegetable oil-based nano-fluids and the future prospects [105]
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TABLE 1.17
Recent Developments in Green Tribology on Cutting Fluids

Green Cutting Fluids Authors

Bio-based modified jatropha oil (MJO) developed by transesterification [106]
of jatropha methyl ester (JME) to trimethylolpropane (TMP)

Sustainable and biodegradable cutting fluid prepared by combining [107]
non-toxic emulsifiers and natural additives

machining cannot fit the principles of green manufacturing in terms of health,
energy and environmental issues and hence eco-friendly approaches such as mini-
mum quantity lubrication (MQL) need to be implemented.

Minimum quantity lubrication (MQL) using nano-fluids significantly enhances
the machinability, cooling and lubricating properties of base MQL [108]. Minimum
quantity lubrication (MQL) using palm oil-based alumina nano-fluids resulted in the
formation of an effective surface protecting film on the machined surface which influ-
enced the tool wear under the mechanism of adhesion and abrasion [109]. Minimum
quantity lubrication (MQL) using palm oil-based nano-fluids with graphene nano-
platelets (GNPs) could lessen the specific cutting energy compared to commercial
lubricants because of reduction in the cutting force and improvement in the surface
quality [110]. Conventional cutting fluids contaminated by bacteria, fungi and bio-
cide contents are costly to dispose of and potentially harmful to the environment
[111]. MQL machining with microbial-based cutting fluids containing microalgae
species results in cutting forces, tool wear, surface finish and dimensional accuracy
comparable to conventional cutting fluids. The MQL approach extends tool life with
the maximum volume of material removal compared to machining with cryogenic
CO, coolant [112]. The cryogenic CO, coolant lowers the tool wear rate due to effec-
tiveness in lubrication compared to the cooling effect. The cryogenic CO, cooling
approach is introduced for efficient lubricating and cooling performance.

Recent developments in green tribology on minimum quantity lubrication are
presented in Table 1.18.

TABLE 1.18

Recent Developments in Green Tribology on Minimum Quantity Lubrication
Green Minimum Quantity Lubrication Authors
Minimum quantity lubrication (MQL) using canola oil-based diamond nano-fluids [108]
Minimum quantity lubrication (MQL) using alumina-enhanced palm oil medium [109]
Minimum quantity lubrication (MQL) using palm oil-based nano-fluids with graphene [110]

nano-platelets (GNPs)
Small Quantity Lubrication (SQL) using microbial-based cutting fluids containing a [111]

microalgae species

Sustainable techniques using MQL on machinability of Inconel 718 [112]
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1.5.3 GREEN MACHINING WITH TexTURED/COATED TooOLS

Green machining with textured/coated tools is desirable with high quality products
in both metal cutting and forming industries. In metal cutting industries it is desired
to obtain longer tool life and better surface quality, whereas in metal forming indus-
tries it is desired to obtain reduced die wear and improved surface finish.

The goals of green machining for high quality products with a cost effective pro-
cess are achieved with a poly crystalline cubic boron nitride cutting tool under dry
machining conditions [113]. Surface texturing is mainly used to improve cutting tool
performance in green machining operations. Textures improve cutting performance
by reducing the friction force, cutting forces and cutting temperature. Surface tex-
tures enhance lubricant availability at the contact point, reduce the contact area of
tool-chip, reduce the crater/flank wear and trap the wear debris [114]. Micro-textured/
dimpled surfaces lower the friction coefficient, reduce the thrust force and torque
and minimise the chip clogging and chip evacuation force [115]. Micro-texturing
of the drill tool improves cutting performance by minimizing frictional forces at
the contact interfaces, and thereby the energy loss while machining Ti-6Al-4V. The
surface coating is also used to improve cutting tool performance in green machining
operations. The influence of tool life on the optimal coating properties is determined
by the wear morphology of the crater [116].

Recent developments in green tribology on machining with textured/coated tools
are presented in Table 1.19.

1.5.4 GREeN NANO-LUBRICATED MACHINING

The eco-friendly green nano-cutting fluids have the potential to improve machining
performance. Green machining nano-fluids formulated using coconut oil dispersed
with nano-graphene resulted in reduced machining forces, tool wear and tempera-
tures, and improved surface finish [117]. The hot chrome steel rolling service life
can be effectively improved using water-based nano-TiO, lubricants with significant
reduction in coefficient of friction and wear [118]. Reduced coefficient of friction
and wear of nano-TiO, water-based lubricants is due to the semisolid film and solid
layer formation mechanisms. Green nano-particles are explored as lubricant addi-
tives due to improvement in tribological performance in metal forming applications.
The improved lubrication provided by eco-friendly lubricant additives in a polymeric

TABLE 1.19
Recent Developments in Green Tribology on Machining with Textured/
Coated Tools

Green Machining with Textured/Coated Tools Authors
Green machining with poly crystalline cubic boron nitride cutting tool in dry machining [113]
Surface micro-nano-texture effects on cutting tool performance [114]
Sustainable machining with surface micro-texture drill tools for the machining of Ti-6Al-4V [115]

Sustainable machining with coated tools for the machining of 316L stainless steel [116]
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TABLE 1.20

Recent Developments in Green Tribology on Nano-Lubricated Machining
Green Nano-Lubricated Machining Authors
Green machining nano-fluids formulated by nano-graphene particles in coconut and canola oil [117]
Environmentally friendly water-based nano-TiO, lubricants [118]
Halloysite clay nanotubes (HNTs) as green lubricant additives [119]

lubricant results in longer tool life and lower energy consumption for metal-forming
applications [119]. Halloysite clay nano-tubes (HNTs) are attractive as natural green
lubricant additives as they increased the scuffing load and surface finish and lowered
wear loss and coefficient of friction due to the formation of a tribofilm.

Future outlooks in green tribology on nano-lubricated machining are presented
in Table 1.20.

1.6 CONCLUSION

This chapter highlights the significance of green tribology in tribological systems
for sustainable development. This chapter reviews the recent developments based
on the literature on green lubricants, green composites, textured surfaces and green
machining. The significant progresses in green tribology on noteworthy improve-
ments in lubrication enrichment, friction and wear reduction are elaborated. Further
outlooks render continual sustainable development with advances in green tribology.
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